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A B S T R A C T   

Urban trees are an integral part of sustainable cities. They regulate the local microclimate and enhance the urban 
water cycle. Increasing periods of drought can impair urban trees by affecting their water uptake, transpiration 
and growth patterns. In this study, we used a multi-proxy approach to assess how non-irrigated urban trees react 
to changing water supply throughout the full vegetative period of 2022 including a major drought in Berlin, 
Germany. Our work focused on individual mature trees in an urban green space; examining daily mean in-situ 
isotopes in plant xylem water (δxyl) while also monitoring vegetation dynamics via sap flow, stem increments, 
LAI, as well as groundwater, and soil moisture at different depths. The monitoring period was characterised by a 
spring with average precipitation inputs, followed by an extremely dry period from July until mid-August, then a 
gradual rewetting from the end of August until October. At the beginning of the growing period, changes in the 
ecohydrological dynamics of the investigated maple and birch trees were high with increases in stem size and 
LAI, but also decreasing soil moisture. In spring, δxyl signatures were high in both trees, with the effect more 
marked in the maple hinting at a dependence of δxyl on species specific-storage effects and a distinct start of 
transpiration. During summer, drought stress was apparent in the ecohydrological fluxes of the monitored trees 
in the reduction of stem growth, LAI, midday water potential and soil moisture. Yet sap flow rates were relatively 
stable and tree transpiration maintained. We noted a midsummer enrichment of δxyl in both species. Most 
importantly, the measured δxyl signatures were isotopically in the range of deep soil waters and groundwater 
implying that deeper sources were sustaining the trees’ water supply during the drought. We also detected 
fractionation of δxyl, which is possibly induced by heterogenous water uptake strategies and biochemical pro-
cesses in the tree xylem, including CH4 transport. Our results suggest that urban trees rely on deep water supply 
and internal storage during drought. We conclude urban trees and shrubs with shallow root development would 
be more vulnerable to dry summers with a particular threat during future accelerated summer droughts com-
bined with insufficient autumn rewetting causing deep soil layers to dry out.   

1. Introduction 

Urban trees and woodlands are important in cities across the world 
for amenity (Dwyer et al., 1991; Bolund & Hunhammar, 1999; Roy et al., 
2012), nature conservation and local biodiversity increase (Grimm et al., 
2008; Kowarik, 2011). They also provide important ecosystem services 
to improve health for residents (Shashua-Bar et al., 2011; Willis & Pet-
rokofsky, 2017) and water security (Bichai & Cabrera Flamini, 2018; 
Aboelnga et al., 2019). Through increasing infiltration rates and 
enhancing groundwater recharge, urban woodland overall enhances the 

urban water cycle (McGrane, 2016) and positively affects the urban heat 
balance through increased evapotranspiration (ET) rates (Livesley et al., 
2016). Urban green spaces, can thus regulate a cities’ microclimate 
through mitigation of urban heat island effect through cooling via latent 
heat production (Oke, 1982). 

Urban areas are especially subject to climatic warming (Wouters 
et al., 2017; Bastin et al., 2019; Dodman et al., 2023) and the frequency 
and severity of droughts has increased in Europe since 2018 (Bastos 
et al., 2021; Paton et al., 2021; Smith et al., 2022; Conradt et al., 2023). 
This threatens urban trees: moisture stress has induced reduced growth, 
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lowered ET rates and even led to tree mortality following dry years in 
Berlin and other European cities (Gillner et al., 2020; Rötzer et al., 
2021). 

Studies on these interlinkages and water cycling through the soil–-
plant-atmosphere continuum in urban areas are still rare and hence, 
these processes are less understood in cities compared to other envi-
ronments (forests, croplands etc.) (Ehleringer et al., 2016; Oswald et al., 
2023). In general, on-site long-term observations of ET are rare, espe-
cially in urban dwellings were ET estimates are complex because of the 
heterogeneity of green spaces and building structures that have an effect 
on shading, heat storage and funnelling of winds(Arnfield, 2003; Saher 
et al., 2020; Duarte Rocha et al., 2022). In particular, urban tree ET has 
shown contrasting patterns in its diurnal and seasonal cooling effects 
depending on the trees’ location, species, size and water supply (Meili 
et al., 2021; Tams et al., 2023). 

The use of stable water isotopes can help to understand water cycling 
through trees in the soil–plant-atmosphere continuum (SPAC) (Tetzlaff 
et al., 2015). Tracer methods now enable tracking of water at a high 
spatial and temporal resolution within the water cycle (Sprenger et al., 
2017; Sprenger et al., 2019) across varied geographic regions (Yakir & 
Sternberg, 2000; Dubbert & Werner, 2018; Tetzlaff et al., 2021). How-
ever, research pertaining to the fluxes and cycling across the SPAC in 
urban settings is still limited (Soulsby et al., 2014; Kuhlemann et al., 
2021; Marx et al., 2022). Only recently has it become possible to 
monitor tree xylem water isotope dynamics in-situ “in real time” with 
several monitoring studies producing reliable long-term data at high 
resolution (up to sub-daily) (Mennekes et al., 2021; Seeger & Weiler, 
2021; Kübert et al., 2022; Kühnhammer et al., 2022; Landgraf et al., 
2022). In addition to isotope tracing, monitoring of ecohydrological 
processes like sap flux, biomass accumulation (via shrink and swell 
patterns of dendrometer data), soil moisture and leaf area index (LAI) 
provides further insights on urban tree water cycling (Ponte et al., 2021; 
Rocha & Holzkämper, 2023; Stevenson et al., 2023). Finally, combining 
stable water isotopes with more general ecohydrological monitoring 
helps understand the sources of water in root uptake, (urban) ET and the 
general water partitioning through trees (Deurwaerder et al., 2020; 
Kuhlemann et al., 2021; Fabiani et al., 2022; Landgraf et al., 2022). 

Here, we focus on trees in an urban green space in Berlin, NE Ger-
many, building on previous work on using isotopes in urban ecohy-
drology in this city (Gillefalk et al., 2021; Kuhlemann et al., 2021; 
Landgraf et al., 2022; Marx et al., 2022). In 2022, the year of this study, 
Germany suffered another exceptional summer drought (Meinert et al., 
2022), also affecting the vegetation productivity of NE Germany (Con-
radt et al., 2023). This drought was still impacting soil moisture profiles 
in NE Germany in 2023 (UFZ Leipzig, 2023). Further, the prolonged 
drought caused high urban tree mortality in Leipzig, Germany (~150 
km distance to Berlin) (Haase & Hellwig, 2022). It is projected that such 
drought periods will be more frequent in the future (Rakovec et al., 
2022; IPCC, 2023). Indeed, Berlin lately implemented the need to 
optimise green and open spaces for more cooling in their new urban 
development plan (StEP Klima 2.0 from SEnSBW, 2022). Overall, a 
better understanding of the ecohydrology of urban green trees is ur-
gently needed. 

In this context, the overarching aim of this study was to use a multi- 
proxy approach to investigate the daily ecohydrological fluxes and 
water cycling of urban trees during the entire growing period of 2022 
(including a major summer drought). Our work focused on individual 
mature trees in an urban green space; examining daily mean in-situ 
isotopes in plant xylem water (δxyl) while also monitoring vegetation 
dynamics via sap flow, stem increments, LAI, groundwater levels and 
soil moisture at different depths. 

Our specific research questions were:  

i) What is the seasonal variability in the ecohydrology of urban 
trees (in terms of leaf out, potential soil water sources, transpi-
ration and stem increment growth)?  

ii) Can continuous monitoring of plant xylem water isotopes (δxyl) 
help understand the sources of urban tree water uptake?  

iii) Is there any evidence that urban trees become water stressed 
during summer droughts? 

Thus, our work contributes new knowledge on the water cycling of 
urban trees in drought years, providing evidence-base for stakeholders 
towards a more resilient and sustainable management of urban green 
spaces. 

2. Study site 

We conducted our experiment in an urban setting in the SE of Berlin, 
Germany (Fig. 1). Berlin covers an area of 891 km2, with a population of 
3.85 million (Amt für Statistik Berlin-Brandenburg, 2023; Fig. 1A). The 
city is located on the North European Plain with a flat topography that 
consists of > 100 m of Quaternary deposits (Limberg & Thierbach J., 
2002). These sand and gravel deposits form the Warsaw-Berlin glacial 
spillway that characterises the Geology of Berlin (Limberg et al., 2007). 
The climate is continental temperate with long-term (1991–2020) mean 
annual rainfall of 579 mm and mean annual air temperatures of 
9.6–10.7 ◦C (DWD, 2023b). The region is becoming more drought- 
sensitive, being warmer and drier in recent years compared to the 
reference period from 1981 to 2010 (ibid.). In 2022, Berlin only received 
403 mm of rainfall and during 2018 (when a major drought occurred in 
central Europe), annual precipitation was only 420 mm (DWD, 2023a). 
Across the city, residential areas and streets comprise ~ 59 %, vegeta-
tion cover ~ 34 % (forests, parks, agriculture) and surface waters make 
~ 7 % (SenUVK, 2019a). 

The study site is located at Leibniz-Institute of Freshwater Ecology 
and Inland Fisheries (IGB), roughly 220 m north of Lake Müggelsee 
(Berlin’s largest lake) (Fig. 1a). The surrounding district (Fig. 1A) has 
large areas of green and blue space. The site is characterised by forest 
(40 %), residential areas and roads (38 %), water bodies (12 %) and 
public green space (0.06 %; SenUVK, 2019b). The study site was spread 
with mature trees (~30–100 years old) and extensive dry grassland 
surrounded by brick buildings of a former 19th century water works. 
Within a 100 m radius of the study site center (Fig. 1b), different types of 
non-irrigated urban green spaces cover the premises, including grass-
land (49 %), shrubs (8 %) and tree canopy (17 %), as well as grey 
infrastructure like buildings (10 %), and streets, semi-permeable, sealed 
pathways and parking spaces (16 %). The experiment focused on one 
tree-dominated area (Fig. 1b), which is characterized by maple, birch, 
lime, oak and black locust trees. We selected one dominant Norway 
maple tree (Acer platanoides) with a stem diameter of 560 mm (measured 
in April 2022) and height of ~ 16 m and one dominant silver birch tree 
(Betula pendula) with a stem diameter of 490 mm (measured in April 
2022) and a height of ~ 12 m. The genus Acer comprises 20 % of Berlin 
street trees (SenMVKU), but has shown significant growth decline in 
drought years (Gillner et al., 2014). 

In addition to the tree site, we studied a grassland area 15 m away. 
This was covered by several grass species (e.g. Arrhenatherum elatius, 
Lolium perenne) and herbs (e.g. Achillea millefolium, Trifolium pratense) of 
30–50 cm height, mowed twice a year. The soils at the study site are 
sandy regosols (GeoportalBerlin, 2015), which reflect anthropogenic 
impacts through existing debris, sandy materials and a shallow humus 
layer (roughly 8 cm deep). In the 1st meter of depth, soils at the study 
site were overall sandy (more than 94 % of fractions > 0.063 mm). The 
groundwater level was around 2.25 m deep and affected by lake water 
extracted via bank filtration. 

3. Data and methods 

3.1. Monitoring 

The study period was from April 1st to November 1st 2022 (i.e. a full 
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vegetative period). Climate data (air temperature, precipitation amount, 
wind speed and direction, relative humidity, air pressure, global radia-
tion) were accessed from the rooftop of IGB ~ 300 m away. On-site, we 
measured precipitation at the open grassland (tipping bucket raingauge, 
0.2 mm/tip, precision ± 3 % of total rainfall; AeroCone® Rain Collector, 
Davis Instruments, Hayward, USA) and relative humidity at the maple 
tree stem at 2 m height in south-east direction (Vaisala Humicap® Hu-
midity and temperature probe HMP155, accuracies: ±1 %RH (0 … 90 % 
RH) ± 1.7 %RH (90 … 100 %RH)). Both were recorded with a CR800 
Datalogger (Campbell Scientific, Inc. Logan, USA) logging every 15 min. 
On-site temperature was recorded every 5 min with BetaTherm 
100K6A1IA Thermistors T107 (Campbell Scientific, Inc. Logan, USA; 
tolerance ± 0.2 ◦C (over 0◦–50 ◦C)) with a CR300 Datalogger (Campbell 
Scientific, Inc. Logan, USA). All precipitation and temperature data were 
verified against data from the German Weather Service (DWD) of the 
“Berlin-Marzahn” station (DWD, 2023a) (Station ID: 420), ~12 km 
north of the study site. 

Daily precipitation isotopes were sampled manually with a HDPE 
deposition sampler (100 cm2 opening; Umwelt-Geräte-Technik GmbH, 
Müncheberg, Germany). Samples with precipitation < 1 mm were dis-
carded to limit evaporation effects. Additionally, we sampled precipi-
tation with an autosampler (ISCO 3700, Teledyne Isco, Lincoln, USA) at 
a 24 h interval which was placed ~ 350 m away. The autosampler 
bottles were filled with a paraffin oil layer > 0.5 cm in thickness (after 
IAEA/GNIP, 2014) to avoid evaporative effects. 

Groundwater isotope samples were taken weekly with a submersible 
pump (COMET-Pumpen Systemtechnik GmbH & Co. KG, Pfaffschwende, 
Germany) from a well on IGB grounds ~ 300 m away. 

For isotope analysis of the liquid water samples at the IGB laboratory 
all samples were filtered (0.2 um cellulose acetate) and decanted into 
1.5 mL glass vials (LLG LABWARE) and analysed by cavity ring-down 
spectroscopy (CRDS; L2130-i, PICARRO, INC., Santa Clara, CA). For 
calibration we used four standards for a linear correction function. They 
were referenced against three primary standards of the International 
Atomic Energy Agency (IAEA). For quality-checking and averaging 
multiple analyses of each sample the ChemCorrect software (Picarro, 
Inc.) was applied to screen for interference from organics. Results were 
expressed in δ-notation with Vienna Standard Mean Ocean Water 
(VSMOW). Analytical precision was 0.05 ‰ standard deviation (SD) for 
δ18O and 0.14 ‰ SD for δ2H. 

Stable isotopes of xylem water (δxyl), later on termed as plant water 
isotopic signatures, were measured in-situ real-time and sequentially 

(Fig. 2). Measurements were performed using the same instrument type 
as above. At each tree, two stem boreholes were drilled through the full 
stem horizontally (stem borehole equilibration) at 1.5 m and 2.5 m 
height to capture possible variation within heights and effects of travel 
times within the trees stems. The method of stem borehole equilibration 
was developed and tested in several studies in recent years (Beyer et al., 
2020; Marshall et al., 2020; Kühnhammer et al., 2022); see Landgraf 
et al., 2022 for a detailed description of the method at our study site. 

For this study, δxyl measurements started on 25.04.2022, two weeks 
after installation, to exclude the start data with potential wounding 
signals (cf. Landgraf et al., 2022). Each tube inlet (Fig. 2) was sampled 
for 30 min in 1 Hz resolution, and then sampling switched automatically 
to the next tube inlet. Individual xylem inlets were measured every ~ 3 
h, including calibrations and auxiliary measurements into the moni-
toring sequence. The first 12 min of data after switching inlets were 
always discarded to avoid memory effects and only data with stable 
values was used (i.e. ranges of 3 ‰ for δ2H and 0.8 ‰ for δ18O). The 

Fig. 1. Location of Berlin within Germany and map of Berlin (a); and the study site at IGB Berlin (b): the tree site with Acer platanoides and Betula pendula and 
grassland (with soil water isotope measurements only); and installations of sap flow (in both trees) and soil moisture measurements and sampler for precipitation 
isotopes (75 m radius from CRDS in center). (Basemap: Google Satellite). 

Fig. 2. Conceptual diagram of the general in-situ plant xylem water isotope 
(δxyl) measuring setup with the birch tree growing near a building. Numbers 
refer to different tube inlets for δxyl from boreholes. 
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sample flow rate was at 0.04 L min− 1. 
The measurement sequences of the CRDS were checked daily, to 

detect technical problems in regard to e.g. condensation or wounding 
effects. Data was discarded when any biased measurement was identi-
fied in the respective tube until normal sequences have established. For 
example, we could not use the δxyl data of the maple borehole at 2.5 m 
height as it showed overall unstable and unreasonably high measure-
ments from wounding, which occurred simultaneously with extremely 
high CH4 signals at the multiport valve. The CH4 originated from the 
borehole and hindered stable measurements of δxyl with CRDS. The 
boreholes of maple at 1.5 m and birch at 1.5 m height also showed 
higher CH4 signals than the usual tropospheric concentration (~2 ppm; 
(Khair et al., 2017)) just after switching valves, but the δxyl measure-
ments reached stable values afterwards. 

For later conversion of δxyl measurements into liquid water isotope 
values, temperature probes were installed inside the borehole mem-
branes (fine PFA-sealed resistance thermometers (Pt100, HSRTD, 
Omega Engineering, Norwalk, USA; tolerance: ±0.15 to 0.35C (over 0 to 
100 ◦C)) and logged with a CR800 Datalogger (Campbell Scientific, Inc. 
Logan, USA) logging mean values every 15 min from second-resolution 
data. By combining δxyl with temperature data from each borehole we 
derived the values for all in-situ boreholes of temperature dependent 
equilibrium fractionation from vapour to liquid with the correction 
formulated by Majoube (1971): 

α = exp
a
(

106

T2
k

)

+ b
(

103

Tk

)

+ c

1000
, (1)  

where α is the isotopic fractionation factor, Tk is the temperature (in K), 
and a, b, and c are empirical parameters that vary depending on the 
isotopologue. 

All values of δxyl isotopic compositions are given for the liquid phase 
and relative to Vienna Standard Mean Ocean Water (VSMOW) so all 
isotopic values can be compared with each other. CRDS measurements 
were calibrated automatically with two standards after every 3 loops of 
xylem measurements (liquid values: light: δ 2H − 73.623 ‰/ δ 18O 
− 10.522 ‰; heavy: δ 2H 16.74 ‰/ δ 18O 1.53 ‰). To correct for isotopic 
offsets and vapour concentration dependency, water vapour concen-
trations in the headspace of the glass containers were measured and 
linear regressions of temperature dependency slopes added. We 
included regular checking for stable values of both standards to avoid 
headspace depletion. 

Further, we took destructive samples of stable isotopes of bulk soil 
water at monthly intervals from April until October 2022. Bulk soil 
water sampling was conducted at the tree stand and at the open grass-
land site (Fig. 1b). Always three replicate samples were collected at 0–5, 
5–10, 10–20, 20–40 and 40–70 cm depth. We utilized a sampling ring for 
depths up to 10 cm; below that, we employed a soil auger with a 
diameter of 4 cm. Samples were contained in stable bags (CB400-420siZ, 
WEBER Packaging GmbH, Güglingen, Germany) and zip-locked air- 
tight. The samples underwent 48 h of equilibration before analysis. For 
further details consult Kleine et al. (2020). Soil water isotopes were 
analysed using the direct equilibrium method outlined by Wassenaar 
et al. (2008). For analysis, the vapour of the soil water isotopes in the 
bags was extracted and analysed with a Los Gatos off-axis integrated 
cavity output spectroscopy (OA-ICOS) triple water-vapour isotope ana-
lyser (TWIA-45-EP, Los Gatos Research, Inc., San Jose, CA, USA). For 
correction, two 10 mL standard water samples were used three times 
during every measuring routine (light: δ 2H − 73.623 ‰/ δ 18O − 10.522 
‰; heavy: δ 2H 20.89 ‰/ δ 18O 1.80 ‰). The vapor in each bag was 
measured for 8–10 min to ensure a stable plateau using the method by 
Marx et al., (2022): Gradient and quantile filters were used to identify 
the plateau and generate a reliable mean. Standards were utilized for 
drift control throughout the measurement and over the year, as well as 
to convert from the vapor phase back to the liquid phase. 

Line-conditioned excess (short lc-excess) (see Landwehr & Coplen, 
2006) was calculated for local evaporative effects. Lc-excess describes 
the deviation of the sample from the local meteoric water line (LMWL): 

lc − excess = δ2H − a⋅δ18O − b, (2)  

where a is the slope and b the intercept of the weighted isotopic 
composition of the local precipitation. The LMWL was calculated by 
amount-weighted least square regression (Hughes & Crawford, 2012) 
from daily precipitation isotopes measured at IGB during the whole year 
of 2022. 

In order to fully assess the dynamics in the SPAC of the urban trees 
we added extensive monitoring of its ecohydrological components: sap 
flow, stem increment growth, potential evapotranspiration, soil mois-
ture, groundwater levels, LAI and plant water potential. We monitored 
sap flux and the stem circumference of the maple and birch tree at breast 
height (1.3 m). At the maple tree, two sap flow sensors (SFM-4, Umwelt- 
Geräte-Technik GmbH, Müncheberg, Germany; ±0.1 cm/hr heat ve-
locity precision) were installed at the north and south side of the tree 
stem. Additionally, we placed different sap flow meters (SFM1 instru-
ment, ICT International, Australia): one at northwestern side of the 
maple and three surrounding the birch treés stem (north, northwest and 
south). All sap flow sensors work according to the heat ratio method by 
Marshall (1958). Dendrometers (DR Radius Dendrometer, Ecomatik, 
Dachau, Ger170; accuracy max. ± 4.5 % of the measured value (stable 
offset)) were installed to measure the stem diameter dynamics and 
monitor stem increment growth (in mm) at high temporal resolution. 
Daily potential evapotranspiration (PET) was estimated using meteo-
rological data from the rooftop of IGB and the FAO Penman–Monteith 
method (Allen, 1998) with “R”-Package “Evapotranspiration” (Guo, 
2022). We were interested in the general dynamics of PET rather than 
absolute values during the vegetative period to see whether there was a 
limit on the trees meeting atmospheric moisture demand, therefore, 
both sap flow rates [cm3 d− 1] and PET were normalised by mean values 
with feature scaling. 

Volumetric soil water content and soil temperature were measured at 
two soil pits, one underneath the maple tree and the other at a grassland 
nearby (Fig. 2b). We placed soil moisture temperature probes (SMT-100, 
Umwelt-Geräte-Technik GmbH, Müncheberg, Germany) at 5 depths 
ranging from 5 cm to 70 cm (precision of ± 3 % for volumetric soil water 
content and ± 0.2 ◦C for soil temperature). Both soil pits consisted of 
sandy soils at all depths (over 94 % of fractions > 0.063 mm). Estimation 
of soil water storage as volumetric percentage from the total (1000 mm) 
soil profile for comparison among sites (in mm water column in the first 
meter) was attained by weighting measured volumetric soil moisture 
corresponding to each depth. Depending on the number of sensors, the 
profile was divided into segments which were assumed to be represented 
by each sensor. Sap flow, stem increments and soil moisture were logged 
at 15 min intervals using a CR800 Datalogger (Campbell Scientific, Inc. 
Logan, USA). 

Groundwater level was monitored with an automatic datalogger 
(groundwater level probe) in one well on IGB’s grounds ~ 300 m away 
from the study site. LAI was measured once a month the same day when 
destructive soil sampling was carried out. We measured LAI underneath 
both trees at 2 m height with a plant canopy analyzer (LAI 2000, Li-cor, 
Inc., Lincoln, NE, USA) at a constant location taking the mean of 3 
replicates. A tree’s LAI is positively correlated to sap flow rates as leaf 
stomatas compensate water fluxes (Oren et al., 1999). Therefore, LAI 
can be used as a proxy for stand transpiration (Zhang et al., 2018). 
Additionally, we added twig water potential measurements at both trees 
during midday twice a month from June until November with a Scho-
lander pressure chamber instrument (Model 1000, PMS Instrument 
Company, Albany, OR, USA; 0.5 % accuracy). 

A.-M. Ring et al.                                                                                                                                                                                                                                



Journal of Hydrology 633 (2024) 131020

5

3.2. Statistical analysis 

For statistical data analysis of differences and correlations of the 
obtained dataset we performed several statistical tests. First we tested 
normality of all datasets with the Shapiro-Wilk test (Shapiro & Wilk, 
1965). For the non-normally distributed data of daily median δxyl val-
ueswe used non-parametric alternatives (assuming all observations were 
independent and random): the Wilcoxon signed-rank test for two groups 
(Wilcoxon, 1945) and the Kruskal-Wallis test by ranks for more than two 
groups (Kruskal & Wallis, 1952) and post-hoc the pairwise Wilcoxon 
rank sum test with Bonferroni correction (Bonferroni, 1935; Wilcoxon, 
1945; Mann & Whitney, 1947). To test correlations of the non-linear 
daily data of precipitation characteristics, soil storage of both sites, 
sap flow rates, stem increment growth and LAI for both tree species we 
applied Spearman’s rho statistic (Spearman, 1904). We averaged rep-
licas in the timeseries of the δxyl (median), LAI and meteorological 
values (as means) and used these means for the statistical tests. Daily 
totals and mean values were calculated for high-resolution data. 
Monthly LAI values were linearly interpolated to daily values with tied x 
values handled by mean. Covariances were computed by pairwise 
complete observations. 

4. Results 

4.1. Hydroclimate 

Fig. 3 shows the hydro-climatological conditions surrounding the 
study period. The study period (01.04.-31.10.2022) was characterised 
by a very dry and warm summer compared to the long-term average 
(1991–2020) at DWD station Berlin Marzahn. Total precipitation was 
262.5 mm during the study period (long-term average: 362 mm (DWD, 
2023b)). Summer rain days were rare and most summer rain events 
were < 5 mm with the highest rainfall event in July. More frequent 
summer rainfall events mainly occurred in mid-August. Most rewetting 
took place in September. During the warm period from May until 
August, relative humidity was low (mean 62.8 %), temperature was high 

(mean 20.8 ◦C; long-term average: 17.9 ◦C (ibid.)) and VPD exceeded 1 
kPa most of the summer. The preceding summer of 2021 was less dry 
and warm, but 2018–2020 were exceptional years of drought impacting 
Berlins green spaces (Kuhlemann et al., 2021). 

4.2. Ecohydrological dynamics 

Monthly monitoring of LAI (Fig. 4) showed rapid changes at leaf- 
burst (April to May) and at leaf senescence (October to November) for 
both the maple and birch. LAI at both trees was highest in July and 
dropped in August following a dry period. Only LAI values of the maple 

Fig. 3. Time series of daily hydroclimate variables surrounding the growing period (April – October 2022): a) precipitation [mm], b) air temperature [◦C], c) relative 
humidity [%], d) vapour pressure deficit (VPD) [kPa], e) air pressure [hPa], f) windspeed [m/s], g) global radiation [W/m2]. Periods before and after δxyl mea-
surements (25.4.-20.10.2022) are shaded in grey. 

Fig. 4. Monthly LAI values of the maple and birch tree during the growing 
period of 2022. 
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tree increased again with rewetting in September, while the birch tree 
values continued to decrease. 

Soil moisture responded to rainfall (Fig. 5a) but was generally low at 
both sites (Fig. 5 b,e) with the sandy upper soils being extremely dry 

(<5 %) for much of the summer until rewetting started in mid-August. 
The upper soil moisture storage rapidly responded to precipitation in-
puts, but quickly decreased again afterwards reflecting the low water 
holding capacity of sand. Only larger events in late summer increased 

Fig. 5. Timeseries of daily precipitation and weekly groundwater level (a); daily soil moisture (at 5 depths) and soil storage in the first metre of the soil beneath tree 
canopy (b) and beneath the nearby grassland (c); daily sapflow and stem size growth measured for the stem-radius of the maple (d); daily normalised sap flow of the 
maple and potential evapotranspiration (PETnorm)(e); daily sapflow and stem size growth measured for the stem-radius of the birch (f); daily normalised sap flow of 
the birch and PETnorm (g); daily median xylem water isotopes of δ2H (h) and δ18O (i). 
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the moisture content at 70 cm and groundwater levels showed limited 
variation (Fig. 5a) varying around 2.27 m depth (range 16 cm) 
throughout the study period. 

Dendrometers of both trees (Fig. 5 d,f) imply that despite rapid stem 
increment growth in spring (Fig. S2c,d), during the drought (mid-July 
until mid-August) the stem diameter of both trees did not increase and 
sometime shrinking seemed to have occurred. After rainfall events, the 
stem diameters increased rapidly in August and September. 

Sap flow rates of both trees (Fig. 5 c,f) increased from April to May. 
They briefly dropped during larger rainfall events when atmospheric 
moisture demand declined despite rising soil moisture after an event. 
Sap flow rates of the maple tree decreased for some days in late July and 
August when drought was most extreme (unfortunately sap flow sensors 
in the birch tree ceased operating in July, though one was repaired in 
September). For a few days in August and September, the normalised 
potential evapotranspiration (PETnorm) (index for atmospheric moisture 
demand) exceeded the normalised sap flow measured in the maple 
indicating tree water demand was not met (Fig. 5 d,g). Despite this, 
PETnorm did not exceed the measured sapflow during the dry period in 
July and August. 

Midday water potential (ψ) (Fig. S1) was most negative from spring 
until summer and increased again after rewetting in August and 
September. Maple ψ responded to the major summer rain event on July 
7 with a slight increase (the measured soil moisture in the 0.7 m deep 
pits decreased quickly after that event, Fig. 5). 

For a more detailed understanding, we also show three selected time 
periods in more detail (Fig. 6). The first column of the panels shows the 
ecohydrological responses during the month of May in more detail. 
Maple sap flow rates (Fig. 6d) increased and became steady over the 
month. Birch sap flow rates (Fig. 6e) increased as spring continued, but 
dropped in the middle of the month responding to a drop in solar ra-
diation on May 18 (see also Fig. 3). Dendrometers implied continuous 

stem increment growth of both trees in spring (Fig. S2c,d). Both den-
drometers and soil moisture (Fig. 6 b,c) rates showed no substantial 
responses to the small (<5 mm) precipitation events at the end of May. 

The largest precipitation event during the study period occurred on 
July 7 (2nd panel in Fig. 6). Soil moisture (Fig. 6b) underneath the tree 
canopy particularly responded to wetting after rainfall at 15 cm and 30 
cm depth. The upper soil layers under the trees showed small responses 
and afterwards lost the water through drainage and ET, whereas the 
upper layer soil moisture under grassland (Fig. 6c) responded to rainfall. 
Dendrometers of both trees showed stem increment growth or bark 
swelling with the precipitation event (Fig. S2b) and shrinking for 5 days 
afterwards half way back to the size antecedent to precipitation. Sap 
flow rates of both trees (Fig. 6d, e) dropped on the day of the precipi-
tation event. 

During the period surrounding the rewetting in August and 
September (3rd panel in Fig. 6) dendrometers responded to the rewet-
ting with swelling and minor shrinking during the dry days following 
precipitation. Sap flow (Fig. 6d,e) generally decreased for the first 3–4 
days after substantial rainfall linked to decrease in VPD. PETnorm 
exceeded maple sap flow just before September rewetting started, 
indicating drought stress. 

In the Spearmańs rank correlation analysis of daily values, precipi-
tation characteristics, soil storage of both sites, sap flow rates, stem 
increment growth and LAI for both tree species were combined (Fig. 7).. 
Short term dynamics are not displayed in this more general overview. 
The regression analysis revealed a moderately (for the maple) and strong 
(for the birch) positive correlation between sap flow rates and LAI for 
both trees. LAI and stem increment growth negatively correlated for 
both trees likely due to opposite reactions after rainfall. Precipitation did 
not correlate with soil water storage, but showed moderately negative 
correlations with sap flow rates. Soil water storage of grassland was 
negatively correlated with sap flow rates and LAI, but correlated 

Fig. 6. Timeseries during three major time periods spring, the first half of July and the rewetting period of: daily precipitation and weekly groundwater level (a); 
daily soil moisture (at 5 depths) and soil storage in the first meter of the soil beneath tree canopy (b) and nearby grassland (c); daily normalised sap flow, potential 
evapotranspiration (PETnorm) and stem size growth measured for the stem-radius of the maple (d) and the birch (e); and daily median xylem water isotopes of δ2H (f) 
and δ18O (g). 
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positively with stem increment growth again related to reactions to 
precipitation. 

4.3. Stable water isotope dynamics 

Monitoring of δxyl was conducted from 25.04. to 20.10.2022. δxyl in 
both trees was enriched in heavy isotopes at the start of the study with 
the effect more marked in the maple tree in early May; after that all 
boreholes showed similar isotope signatures as spring continued 
(Fig. 5h,i and 6f,g). After May, the trees were depleted in heavy isotopes 
until the Mid of June with δxyl becoming more enriched in the 2nd half of 
June, being relatively constant during July and then becoming more 
enriched again at the time of the autumn rewetting (Fig. 5h,i and 6f,g). 

Statistically, significant differences in daily median values of δxyl 
between tree species (Wilcoxon signed-rank test) and between borehole 
heights (Kruskal-Wallis test by ranks and post-hoc the pairwise Wil-
coxon rank sum test with Bonferroni correction) varied depending on 
isotopes of δ2H and δ18O (indicating varying fractionation). Mid- 
summer increases of δxyl of both trees corresponded with highest LAI 
values (Fig. 5h,i). During rewetting in late August and September, δxyl of 
the maple started to deviate more from the birch and its curve strikingly 
resembled that of PETnorm (Fig. 6d,f,g). On Sep 25th δxyl of the birch 
borehole at 1.5 m showed quicker responses to rainfall than the 2.5 m 
borehole, consistent with a longer travel time of precipitation in the 
xylem (Fig. 6f,g). 

The amount-weighted LMWL of precipitation 2022 (Fig. 8) was δ2H 
= 7.37 ± 0.12 * δ18O + 4.249 ± 0.98 (R2 = 0.96) and characterised by a 
large range. Groundwater in comparison showed little variation, but 
slightly deviated from the LMWL which is likely related to the local 
influence and bank filtration of lake water caused by pumping at the 
water works. Soil water isotopes show a gradual depletion in heavy 
isotopes with depth. The daily timeseries of δxyl (Fig. 5h,i) and its dual 
isotopes (Fig. 8) showed damping and fractionated signals compared to 
precipitation and bulk soil water isotopes. In general, δxyl was overall 

Fig. 7. Spearmańs rank correlation between daily precipitation amount [mm] 
and daily means of soil storage under the trees [mm], soil storage under grass 
[mm], sap flow of the maple north [cm3 d− 1], sap flow of the maple northwest 
[cm3 d− 1], sap flow of the maple south [cm3 d− 1], stem growth of the maple 
measured for the stem-radius [mm], LAI of the maple, sap flow of the birch 
south [cm3 d− 1], sap flow the birch northwest [cm3 d− 1], stem growth of the 
birch measured for the stem-radius [mm] and LAI of the birch. Numbers indi-
cate the correlation coefficients. 

Fig. 8. Dual isotopes of daily on-site precipitation (blue squares), 2-weekly groundwater from IGB (pink squares), daily median plant xylem (δxyl) for the maple tree 
(one height; green triangles) and birch tree (two heights; dark/light blue upside-down triangles) and monthly bulk soil water profiles (5 depths) of the tree site 
underneath canopy (rhombus symbols) and of the nearby open grassland (star symbols), including polygons highlighting all δxyl signatures and soil and groundwater 
signatures. Data shown here were sampled between 25.04. and 20.10.2022. Boxplots show the sample distribution of the data sets. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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much closer to the isotopic signatures of deeper soil and groundwater, 
likely indicating dominant sources for root water uptake. The isotopic 
fractionation in δxyl of both trees was apparent from the difference from 
source waters and the offset to the LMWL and soil water isotopes 
(Fig. 8). The summary statistics of the measured stable water isotopes of 
precipitation, groundwater, δxyl and soil water are given in Table 1. 
Generally, δxyl values were most similar to mean signatures of deeper 
soil water and groundwater. 

The heat maps of bulk soil water isotopes (Fig. 9) show the devel-
opment of enrichment in heavy isotopes in the upper soils compared to 
deeper soil signatures at both sites as summer progressed. The evapo-
rative fractionation penetrated mostly into the first 10 cm and was 
highest in August and September. Moreover, grassland showed deeper 
penetration of enriched soil water than the tree stand at the end of the 
summer. The autumn depletion in heavy isotopes of the upper soils 
showed precipitation mixing with, and replenishing the upper soil 
moisture (Fig. 10). 

The timeseries of daily mean stable water isotopes (Fig. 10) also 
shows that δxyl signatures were generally depleted in heavy isotopes and 
isotopically mostly like deep soil waters and groundwater (cf. Fig. 9). 
δxyl became more enriched in heavy isotopes in mid-summer, but 
depleted at the end of the dry period in August (see also Fig. 5.). δ18Oxyl 
showed less evaporative fractionation effect than δ2Hxyl. δxyl lc-excess 
became positive towards autumn when rewetting occurred. 

Interestingly, lc-excess of the birch showed fractionated signatures 
which were not corresponding with soil waters and groundwater. δxyl of 
both trees behaved similarly from mid of May until the rewetting in late 
August. Groundwater levels dropped by 0.14 m from mid-July until mid- 
September, but groundwater signatures were stable with deeper soil 
waters plotting around it. Precipitation signatures showed summer 
enrichment in heavy isotopes in occasional summer rainfall with small 
magnitude and depletion in September (Fig. 10). 

To get a clearer picture of seasonal and drought dynamics, we again 
“zoomed” into three time periods in more detail(Fig. 11: spring (a), the 
first half of July (b) and the rewetting period (c)). Fig. 11 (a) shows the 
start of the in-situ xylem measurements during leaf out in May. Here, δxyl 
signatures of both species varied during the first half of the month and 
started to show more similar patterns at the end of the month when 
frequent precipitation events occurred. For both trees, δxyl resembled 
that of deeper soil waters, whereas upper soils showed mixing with 
precipitation. During the dry and hot period in July with the largest 
rainfall event (18 mm, Fig. 11 b), δxyl signatures moved in the direction 
of precipitation signals, but also showed signals of groundwater iso-
topes. Lc-excess of δxyl of the birch was lower than of the maple indi-
cating higher fractionation during drought. The rewetting period in 
August and September (Fig. 11 c) revealed that δxyl was again most 
similar to signatures of deeper soil waters and groundwater. Also, δxyl 
and deep soil picked up most of the precipitation signals during rewet-
ting. Lc-excess of xylem increased towards autumn/leaf senescence. 
Finally, precipitation signals showed autumn depletion in heavy 
isotopes. 

5. Discussion 

5.1. Seasonality and drought effects in ecohydrological fluxes and water 
cycling of urban trees 

By combining the monitoring of stable water isotopes with sap flow, 
stem size growth, LAI, midday twig water potential, soil moisture 
measurements and climate data, we gained novel insights into water 
cycling of non-irrigated urban trees during the full growing period 2022 
(April-November). Our study also included a marked drought in the 
summer of 2022. Thus, we were able to monitor the daily ecohydro-
logical fluxes in trees in an urban green space under hot and dry con-
ditions (summarising conceptual graphic: Fig. 12), which can be a threat 
to city trees (Marchin et al., 2022). 

Ecohydrological dynamics in the trees showed their most substantial 
range at the beginning of the growing period with regular precipitation 
inputs after spring leaf out: The largest increase of both trees’ LAI and 
stem increments together with the largest alterations of δxyl was 
observed in May and June, while soil moisture was decreasing especially 
underneath the tree canopy. Generally, the stem size growth of both 
trees was positively correlated with precipitation, which could partly 
reflect swelling that does not necessarily contribute to growth (Szymc-
zak et al., 2020). Previous studies detected swelling during rainfall and 
shrinking in the 3 days after precipitation as we did in our dendrometer 
data (Chan et al., 2016; Herrmann et al., 2016). δxyl signatures in both 
trees were depleted at the start of the study in May, with the effect more 
marked in the maple. This suggests a dependence of δxyl on species- 
specific storage effects over the winter and a distinct start of transpira-
tion signals (Améglio et al., 2002; Hao et al., 2013; Sánchez-Costa et al., 
2015). 

At the beginning of July, mid-summer enrichment of δxyl was 
observed, which matches the findings of a recent study of trees in the 
parks of Berlin by Marx et al., (2022). From early July until mid-August 
precipitation events were low in frequency and magnitude (mostly all 
below 5 mm) and combined with high temperatures. Our in-situ moni-
toring of δxyl during the summer drought indicated that deeper sources 
of soil water and groundwater sustained both trees. The distinct isotopic 
signal of the upper soil water, which was enriched in heavy isotopes, was 

Table 1 
Summary statistics of stable water isotopes of precipitation, groundwater, plant 
xylem boreholes (maple one height; birch two heights) and bulk soil water un-
derneath tree stand and nearby grassland at upper (0.0–0.05 m) and lower depth 
(0.4–0.7 m) (all values in liquid phase).   

‰ min mean max median sd 

Precipitation δ2H  − 106.28  − 40.85  1.47  − 37.77  21.4  
δ18O  − 14.94  − 5.9  1.12  − 5.86  3.12  
lc- 
excess  

− 15.04  − 1.62  11.97  − 1.28  4.84 

Groundwater δ2H  − 54.8  − 50.34  − 43.82  − 45.93  4.00  
δ18O  − 7.51  − 6.56  − 4.98  − 6.95  0.85  
lc- 
excess  

− 11.37  − 6.21  − 3.59  − 5.41  2.31 

Xylem       
Maple 1.5 m δ2H  − 85.35  − 53.33  − 29.79  − 53.2  11.51  

δ18O  − 10.66  − 6.83  − 0.24  − 6.86  1.7  
lc- 
excess  

− 42.68  − 7.27  4.19  − 6.215  8.8 

Birch 1.5 m δ2H  − 96.77  − 61.41  − 30.5  − 60.69  11.24  
δ18O  − 10.26  − 7.03  − 1.84  − 7.08  1.33  
lc- 
excess  

− 36.36  − 13.87  6.93  − 17.15  9.49 

Birch 2.5 m δ2H  − 90.84  − 62.88  − 35.34  − 62.46  9.25  
δ18O  − 10.85  − 7.41  − 3.57  − 7.35  1.21  
lc- 
excess  

− 24.52  − 12.48  − 0.34  − 13.58  5.52 

Tree Stand Soil 
Water       

0.0–0.05 m δ2H  − 53.49  − 26.51  − 14.12  − 21.14  13.59  
δ18O  − 6.62  − 1.54  2.29  − 1.59  2.95  
lc- 
excess  

− 35.27  − 19.39  − 8.29  − 17.01  10.28 

0.4 – 0.7 m δ2H  − 64.5  − 51.68  − 39.44  − 54.87  8.21  
δ18O  − 9.59  − 6.84  − 4.3  − 7.11  1.76  
lc- 
excess  

− 17.51  − 5.55  2.15  − 4.8  6.96 

Grassland Soil 
Water       

0.0–0.05 m δ2H  − 57.16  − 28.31  − 12.6  − 21.98  15.39  
δ18O  − 8.04  − 1.59  3.52  − 0.65  3.52  
lc- 
excess  

− 42.79  − 20.81  − 2.19  − 17.54  11.89 

0.4 – 0.7 m δ2H  − 62.58  − 50.29  − 35.2  − 53.92  9.95  
δ18O  − 8.61  − 6.84  − 3.26  − 7.04  1.77  
lc- 
excess  

− 15.39  − 4.11  1.54  − 2.41  5.18  
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not reflected in δxyl. Such uptake of deep water sources in δxyl has been 
observed as a common strategy of trees during dry conditions (Ellsworth 
& Sternberg, 2014; Kühnhammer et al., 2023). 

We only detected a stronger precipitation signal in δxyl after the only 
major precipitation event (>18 mm), but signals of other summer pre-
cipitation events, which were all < 5 mm, were not evident in δxyl. This is 
consistent with the work of Kühnhammer et al. (2022) and Landgraf 
et al. (2022) who also observed no response of δxyl to single precipitation 
events. Other recent studies saw fractionation as evaporative enrich-
ment of δxyl occurring during dry spells when transpiration is limited 
(Martín-Gómez et al., 2016; Barbeta et al., 2020; Beyer et al., 2020). 
However, in our study, δxyl was depleted in heavy isotopes compared to 
source waters; which might point towards a contribution of biogeo-
chemical processes and organics to fractionation (see discussion on 
fractionation in 5.2). These internal processes preclude apportionment 
of root water uptake by simple mixing models and need to be incorpo-
rated in process-based models that capture internal routing and mixing 
of soil water within the tree (cf. Smith et al., 2022). 

In our ecohydrological monitoring we saw various tree responses to 
the dry spell. Both trees showed slight shrinking and no stem increment 
growth during that period, which can be explained through a tree water 
deficit-induced shrinking of the stem that causes imbalances between 
transpiration and root water uptake (Zweifel et al., 2005), e.g. stored 
trunk water being used to sustain the transpiration stream. A recent 

study on urban Scot pines also reported that summer drought intensifies 
stem shrinking and reduces annual tree growth (Rocha & Holzkämper, 
2023). Similar to our study, their highest stem size growth rates 
occurred in May and June and stagnated as of the summer drought in 
July. Occasional cessation of stem size growth during dry conditions was 
also reported for Mediterranean Quercus ilex (Gutiérrez et al., 2011) and 
in a tropical dry forest (García-Cervigón et al., 2017). However, during 
conditions of ample water supply, growth rates of poplar trees started 
stagnating only in late August (McLaughlin et al., 2003). 

In August, we detected a drop in LAI. Such a decline in LAI after 
extended heat and drought was previously reported in remote sensing 
studies (Liu et al., 2012; Mendes de Moura et al., 2015). During that 
time, the sandy soils at the study site were extremely dry. The low soil 
storage capacity and soil moisture deficit had negative impacts on 
vegetation productivity (Conradt et al., 2023): E.g., the more negative 
midday water potential in July and August in conjunction with observed 
tree shrinkage, suggest that the investigated urban trees relied on in-
ternal water storage as a compensation strategy under drought (Preisler 
et al., 2022), under reduced soil moisture and lower groundwater levels. 
P50 values, e.g. the water potential at 50 % loss of conductance, are a 
useful indicator for plant water stress, but they vary strongly in the 
literature for the two tree species. For example, Lu et al. (2022) describe 
P50 of Maple to range from 0.5 to 1.7 MPa and of Birch from − 1.5 to 
− 2.2 MPa based on hydraulic modelling. Water potential observed in 

Fig. 9. Heat maps of bulk soil water isotopes from monthly destructive sampling at the tree stand and the grassland site.  
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this study did not exceed − 1.5 MPa. Consequently, the responses of the 
observed trees to drought – use of deeper soil water sources, stem 
shrinking – appear to prevent severe water/drought stress and re-
ductions in physiological activity. 

Interestingly, sap flow rates did not show major reductions in the 
trees during the drought period. PETnorm (index for atmospheric de-
mand, cf. Bliss Singer et al., 2021) exceeded sapflownorm only for a few 
days in early August and early September, but not consistently. This 
suggests that the trees were resilient to the drought and the rooting zone 
did not dry sufficiently to cause the trees to limit transpiration losses. 
Moreover, the decline in LAI probably lowered the water demand during 
that period. Normal tree transpiration was generally sustained 
throughout the study period, e.g. by internal water storage or deeper 
water supply contributing to transpiration also when stem size indicated 
shrinking. A reason for the low drought stress or even lack of it (seen in 
the sap flow rates) could be the type of trees investigated. Previous 
studies showed that Acer platanoides have high drought tolerance in 
cities (Kunz et al., 2016) and maples tended to use a deep water source 
under high vapor pressure deficit even when shallow soil water was 
available (Lanning et al., 2020). However, the genus Acer has shown 
significant stem increment growth decline in drought years (Gillner 
et al., 2014) and street maples have shown low leaf gas exchange rates 
indicating non-economical water consumption (Gillner, Korn & Roloff, 
2015). Betula pendula, which is less common than maple in German 
cities, is often associated with freesly draining soils and has been shown 
to maintain high sap flow rates and high water use efficiencies even 
during drought in forests (Baumgarten et al., 2019). 

During the rewetting in late August and September, soil moisture 
slightly increased, but most of the water percolated rapidly after rainfall 
due to the sandy soil which has very poor water retention properties. 
These soil characteristics are a general constraint on vegetation pro-
ductivity in the Berlin-Brandenburg region during extended droughts 

(Drastig et al., 2011). Still, the measured ψ responded to precipitation 
inputs with increased values, revealing improved water availability for 
the maple and birch. 

Finally, the drought response of the two trees was visible in the use of 
deep water sources, the restrained stem increment growth, lowered LAI 
and ψ, but stable sap flow rates were sustained by deeper water sources 
and deeper roots. Therefore, urban trees and shrubs with shallow root 
development are likely to be more vulnerable to dry summers (cf. 
Gessler et al. (2022)) posing a particular threat in future accelerated 
summer droughts combined with insufficient autumn rewetting causing 
water content to also drop in deeper soils. 

5.2. Value of continuous, in-situ monitoring of xylem water isotopes to 
understand sources of urban tree water uptake 

Here, we investigated the SPAC of an urban critical zone to under-
stand urban tree water cycling. By combining high resolution in-situ 
monitoring of δxyl with stable water isotopes of daily precipitation, 
weekly groundwater and monthly soil water at different depths, we 
gathered valuable insights on the ecohydrology of urban tree stands. 

Stable water isotopes of precipitation showed summer enrichment 
and autumn depletion in heavy isotopes, which was also observed for 
Berlin by Kuhlemann et al. (2021) and is globally driven by the domi-
nance of temperature and precipitation amount (Bowen, 2008). 
Groundwater isotopes showed some fractionation by slightly deviating 
from the LMWL, which likely is an influence from the nearby lake and 
pumping of lake water by the water works (cf. Landgraf et al., 2022). 
The monthly bulk sampling of soil water for isotope analysis at different 
depths complemented the in-situ monitoring of δxyl revealing the po-
tential sources of root uptake. 

Importantly, our δxyl dataset showed that in-situ borehole measure-
ments are reliable over long periods (179 d) in urban environments 

Fig. 10. Daily precipitation and weekly groundwater level (a) and full period of daily median stable water isotopes of tree xylem (one height for maple, 2 heights for 
birch tree), bulk soil water at the tree stand, groundwater and precipitation in (b) δ2H, (c) δ18O and (d) lc-excess. 
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Fig. 11. Timeseries during three important selected time periods spring (a), the first half of July (b) and the rewetting period (c) of: daily precipitation and weekly 
groundwater levels and daily median stable water isotopes of tree xylem (one height for maple, 2 heights for birch tree), bulk soil water at the tree stand (2 depths: 
upper soil 0–5 cm and deeper soil 40–70 cm), groundwater and precipitation in δ2H, δ18O and lc-excess. 
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under non-laboratory conditions, capturing inherent variability within 
the stem, if condensation and wounding issues are controlled. This 
confirms several recent studies that successfully applied in-situ moni-
toring to detect the underlying processes of tree water cycling (Volk-
mann et al., 2016; Mennekes et al., 2021; Seeger & Weiler, 2021; 
Kühnhammer et al., 2022; Landgraf et al., 2022). Most importantly, we 
could identify the predominant sources of tree water uptake of two tree 
species in an urban green space: δxyl signatures were closest to deep soil 
water and possibly groundwater which implies the use of deeper sources 
due to deep tree roots tapping into older water in combination with the 
absence of available moisture in urban surface horizons (cf. Bijoor et al., 
2011; Gómez-Navarro et al., 2019). This is also consistent with previous 
studies in Berlin’s green spaces of Marx et al. (2022), where Acer pla-
tanoides increasingly used deeper sources from spring until end of 
August and with the work of Kuhlemann et al., (2021), who observed 
signals for deep root water uptake from larger trees. Interestingly, dur-
ing rewetting conditions, a distinct travel time in the xylem at different 
stem heights could be detected for the birch boreholes after the rain 
event on Sep 25. The precipitation signal took one day to travel from 1.5 
m to 2.5 m height in the tree. 

The δxyl was fractionated plotting below and somewhat parallel to 
the LMWL in the dual isotope plot (Benettin et al., 2021). Such frac-
tionation of δxyl needs to be considered when studying the likely sources 
of tree water uptake. Xylem isotopes can be fractionated since only 
fractions of precipitation inputs are taken up by trees (Allen et al., 2022). 
Fractionation of δxyl has often been attributed to cryogenic extraction 
effects (e.g. Chen et al., 2020; Snelgrove et al., 2021; Wen et al., 2022), 
which can be ruled out in our in-situ study. Other explanations might be 
biogeochemical processes or organic interference in the sample 
(Nehemy et al., 2019; von Freyberg et al., 2020), µm-scale heterogeneity 
in the isotope ratios of water within woody stems and soil micro-pores 
(Barbeta et al., 2022), the general tree root morphology and related 
preferences that cause general fractionation at tree root (Ellsworth & 
Sternberg, 2014), as well as evaporation through the tree bark (Dawson 
& Ehleringer, 1991; Smith et al., 1997). Vega-Grau et al. (2021) also 
report a general fractionation along the transpiration path of a trees 
xylem stream: They argue that δxyl fractionation is possibly caused by 
both below- and aboveground processes like individual roots not picking 
up soil water or using different proportions of the water source (root-soil 
offsets), which may further vary by species root morphologies. 

Additionally, Kühnhammer et al. (2023) observed that the amount of 
water uptake can be low during drought because of reduced sap flow, 
which could be another reason for fractionation of δxyl. 

Further, tree stems naturally transport and produce CH4 (Covey & 
Megonigal, 2018). Biogenic CH4 could have influenced the hydrogen 
isotope composition measured in the boreholes as it is travelling in the 
sap with the stem water (Anttila et al., 2024). This is a possible expla-
nation for the fractionated δxyl signals at least for the maple in our study: 
During δxyl measurements high CH4 signals were detected in both maple 
boreholes and in the birch borehole at 1.5 m height during the start of 
each measurement. Those signals were higher than the usual tropo-
spheric CH4 concentrations in the CRDS. To our knowledge, CH4 signals 
have rarely been reported or discussed as reasons for fractionated signals 
using in-situ borehole method. Only Zhao et al. (2016) investigated a 
possible relation of CH4 to xylem fractionation in the cryogenic vacuum 
distillation method. They compared the original xylem sap of Populus 
euphratica Oliv. with xylem sap distillate and found no difference. 

We conclude that potential reasons for fractionation shown as plant- 
source offset in our δxyl data include a combination of heterogenous 
water uptake strategies, internal routing, mixing and physiological 
processes (similar to Snelgrove et al., 2021). In particular, δxyl of birch 
was more fractionated, which could be due to its location near a 
building. Possibly, urban infrastructure leads to δxyl fractionation by 
influencing the trees root morphology. Importantly, if the potential 
reasons for fractionation in δxyl are identified (Barbeta et al., 2019) and 
the fractionation signals are small compared to the genuine isotopic 
signals of the data (Allen & Kirchner, 2022), datasets containing frac-
tionated δxyl are beneficial to understanding plant water sources (Ben-
ettin et al., 2021; Landgraf et al., 2022). 

5.3. Wider implications 

Urban trees play a significant role for climate resilient cities (Peng 
et al., 2012; Siehr et al., 2022), but accelerating droughts make them 
vulnerable and may cause loss of their climate benefits (Burley et al., 
2019). Understanding the water cycling in non-irrigated urban trees 
under drought conditions and also about the potential differences in the 
resilience of different species provides the basis for designing sustain-
able management of urban green spaces with focus on plant water 
supply. However, urban ecosystems and their water partitioning are 

Fig. 12. Conceptual graphic summarising the main ecohydrological fluxes observed at urban trees during the summer drought (July until Mid-August) and under 
rewetting conditions (Mid-August until September) in 2022. Lighter colours mean drier conditions, darker colors mean moister conditions. 
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highly complex, as green spaces are heterogenous in type and size, 
different species, water supply is highly varying, water flow patterns are 
modified and soils are altered (Gessner et al., 2014). 

The current literature on urban tree water cycling mostly consists of 
studies combining remote sensing data and modelling (Litvak et al., 
2017; Vulova et al., 2023) or non-continuous ecohydrological moni-
toring (Bijoor et al., 2011) only depicting excerpts during a year. High- 
resolution in-situ monitoring of urban tree δxyl helps to reveal the com-
plex processes in urban trees at the plot-scale -particularly if monitored 
over entire vegetative periods – provides detailed insights on urban tree 
water cycling (Landgraf et al., 2022), which are needed to improve 
urban planning. However, in-situ studies on urban trees using stable 
water isotopes of plants are very rare. As our study was carried out in an 
extreme dry summer, it also provides a first assessment on how non- 
irrigated mature urban trees react to changing water supply 
throughout the full vegetative period. 

Even if based on only two tree species and trees, our results clearly 
suggest a dependence on deep water sources of these deciduous urban 
trees, which has several implications for urban tree management: At 
open tree stands in parks that are interacting with adjacent grasslands, 
adequate natural water supply needs to be ensured and (sub)surface 
flow patterns understood (Kuhlemann et al., 2021). Further, the sea-
sonal variability in changes in root water sources need to be considered. 
Street trees are especially vulnerable to droughts because their root 
space is often limited and soils are not connected (Czaja et al., 2020). If 
the focus of this study would have been on street trees or trees in highly 
developed areas these trees would likely have shown lower sap flow 
rates due to even drier conditions and water would be most likely mainly 
sourced from upper soils as irrigation would be the substantial water 
source. This underlines the need for choosing sustainable site-adapted 
tree cell applications for street trees with right planning of root bar-
riers for appropriate root space (Pauleit, 2003). Also the influence of 
leaking pipes and road or pavement runoff in more developed urban 
areas should not be neglected, which can provide sufficient water 
amounts for city trees. In addition, urban green space planning for 
drought requires climate resilient species (Marchin et al., 2022) that fit 
into varying city landscapes. For this, the water use strategies and 
cooling potentials of individual trees and also groups of the different tree 
species needs to be considered (Gillner & Vogt et al., 2015; Gillner et al., 
2017; Marx et al., 2022). 

Despite the knowledge on the likely water sources of the monitored 
trees, our results also gave first insights on the temporal dynamics of 
urban tree water storage patterns of Norway maple and silver birch 
throughout the growing period, which is important as stored water can 
be as much as 20 % of transpiration sustaining xylem transport (Cermák 
et al., 2007). In some cases, natural replenishment from precipitation 
will not be sufficient for urban green spaces while in the meantime, 
urban water reserves are often too scarce to irrigate trees extensively. A 
solution would be to use rainwater from high-magnitude precipitation 
events which are becoming more frequent (Hodnebrog et al., 2019; 
Myhre et al., 2019) by improving flowpaths and storing precipitation via 
rainwater harvesting (Suleiman et al., 2020), e.g. from roof runoff 
(Papasozomenou et al., 2019; Gillefalk et al., 2021; Gillefalk et al., 
2022). 

We are confident that our approach and results are transferable to 
other urban areas across the globe that are suffering from increasing 
periods of drought and heat. But as all cities have their own very 
heterogenous infrastructure and surfaces, all management decisions 
need to be made individually (Nowak & Dwyer, 2007). Still, our findings 
are relevant for various deciduous tree species and regions that match 
the environmental requirements of the respective latitude and climate. 
Eventually, there is always a nexus between planning urban green 
spaces as functioning ecosystem and improving its catchment hydrology 
(Livesley et al., 2016). 

We see strong potential for future studies that investigate the sub- 
daily dynamics of urban tree water cycling via in-situ monitoring of 

δxyl, e.g. for revealing species specific travel times between different 
heights (cf. Seeger and Weiler (2021)) or to reveal diurnal drought re-
sponses between varying types of urban green spaces (e.g. sizes, species, 
type of use). Also, a comparison of different years varying between dry 
and wet extremes would further increase insights on urban tree water 
cycling in varying climate extremes. Future modelling work will inte-
grate our field-based data into a process-based model (cf. Smith et al. 
(2022); Gillefalk et al. (2021)), for short- and long-term assessment of 
water availability for plant growth. This will lead to a more complete 
picture of urban tree water cycling improving future related research. 

6. Conclusion 

We monitored stable water isotopes in the xylem (δxyl) of a maple 
and a birch tree using in-situ cavity ring-down spectroscopy (CRDS) over 
the full vegetative period of 2022 in an urban green space area in Berlin, 
Germany. By integrating this with monitoring of vegetation dynamics 
via sap flow, stem increments, LAI, groundwater levels and soil moisture 
measurements at different depths, we gained novel insights on the water 
cycling of non-irrigated urban trees. 

The monitoring period was characterised by a spring with average 
precipitation inputs, followed by an extremely dry period from July until 
mid-August and a constant rewetting from the end of August until 
October. Our unique (for urban settings) integrated dataset revealed 
highest changes in the ecohydrological dynamics of the investigated 
maple and birch tree at the beginning of the growing period with in-
creases in stem size and LAI, but also decreasing soil moisture. During 
summer, drought stress was apparent in the ecohydrological fluxes of 
the monitored trees in the reduction of stem increment growth, LAI, 
midday water potential and soil moisture. Yet sap flow rates were 
overall stable and tree transpiration was preserved. The measured δxyl 
signatures were isotopically in the range of deep soil waters and 
groundwater implying that deeper sources were mainly sustaining the 
trees water supply during the drought. We also detected fractionation of 
δxyl, which is possibly induced by heterogenous water uptake strategies 
and biochemical processes in the tree xylem, including CH4 transport. 

Our results suggest that urban trees rely on deep water supply and 
internal storage during drought. We hypothesise that urban trees and 
shrubs with shallow root development will be more vulnerable to dry 
summers, and we see a special threat in future accelerated summer 
droughts combined with insufficient autumn rewetting causing deep soil 
layers to dry out. Our findings have critical implications for urban 
isotope-based ecohydrological and catchments studies that are inte-
grated into process-based models. Urban green space planning and 
water management can benefit from our study towards urban trees 
being more resilient to accelerating droughts. 
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et al., 2019. Responses of species-specific sap flux, transpiration and water use 

efficiency of pine, spruce and birch trees to temporarily moderate dry periods in 
mixed forests at a dry and wet forest site in the hemi-boreal zone. J. Agric. Meteorol. 
75 (1), 13–29. https://doi.org/10.2480/agrmet.D-18-00008. 

Benettin, P., Nehemy, M.F., Cernusak, L.A., Kahmen, A., McDonnell, J.J., 2021. On the 
use of leaf water to determine plant water source: a proof of concept. Hydrol. 
Process. 35 (3) https://doi.org/10.1002/hyp.14073. 

Beyer, M., Kühnhammer, K., Dubbert, M., 2020. In situ measurements of soil and plant 
water isotopes: a review of approaches, practical considerations and a vision for the 
future. Hydrol. Earth Syst. Sci. 24 (9), 4413–4440. https://doi.org/10.5194/hess-24- 
4413-2020. 

Bichai, F., Cabrera Flamini, A., 2018. The water-Sensitive City: implications of an urban 
water management paradigm and its globalization. WIREs. Water 5 (3). https://doi. 
org/10.1002/wat2.1276. 

Bijoor, N.S., McCarthy, H.R., Zhang, D., Pataki, D.E., 2011. Water sources of urban trees 
in the Los Angeles metropolitan area. Urban Ecosystems 15 (1), 195–214. https:// 
doi.org/10.1007/s11252-011-0196-1. 

Bliss Singer, M., Asfaw, D.T., Rosolem, R., Cuthbert, M.O., Miralles, D.G., MacLeod, D., 
et al., 2021. Hourly potential evapotranspiration at 0.1◦ resolution for the global 
land surface from 1981-present. Sci. Data 8 (1), 224. https://doi.org/10.1038/ 
s41597-021-01003-9. 

Bolund, P., Hunhammar, S., 1999. Ecosystem services in urban areas. Ecol. Econ. 29 (2), 
293–301. https://doi.org/10.1016/S0921-8009(99)00013-0. 

Bonferroni, C.E., 1935. Il calcolo delle assicurazioni su gruppi di teste. Studi in Onore Del 
Professore Salvatore Ortu Carboni 13–60. 

Bowen, G.J., 2008. Spatial analysis of the intra-annual variation of precipitation isotope 
ratios and its climatological corollaries. J. Geophys. Res. Atmos. 113 (D5), n/a-n/a. 
https://doi.org/10.1029/2007JD009295. 

Burley, H., Beaumont, L.J., Ossola, A., Baumgartner, J.B., Gallagher, R., Laffan, S., et al., 
2019. Substantial declines in urban tree habitat predicted under climate change. Sci. 
Total Environ. 685, 451–462. https://doi.org/10.1016/j.scitotenv.2019.05.287. 

Cermák, J., Kucera, J., Bauerle, W.L., Phillips, N., Hinckley, T.M., 2007. Tree water 
storage and its diurnal dynamics related to sap flow and changes in stem volume in 
old-growth Douglas-fir trees. Tree Physiol. 27 (2), 181–198. https://doi.org/ 
10.1093/treephys/27.2.181. 
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