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A B S T R A C T   

Sustainably meeting the growing water demand of cities during a changing climate will be a major challenge in 
the near future. Adjusting water management strategies towards preserving urban water resources while best 
utilizing urban “blue” and “green” infrastructure will require precise knowledge of urban water cycling, storage 
and losses across large built-up areas. To gain this understanding, using stable isotopes of water as tracers in the 
hydrological cycle can provide valuable insights, but their application remains challenging in complex and 
heterogeneous metropolitan areas. This study used stable isotopes, combined with hydrometric and climatic 
data, to assess the imprint of the urban area and climate warming on a large urbanised river system, the River 
Spree in Berlin, Germany, during the exceptionally warm and dry 2018 – 2020 period. Isotope dynamics in the 
Spree reflected gradually varying seasonal patterns with more enriched values in summer and more depleted 
values in winter. Large-scale climate variability and evaporative losses in the upstream catchment, along with 
anthropogenic activities, impacted isotope and discharge dynamics in the Spree, especially during warm and dry 
summer and autumn periods. In local urban sub-catchments, variability of isotope dynamics and subsequent 
water ages and transit times were largely affected by engineered system components, i.e. catchment impervi-
ousness, connectivity to storm drains and effluent discharge. Berlin’s green spaces were largely disconnected 
from surface waters. Urban trees in particular had high water demands during dry periods that may be hard to 
sustain, as trees showed slower replenishment of soil moisture during winter, resulting in shorter recharge pe-
riods under trees. More research will be needed on: (a) how planting design with alternations of urban grassland, 
shrub and trees can enhance infiltration and maintain water demands for trees during drought; and (b) on better 
quantifying open-water evaporation in the upstream catchment to fully account for catchment water losses. To 
sustainably manage and preserve not just Berlin’s but also similar cities’ water resources in the future, our results 
indicate that both integrated city- and catchment-scale measures will be necessary.   

1. Introduction 

Large urban areas with high population densities have high water 
demands where both natural (e.g. streams, groundwater) and engi-
neered components of the water cycle (e.g. drinking water and drainage 
networks) need to meet numerous domestic and industrial needs 
(Gessner et al., 2014). The current growth of urban populations (United 
Nations (UN), 2019), accelerating climatic change with increasing fre-
quency of extremes leading to heat stress, flooding and water scarcity 
(Intergovernmental Panel on Climate Change (IPCC), 2021, IPCC, 2015) 

and the amplification of water distribution conflicts between urban and 
agricultural sectors (Flörke et al., 2018) lead to growing concerns of how 
the future water demand of many cities around the world can be sus-
tainably met. While water supply challenges have long been recognized 
in cities in warmer climates with frequent drought periods (e.g. Pataki 
et al., 2011a; Tipple et al., 2017), water resources of cities in more 
temperate regions like Central Europe have so far been considered more 
resilient (e.g. Lotze-Campen et al., 2009). However, recent multi-annual 
periods of heat and drought in Central Europe in 2018 – 2020 (World 
Meteorological Organization (WMO), 2021, WMO, 2020, WMO, 2019) 
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have raised questions about whether urban water resources and linked 
ecosystems in major cities like Berlin will remain sustainable in the 
future (Buras et al., 2020; Schuldt et al., 2020; Senatsverwaltung für 
Umwelt, Verkehr und Klimaschutz (SenUVK), 2021a, SenUVK, 2020). 
Therefore, the response of urban catchments to changing precipitation 
patterns with more frequent droughts and heavy rainfall events needs to 
be better understood (Fletcher et al., 2013; McGrane, 2016). To account 
for water losses during warm and dry periods that can potentially limit 
urban water availability, the role of evaporation in urban water distri-
bution networks and surface reservoirs needs to be well quantified 
(Jameel et al., 2016; Tipple et al., 2017). Additionally, precise knowl-
edge of water storage under urban green spaces (e.g. parks, gardens), 
which are usually composed of various species of grass, shrub and trees, 
as well as knowledge of their water requirements to sustain their 
ecosystem function, are needed to utilize their potential to mitigate 
urban heat and air pollution and provide ecosystem services while 
preserving urban water resources (Nouri et al., 2019, 2013; Vico et al., 
2014). Besides these individual research challenges, an in-depth un-
derstanding of interactions between urban green and blue spaces (e.g. 
rivers, lakes, ponds and wetlands) across scales is crucial for sustainable 
urban planning, as careful implementation of urban blue-green- 
infrastructure can contribute to a better adaption against climatic ex-
tremes (Voskamp and Van de Ven, 2015). Understanding urban catch-
ment connectivity, e.g. by tracing water flow paths of urban 
precipitation through soils, plants, groundwater and surface waters, is 
important to correctly determine rainfall-runoff dynamics, storage 
mixing, water ages and transit times, ecological feedbacks and flush out 
of nutrients and contaminants that can potentially impair surface water 
quality (Good et al., 2015; McDonnell, 2014; Stieglitz et al., 2003). 

Heterogeneous characteristics of urban areas usually make assess-
ments of urban water fluxes both complicated and challenging. Complex 
distributions of impervious areas, surface and subsurface constructions, 
implementation of sewer and drainage systems, effluent discharge, 
water abstractions, riverbed modifications and the urban heat island 
(UHI) can alter the way water is partitioned, routed and stored in urban 
environments (Fletcher et al., 2013; McGrane, 2016; Schirmer et al., 
2013). Consequently, the development of sustainable water manage-
ment concepts for urban areas requires a profound understanding of the 
synergetic effects of urbanization and climate dynamics on the urban 
water budget. Unfortunately, although increasing numbers of studies are 
carrying out more holistic assessments of the urban water balance (e.g. 
Bhaskar and Welty, 2012; Kokkonen et al., 2018), research and data 
collection to understand the hydrological function of complex urban 
areas still lags behind other landscape types (e.g. forests, wetlands etc.). 

To understand water cycling, partitioning, storage and losses in 
catchments, stable isotopes of water are useful tracers that occur natu-
rally in the water cycle and behave conservatively as water moves 
through a catchment (Clark and Fritz, 1997; Kendall and McDonnell, 
1998). However, their application in complex and heterogeneous urban 
environments remains a relatively new area of research (Ehleringer 
et al., 2016). In recent years, an increasing number of isotope-based 
studies have started to improve our understanding of water partition-
ing in urban soils and vegetation (Bijoor et al., 2011; Gómez-Navarro 
et al., 2019; Oerter and Bowen, 2017), urban stream flow generation 
(Fillo et al., 2021; Grande et al., 2020; Jefferson et al., 2015; Meriano 
et al., 2011) and interactions between natural and engineered water 
cycle components (e.g. Bowen et al., 2007; Follstad Shah et al., 2019; 
Jameel et al., 2016; Kracht et al., 2007; Tipple et al., 2017). Several 
studies transferred established tracer-based concepts like water transit 
time and age assessments (Morales and Oswald, 2020; Parajulee et al., 
2018; Soulsby et al., 2015, Soulsby et al., 2014) or end member mixing 
(Sánchez-Murillo et al., 2020; Torres-Martínez et al., 2020; Wallace 
et al., 2021) into urbanized catchments. However, the complexity of 
urban water fluxes and especially the influence of wastewater effluents, 
whose isotopic signatures often overlap with other urban water sources 
and which can not clearly be defined as new or old water, have proven 

challenging in urban environments (e.g. Follstad Shah et al., 2019; 
Kuhlemann et al., 2021b). Therefore, more work is needed to better 
adapt isotope-based water age assessments and source determination 
from natural to urban environments. 

In Berlin, Germany, recent isotope-based studies have significantly 
improved understanding of urban water cycling. Water partitioning in 
urban green spaces has been studied at the plot-scale, showing that 
evapotranspiration (ET) was high under urban trees because of high 
interception losses and transpiration demands leading to a depletion of 
deep soil storage. ET was also high under grassland because of high 
evaporation rates from the shallow soil but lower under shrub vegeta-
tion (Gillefalk et al., 2021; Kuhlemann et al., 2021a). At the catchment- 
scale, tracer studies have shown a dominant influence of wastewater 
effluents throughout the year, particularly in summer (Kuhlemann et al., 
2021b; Marx et al., 2021). However, the isotopic similarity of effluents 
and local groundwater made the assessment of stream water sources and 
ages uncertain. At the city-scale, monitoring across Berlin showed that 
timing and magnitude of isotope and discharge dynamics in response to 
drought were different between Berlin’s local streams and its major 
water inflows (Kuhlemann et al., 2020). 

While these studies individually provided first insights into Berlin’s 
water cycling and isotope dynamics, a comprehensive perspective that 
upscales this understanding and shows the connectivity between the 
natural (green spaces, forests, etc.) and engineered system components 
(storm drains, sewers, etc.), is still missing. For example, it is still unclear 
how representative the results of the plot-scale study in a small botanic 
garden in a restricted residential area (Gillefalk et al., 2021; Kuhlemann 
et al., 2021a) are for more open, publically accessible parks and smaller 
green spaces in the city centre. For both local streams across Berlin and 
the large Spree system, it is still unclear how isotope and discharge 
dynamics develop over longer time periods. Extending the monitoring 
period and integrating data sets is essential for assessing the role of 
large-scale climate dynamics and urban influences on long-term stream 
flow generation and to better understand the role of engineered water 
cycle components and local tributaries in diluting the Spree as it flows 
through the urban area. With previous studies indicating an important 
role of evaporation in upstream areas of the Spree (Kuhlemann et al., 
2020), continuous isotope monitoring may contribute to a better 
quantification of the impact and timing of evaporative losses. 

The overarching aim of this study is to determine how hydroclimate 
dynamics and the imprint of the urban area affect the River Spree, one of 
Berlin’s major water inflows and an important water resource for the 
city, by combining new isotope monitoring data with isotope data from 
previous studies and long-term climate and hydrometric data across 
scales. More specifically, this study seeks to answer the following 
research questions: (1) How are the Spree’s discharge dynamics affected 
by short-term, seasonal and inter-annual hydroclimate dynamics at the 
regional (river basin) scale? (2) How do different local urban runoff 
sources (e.g. urbanised tributaries, wastewater effluents, groundwater) 
impact the isotope dynamics of the Spree at the city-scale of Berlin? (3) 
To what extent are urban green spaces connected to surface and sub-
surface drainage at the plot to city-scale? This study was conducted 
during the exceptionally warm and dry 2018 – 2020 period. Under-
standing the controls on the Spree’s discharge and isotope dynamics 
during this time period can inform on urban catchment connectivity and 
the effects on and resilience of water quantity and quality of large urban 
river systems in Berlin and other major cities in Central Europe under a 
warmer climate. 

2. Study site 

Berlin is a ~ 890 km2 large urban area in NE Germany with a pop-
ulation of ~ 3.7 million (Amt für Statistik Berlin-Brandenburg (AFSBB), 
2021a, AFSBB, 2021b; Fig. 1a). The city is characterised by a flat 
topography (Fig. 1b). Located in the Northern German Plain, the land-
scape was primarily formed by Pleistocene glaciation processes 
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depositing Quaternary sediments, which make up ~ 95 % of the near- 
surface geology (Landesamt für Bergbau, Geologie und Rohstoffe 
Brandenburg (LBGR), 2010). Distinctive features are the Berlin-Warsaw 
Glacial Spillway crossing the city from NW to SE which is characterised 
by highly permeable sand and gravel deposits, and the surrounding 
elevated plateaus in the South (Teltow plateau and Nauen plate) and 
North (Barnim plateau) which are mostly covered by subglacial till 
(Limberg et al., 2007; Senatsverwaltung für Stadtentwicklung und 
Umwelt (SenStU), 2013a; Fig. 1c). In the NW, the secondary Panke 
valley cuts through the plateau (Limberg et al., 2007; Fig. 1c). 

Local groundwater resources are stored in a ~ 150 m thick fresh-
water aquifer system of Tertiary to Holocene age with alternating se-
quences of unconsolidated sand and gravel deposits, separated by fine- 
grained mud, clay, silt and till layers (Limberg et al., 2007; Limberg 
and Thierbach, 1997, 2002). Groundwater flow (velocity ~ 10 – 500 m/ 
yr) is directed from the plateaus (groundwater levels > 10 m b.s., partly 
confined) to the glacial valley (groundwater levels few meters b.s., un-
confined; Limberg et al., 2007; Verleger and Limberg, 2013). Berlin uses 
a semi-closed water supply system, covering its water demand mainly 

from local groundwater resources, with large amounts (~60 %) derived 
via bank filtration from local surface waters (Limberg et al., 2007; 
Möller and Burgschweiger, 2008). 

Large parts of the city (>30 %) are covered by impervious surfaces, 
especially in the city centre (>60 %; SenStW, 2017). However, Berlin is 
also characterised by large amounts of urban green and blue spaces. 
Vegetation covers ~ 30 % of the city, with large forested (~18 %), park 
(~12 %) and agricultural areas (~4 %; SenUVK, 2019). Surface waters, 
including several large lakes, cover ~ 7 % of the city area (AFSBB, 
2021b), but are relatively shallow. 

Climate conditions in the Berlin-Brandenburg area are rather dry, 
with stations of the Germany weather service (DWD) detecting long- 
term (1961 – 1990) values of < 600 mm precipitation (P) per year 
and annual means of air temperature (Tair) ~ 9 ◦C (Table 1). In Berlin, >
50 % of precipitation is subject to evapotranspiration, ~ 17 % enter the 
streams through surface runoff and subsurface flow and ~ 27 % become 
groundwater recharge (Limberg et al., 2007). Potential evapotranspi-
ration (PET) exceeds the incoming annual precipitation, potentially 
leading to negative annual water balances (Gerstengarbe, 2003; Lotze- 

Fig. 1. a) Location of Berlin (red) in Germany; b) Topographic Structure with surface waters (blue); c) Geological outline and surface waters (blue). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
a) Long-term (1961 – 1990) seasonal means of air temperature (Tair) and precipitation (P) sums, calculated from monthly data of 5 Berlin climate stations (Fig. 2b; 
DWD, 2021b) and one station in the upstream Spree catchment (Fig. 2a; DWD, 2021b); b) Long-term (2007 – 2016) seasonal and annual discharge (Q) means and 
standard deviations (SDs) of the Rivers Müggelspree (MS), Dahme (Da) and Spree (Sp; Fig. 2a,b) calculated from SenUVK (2021c).   

Spring Summer Autumn Winter Year  

(March-May) (June-August) (September-November) (December-February)  
a) Climate dynamics 
Cottbus (upstream Spree catchment) 
P (mm) 133 187 130 113 563 
Tair (◦C) 8.5 17.7 9.4 0.1 8.9 
Berlin      
P (mm) 130 179 128 125 561 
Tair (◦C) 8.6 17.7 9.4 0.4 9.0  

b) Discharge dynamics 
QMS (m3/s) 10.4 ± 3.8 7.6 ± 3.6 9.4 ± 3.9 11.4 ± 4.9 9.7 ± 4.3 
QDa (m3/s) 15.3 ± 10.8 10.4 ± 12.7 13.4 ± 11.3 21.9 ± 13.3 15.3 ± 12.7 
QSp (m3/s) 33.6 ± 18.0 22.3 ± 19.2 28.8 ± 19.5 44.3 ± 24.1 32.3 ± 21.8  
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Campen et al., 2009), though the aridity index (P/PET; UNEP, 1992) 
remains > 0.65. 

Berlin’s major water inflows are the N–S flowing River Havel in the 
West (Fig. 2b) and the Spree system. The River Spree drains 
a ~ 10,100 km2 large catchment from its source in eastern Germany 
until its confluence with the Havel (Fig. 2a,b; Jahn, 1998; Sen-
atsverwaltung für Stadtentwicklung (SenSt), 2004). In upstream areas, 
the Spree is affected by anthropogenic abstractions, lignite mining, and 
evaporation along alternating lake-stream sequences (up to 8 m3/s 
during dry periods), which, together with low topographic gradients, 
lead to rather low discharge rates, especially during dry summers (Jahn, 
1998; Lischeid, 2010; SenUVK, 2021a). Along its 385 km flow length, 
only the last 45 km of the Spree are located in Berlin (SenSt, 2004; 
Fig. 2a). Here, the stream enters the city in the east and immediately 
flows into Lake Müggelsee (LMS; Fig. 2b). From there, the stream con-
tinues in an eastern direction as the Müggelspree until the confluence 
with the River Dahme, the Spree’s largest contributor, which enters the 
city from the SE (Fig. 2b). After this confluence, the Spree flows west-
wards through the city, where it is impacted by floodgates that regulate 
water level and discharge dynamics and re-routing through numerous 
side-channels and canals (originally built for navigation), until it flows 
into the Havel (Fig. 2b; Jahn, 1998; SenUVK, 2021a). 

Along its passage through the urban area of Berlin, several local 
tributaries enter the Spree (Fig. 2b). These streams are characterised by 

different levels of urbanisation. The wetland-impacted Erpe catchment 
retains a peri-urban character, with > 60 % agricultural use and 
only ~ 20 % urban areas (SenStU, 2013b), but receives substantial 
amounts of treated wastewater effluents (Table 2). The catchment of the 
River Panke, which receives discharge of both effluents and storm drains 
(Table 2), is characterized by higher coverage with urban settlements 
and traffic structures (~35 %; e.g. roads, squares, parking areas), but 
still high amounts of green spaces, forest and wetlands (~ 30 %) and 
agricultural areas (~35 %; Marx et al., 2021). For the river Wuhle, ~ 
50 % of the catchment is located in Berlin, resulting in ~ 11 % 

Fig. 2. a) Location of Berlin in Germany, Dahme and Spree rivers (blue), Spree catchment (maroon) and location of the DWD climate station Cottbus in the upper 
Spree catchment; b) Outline of Berlin with surface waters (blue), sampling and monitoring locations in and around the city including the rivers Spree (maroon), the 
effluent-impacted Erpe and Panke (orange) and more urbanised Wuhle (cyan), and soil moisture under grass (yellow) and trees (green); c) Area of and area around 
the SUEO, with additional sampling locations under grass (yellow) and trees (green). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 2 
Characteristics of the studied streams (compiled from BWB, 2020; SenSt, 2004; 
SenStW, 2018; Kade, 2020).  

Stream Catchment area 
(km2) 

Connected 
impervious 
area (%) 

Inflow from 
rainwater 
drainage (m3/ 
yr) 

Effluent 
inflow (m3/ 
yr) 

Total In 
Berlin 

Erpe 222 14 < 1 – * 1.47 × 107 

Wuhle 101 57 11 3 × 106 – 
Panke 198 47 3 – 13 3 × 106 3.15 × 107 

*Negligible due to low connectivity to impervious areas. 
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impervious cover (Table 2). Along its course, the streambed of the 
Wuhle was strongly modified through deepening, straightening and 
weirs; and the stream is highly impacted by urban storm drains during 
precipitation events (SenStU, 2013c). 

As the Spree is used for drinking water production through bank 
filtration, e.g. at LMS (Möller and Burgschweiger, 2008; Fig. 2b), but 
also receives substantial inflows of treated wastewater effluents and 
combined sewer overflows (CSOs; Möller and Burgschweiger, 2008; 
SenStW, 2018), changes in water quantity and quality can have signif-
icant impacts on urban water availability. Especially climate-change 
induced reductions of stream discharge can increase water residence 
times and temperatures (Lotze-Campen et al., 2009). Although earlier 
studies did not predict major problems in covering the city’s water de-
mand (Lotze-Campen et al., 2009), the exceptionally warm and dry 
years 2018 – 2020 were unprecedented (e.g. Buras et al., 2020; Schuldt 
et al., 2020; SenUVK, 2021a), causing an urgent need to better under-
stand climate change impacts on the Spree system and adapt water 
management strategies to sustainably cover Berlin’s water demand if 
such conditions become more extensive or frequent in the future. 

3. Methods and data 

This study combines data obtained from stable water isotope studies 
at different spatio-temporal scales across Berlin from the 2018 – 2020 
period (Kuhlemann et al., 2020, 2021a, 2021b; Marx et al., 2021; Marx 
et al., unpublished) with additional isotope sampling and hydrometric 
monitoring (soil moisture, sap flow) and data provided by external 
partners and authorities over a period of 3.5 years, from December 2017 
to May 2021 (Table 3). This period is longer than any of the previous 
studies. Daily climate data (P and Tair) were available from five DWD 
stations distributed across the city (Fig. 2b) and one station in the up-
stream catchment of the River Spree, ~ 100 km SE of the city (Fig. 2a, 
Table 3). Soil moisture data at three depths (15 cm, 45 cm and 85 cm) 
were available at seven grassland and three tree/forest locations 
distributed across the city (Fig. 2b; Table 3). Daily means of stream 
discharge were available from the Berlin Senate for the studied streams 
Erpe, Wuhle and Panke near their catchment outlets; for the Müggel-
spree and Dahme near their entry into the city in the (south-) east; and 
for the Spree before its confluence with the Havel in the West (Fig. 2b, 
Table 3). Daily groundwater level (GWL) data were available from the 
Berlin Senate for observation wells in the Southwest of the city (Fig. 2c, 

Table 3). 
Monitoring of hydrometric data and sap flux dynamics was con-

ducted from March 2019 to May 2021. At the Steglitz Urban Ecohy-
drological Observatory (SUEO), a research botanical garden in the SE of 
Berlin with plots of typical urban vegetation types (grassland, shrub and 
trees; Fig. 2c), soil moisture was monitored using duplicate sensors of 
CS650 reflectometers (Campbell Scientific, Inc.; accuracy ± 3 % for 
volumetric water content, VWC) under grassland, shrub, trees at 10 – 
15 cm (VWC12.5), 40 – 50 cm (VWC45) and 90 – 100 cm depth (VWC95). 
Sap flux dynamics were monitored in five trees at the SUEO (maple, elm, 
oak, plane) using a FLGS-TDP XM1000 sap velocity logger system 
(Dynamax Inc, Houston, USA) with two sensor sets in younger and four 
sensor sets in older, larger trees. Details on the SUEO monitoring site and 
the setup can be found in Kuhlemann et al. (2021a). 

Precipitation was sampled daily for isotope analysis in the East of 
Berlin with a HDPE deposition sampler (100 cm2 opening; Umwelt- 
Geräte Technik GmbH) from August 2018; and at the SUEO from 
February 2019 until May 2021 (Fig. 2b,c). At the SUEO, samples were 
taken using a 3700 sampler (Teledyne Isco, Lincoln, USA) with 1.5 cm of 
paraffin oil added to each bottle to prevent evaporation effects. Surface 
water was sampled manually for isotope analysis on a weekly basis at 
the Rivers Spree, Wuhle and Erpe in the East of Berlin from December 
2018 to May 2021; and in the Spree and Panke rivers in the city centre 
from October 2019 to May 2021 (Fig. 2b). Seasonal groundwater sam-
ples were obtained from observation wells maintained by the Berlin 
Senate and Berlin’s public water supplier (BWB): seven wells in the 
River Erpe catchment (Kuhlemann et al., 2021b) and ten wells distrib-
uted across Berlin (Kuhlemann et al., 2020) from November 2018 to July 
2019. In the Panke catchment, groundwater was sampled ~ monthly 
from six wells from January to October 2020 (Marx et al., 2021). Treated 
effluents from waste water treatment plants in and around Berlin were 
sampled seasonally at two locations in the Erpe catchment from August 
2018 to July 2019 (Kuhlemann et al., 2021b) and at one location in the 
Panke catchment on a monthly basis from November 2019 to January 
2021 (cf. Marx et al., 2021; Fig. 2b). 

All P, surface water, effluent and groundwater samples were filtered 
(0.2 um cellulose acetate) into 1.5 mL glass vials (LLG Labware) and 
stored in the refrigerator until analysis. All liquid isotope samples were 
analysed with a Picarro L-2130-i Isotopic Water Analyzer (Picarro Inc., 
Santa Clara, CA, USA). Four lab standards were used for linear correc-
tion, one standard was measured for potential drift correction, and 

Table 3 
Time span of a) Supply of city-wide external data, b) Hydrometric monitoring at the Steglitz Urban Ecohydrological Observatory (SUEO) and c) City-wide isotope 
sampling. Grey shading marks the time periods of the sampling/monitoring which have been covered by previous studies in Berlin (Kuhlemann et al., 2020, 2021a, 
2021b; Gillefalk et al., 2021; Marx et al., 2021); while green shading marks the novel data contributions in this study.  
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standards of the International Atomic Energy Agency (IAEA) were used 
for calibration. The results were quality-checked and expressed in 
δ-notation. Analytical precision of all liquid analyses was a SD of 0.04 % 
for δ18O and SD of 0.15 % for δ2H. 

Over the 2019 growing season (March – November), bulk soil water 
isotope samples were taken with a soil auger at four depths between 
0 and 90 cm under grassland shrub and trees at the SUEO (Kuhlemann 
et al., 2021a). Additionally, two depths (2.5 – 7.5 cm and 12.5 – 
17.5 cm) were sampled using a core cutter in the shallow soil in green 
spaces with grass or tree cover around the wider SUEO area (Fig. 2c) in 
May, July and August 2019, with three replicate samplings per vege-
tation type and month. Further, over the 2020 growing season, bulk soil 
water isotope samples were taken at three depths (0 – 5 cm, 5 – 15 cm, 
15 – 25 cm) under grassland and trees in three parks in the city centre 
(Marx et al., 2022; Fig. 2b). Sampling and analysis were conducted 
following the routine of the direct equilibrium method (Wassenaar et al., 
2008). Soil samples were collected in reflective Ziploc bags (Weber 
Packaging, Günglingen, Germany), inflated with dry air, equipped with 
a silicon septum, welded and stored for ~ 48 h for the soil water to 
equilibrate with the enclosed air. For further details on sampling and 
analysis see Kuhlemann et al. (2021a). Samples from the 2019 sampling 
at the SUEO and the wider Steglitz area were analysed with the Picarro 
L-2130-i. Analytical precision was SD δ18O = 0.14 ‰ and SD 
δ2H = 0.36 ‰. Samples from the 2020 sampling in three parks in the city 
centre were analysed with a Los Gatos Research Triple Isotope Water 
Analyzer (TIWA-45EP; Los Gatos, Inc., San Jose, CA, USA). Analytical 
precision was and SD of 0.26 ‰ for δ18O and 0.81 ‰ for δ2H. 

Data processing and plotting used R Studio version 1.4.1106. For a 
comparison of seasonal hydroclimate conditions during the study 
period, seasons were defined as Winter (Wi) = December – February, 
Spring (Spr) = March – May, Summer (Sum) = June – August and 
Autumn (Aut) = September – November. For the climate data, arith-
metic means of daily Tair and P from the five climate stations distributed 
across the city (Fig. 2b; DWD, 2021a) and seasonal Tair means and P 
sums were calculated. The same was done for the daily climate data of 
the station in the upper Spree catchment (Fig. 2a; DWD, 2021a). De-
viations in Tair and P were then assessed by subtracting the seasonal 
long-term mean values from the 1961 – 1990 period (DWD, 2021b, 
Table 1) from the seasonal values from the study period and converting 
P to % (relative to long-term values). Similarly, seasonal arithmetic 
means were calculated from mean daily discharge for the Müggelspree, 
Dahme and Spree (SenUVK, 2021c) and deviations from the long-term 
values (Table 1) were calculated and expressed as Qdiff in % relative to 
long-term values. Because of the shorter monitoring period, discharge 
values were compared to the ten-year reference period preceding the 
study period (2007 – 2016; Table 1). To compare the temporal devel-
opment and accumulation, seasonal P differences (in mm) were added 
up throughout the study period. 

For each vegetation type, daily means of VWC12.5, VWC45 and VWC95 
(in %) were calculated (cf. Kuhlemann et al., 2021a). For external VWC 
(SenUVK, 2021b), hourly data were converted to daily means for each 
monitoring depth (15 cm, 45 cm, 85 cm). Sap flux velocities (u in mm/h) 
were calculated (Granier, 1987) for the individual trees and converted to 
daily sums, averaged and normalized (cf. Kuhlemann et al., 2021a). To 
assess groundwater dynamics at the SUEO, daily mean values of four 
wells around the site (Fig. 2c) were calculated and normalized after the 
same principle. 

As a first approximation of potential evaporative effects on the water 
samples, d-excess was calculated for all isotope samples as d-exc = δ2H – 
8 δ18O (‰; Dansgaard, 1964). For precipitation, occasional 
samples < 1 mL from days with < 1 mm rain and d-excess < – 2 were 
excluded from further analysis, to limit the potential influence of frac-
tionation from small sampling amounts. For both the individual sites 
and the combined datasets, a Local Meteoric Water Line (LMWL) was 
calculated by amount-weighted least square regression (Hughes and 
Crawford, 2012). 

For comparison of soil water isotope data under grass and trees, 
arithmetic means were calculated from two depths between 0 and 20 cm 
at and near the SUEO; and from three depths between 0 and 25 cm 
sampled in the parks in the city centre. The same was done for samples 
from 40–50 cm and 80 – 90 cm depth taken at the SUEO in 2019. 

For the sampled surface and soil waters, evaporation lines (EL) were 
derived from linear regression. During the warmer summer and autumn 
periods, discharge rates in the Spree were often so low that the stream 
reached a pond-like character and water in the eastern parts of the Spree 
in Berlin even slightly flowed back towards Lake Müggelsee at times (cf. 
SenUVK, 2021c). To assess the seasonal impact of evaporation in the 
Spree during these times, open water evaporation was assessed using 
seasonal arithmetic means of stream isotopes and seasonal amount- 
weighted P isotope means, along with seasonal climatic data, in a 
revised Craig-Gordon model (cf. Craig and Gordon, 1965; Skrzypek 
et al., 2015). Because of higher groundwater levels and tributary flow in 
the winter and spring months potentially violating the unsteady-state 
assumptions of this approach, these seasons were excluded from the 
calculation. 

For the local streams Erpe, Wuhle and Panke, mean transit times 
(MTT) were estimated through the lumped convolution method as a 
simple inter-comparison of the three streams (McGuire and McDonnell, 
2006). A two-year (June 2019 – May 2021) time series of amount- 
weighted, weekly P isotope data from the SUEO was used as the input, 
using a 1-year spin-up period. For occasional weeks with missing P 
isotope data, mean values were calculated from the isotope values for 
the preceding and following weeks. For weeks with missing isotope data 
but P < 1 mm/week, P was set to zero. By estimating the shape (α, range 
0.001 – 5) and scale (β, range 1 – 50) parameters, a gamma transfer 
function was used to fit estimates and measurements of the weekly 
stream isotope data of the three respective streams by maximizing the 
Kling-Gupta efficiency (KGE; Gupta et al., 2009). To better account for 
spatial heterogeneity of water fluxes in urban catchments, the uncer-
tainty of MTT estimates and the complex nature of water age distribu-
tions in effluent-impacted streams, fractions of young water (Fyw) were 
estimated through sine-wave fitting of seasonal cycles (Kirchner, 2016a, 
2016b; von Freyberg et al., 2018), using the same input data and time 
period. For the Spree, these calculations were not conducted, given that 
the high evaporative losses in the stream would violate the underlying 
assumptions of the approaches (Kirchner, 2016a). 

4. Results 

4.1. Impact of regional hydroclimate dynamics on the Spree’s discharge 
dynamics 

With mean annual Tair > 11 ◦C, the years 2018 – 2020 were > 2 ◦C 
warmer than the long-term mean in Berlin. At the same time, annual P 
was ~ 60 mm (~10 %) lower than the long-term mean in 2019 and 2020 
and ~ 170 mm (~30 %) lower in 2018 (DWD, 2021b, Table 1). In the 
upstream Spree catchment, the mean annual Tair of 11.2 ◦C in 2018 and 
2020 was up to 2.5 ◦C warmer than the long-term mean, and annual P of 
only 400 – 430 mm was 20 – 30 % lower than the long-term mean in 
both 2018 and 2019 (Table 1; DWD, 2021b, 2021a). 

Seasonally, Tair was warmer than average (Table 1) throughout the 
entire study period, except for spring 2021, in both Berlin and the up-
stream Spree catchment (Table 4). Especially the summer and winter 
seasons were unusually warm, with spring and autumn showing more 
moderate deviations from average, except in spring 2018. The most 
severe warming occurred in summer 2019 (+3 – 4 ◦C) and winter 2019/ 
2020 (+ ~ 4.5 ◦C). In Berlin, warming was more pronounced than in the 
upstream area from summer to winter 2018 and in autumn and winter 
2020/2021; whereas warming in the upstream catchment was more 
pronounced than 2019 (Table 4). 

Seasonal P differences were more variable, although most seasons 
during the study period were clearly drier than long-term means 
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(Table 1, Table 4). P deficits intensified from the beginning of the study 
period to ~ 40 – 60 % in autumn 2018. Conditions in Berlin remained 
dry over winter 2018/2019, while the situation slightly improved to-
wards a P surplus in the upstream catchment (Table 4, Fig. 3). After 
conditions became dry again in spring 2019, the upstream catchment 
had the strongest seasonal P deficit in summer 2019 (Table 4), when 
most P fell through occasional larger events (10 – 20 mm/day; DWD, 
2021a). While Berlin remained moderately dry with respect to total P 
amounts in summer 2019, most of this rain fell through occasional heavy 
convective events of up to > 30 mm/day (Fig. 4a). The situation 
improved with occasional P surplus in autumn and winter 2019/2020, 
but worsened again afterwards, with P deficits ~ 40 – 50 % in the 
exceptionally dry spring of 2020 (Table 4, Fig. 3). In Berlin, further 
convective events of > 15 mm/day occurred in summer and autumn 
2020, eventually leading to a slight P surplus (Fig. 4a, Table 4). In winter 
and spring 2020/2021, conditions remained drier than normal in Berlin, 
while more P decreased deficits in the upper Spree catchment (Table 4). 
Despite the occasional P surplus in autumn and winter, storage was 
never fully recharged throughout the study period (Fig. 3). While P 
deficits were initially more pronounced in Berlin, the accumulated P 
deficits in the upstream catchment surpassed these values in summer 

2019 and remained higher until spring 2021, when the accumulated 
deficits in Berlin and the upstream catchment were similar again 
(Table 4, Fig. 3). 

Stream discharge in the Spree system, consisting of the Müggelspree 
in the East, the Dahme confluence, and the Spree along its passage 
through the city (Fig. 2b), was up to ~ 30 m3/s at entry into the city in 
the East and reached maximum values of ~ 50 m3/s in the West before 
flowing into the Havel (Fig. 4d,f). Average flows were higher in winter 
and spring in the Müggelspree and Dahme (~5 – 12 m3/s) and the Spree 
in the west (~18 – 28 m3/s) and lower in summer and autumn (~0 – 
7 m3/s in the Müggelspree and Dahme and ~ 7 – 15 m3/s in the Spree in 
the west; Fig. 4d,f). Stream discharge was higher than the long-term 
(2007 – 2016) means (Table 1) at the start of the study period in 
winter 2017/2018 (Table 4). Afterwards, as P deficits increased, flows 
were lower than the long-term means throughout the entire study 
period. At first, Qdiff was more moderate in the Müggelspree compared 
to the Spree and Dahme, but rapidly increased to ~ − 70 % in autumn 
2018. Over the winter 2018/2019, Qdiff remained more negative in the 
Dahme, but the observed P surplus in the upstream catchment resulted 
in higher flows, increasing Qdiff to ~ − 30 to − 40 % in the (Müggel-) 
Spree, though it could not recover the flows to the values of the previous 

Table 4 
Deviation of seasonal means of Tair and P in the Berlin area (Be) and the DWD station in Cottbus (Co) in the upstream Spree catchment during the 2.5-year study period 
(calculated from daily data of DWD (2021a) from long-term means (1961 – 1990; Table 1; DWD, 2021b) and deviation of seasonal means of stream discharge from 
long-term (2007 – 2016) means in the Spree system (calculated from daily values in m3/s from SenUVK, 2021c).  

Fig. 3. Seasonal accumulated deficits of P during the study period compared to 1961 – 1990 seasonal means from five Berlin climate stations and the station in 
Cottbus in the upstream Spree catchment (calculated from DWD, 2021a, DWD, 2021b; Fig. 2a,b). 
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winter period. Consequently, negative Qdiff were larger in spring 2019 
than the previous year. During the exceptionally warm and dry summer 
2019, especially the Müggelspree showed ~ 90 % lower discharge than 
the long-term mean, while Qdiff remained more moderate in the Dahme 
and Spree (Table 4, Table 1). Despite increased P in autumn and winter 
2019/2020, negative Qdiff persisted, with the Dahme showing ~ 60 % 
and the (Müggel-) Spree ~ 45 % lower flow rates. While an effect of 
autumn and winter P was briefly evident in a less negative Qdiff in winter 
and spring 2020, the situation deteriorated afterwards. In summer 2020, 
Qdiff in the Müggelspree reached < − 100 % as flows came to a halt and 
the stream reached a lake-like state, causing reverse flow as water 
slightly fluctuated back towards LMS (Fig. 2b). While Qdiff in the Dahme 
remained at ~ − 60 %, the Spree showed the most pronounced Qdiff 
since autumn 2018 (-63 %). With decreasing P deficits and Tair, 
discharge rates increased again and Qdiff was reduced to − 45 % 

(Dahme), − 40 % (Müggelspree) and − 29 % (Spree) until spring 2021. 
Unlike the P deficits, there were no seasons where Q was higher than 
long-term means from spring 2018 throughout the study period. 

4.2. Impact of local runoff sources on the Spree’s isotope and discharge 
dynamics at the city-scale 

P isotopes followed a seasonal pattern throughout the study period. 
Winter samples were more depleted and summer samples were more 
enriched, especially when they occurred during larger convective events 
(Fig. 4a). Following differences in catchment size and urban influences 
(Table 2), the isotopic signatures of the sampled streams showed 
different isotope dynamics (Fig. 4b-f). The effluent-impacted streams 
Erpe and Panke were characterised by low isotopic variability (δ18O ~ −
9 to − 6 ‰, δ2H ~ − 70 to − 50 ‰) throughout the study period (Fig. 4b, 

Fig. 4. a) Daily P sums (lines), daily (solid points) and 
bulk (dashed points) P isotopes in Berlin- 
Friedrichshagen; and mean daily discharge (lines; 
SenUVK, 2021c) and weekly sampled stream isotopes 
(points) of the streams b) Erpe in the east of Berlin 
near its catchment outlet, c) Wuhle in the east of 
Berlin near its catchment outlet, d) the Spree, with 
discharge monitored in the Müggelspree (solid line) 
and Dahme (dashed line) and sampling conducted 
after their confluence in the east of Berlin, e) Panke in 
the city centre near its catchment outlet and f) Spree 
in the city centre. For the exact locations of discharge 
gauging and sampling, see Fig. 2.   
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e). Especially the Erpe showed very limited response to P inputs, except 
for some larger events in 2019, summer 2020 and winter 2020/2021 
when stream isotopes moved towards the isotopic composition of 
incoming P. Discharge in the Erpe also showed low variability with daily 
means of ~ 0.7 m3/s and no seasonal changes, only a slight decrease in 
2019. Isotopic signatures of the River Panke were similar to the Erpe, 
except that the responses to P inputs were more pronounced. Discharge 
in the Panke was also more variable and showed some seasonality in 
baseflows, with lower flows from 2019 to autumn 2020 before 
increasing again in winter 2020/2021, despite being heavily regulated 
by floodgates. Discharge in the Wuhle, which received urban storm 
drainage but no major effluent inflows (Table 2) was very low (~0.2 m3/ 
s) with no clear seasonality (Fig. 4c). However, stream flow showed 
clear responses to P events and the isotopic signatures of the stream were 
highly variable, moving from values ~ − 8 ‰ for δ18O and ~ - 59 ‰ for 
δ2H in the direction of incoming P during storm events (peaks of − 11 to 
− 4 ‰ for δ18O and − 81 to − 33 ‰ for δ2H). 

Unlike the smaller local streams, discharge and isotopic composition 
of the Spree showed a clear seasonality during the study period. How-
ever, while negative Qdiff in the Müggelspree and Dahme were usually 
most pronounced in summer 2019 and 2020 (Table 4), the isotopic 
signatures were most enriched (- 6 ‰ for δ18O and ~ − 45 ‰ for δ2H) in 
the subsequent autumn periods (Fig. 4d,f). Most depleted isotope values 
(~ − 7 ‰ for δ18O and ~ - 55 ‰) were observed towards early spring 
when flows were higher. Consequently, the response of isotopic signa-
tures in the Spree in Berlin was several weeks/months delayed 
compared to climate and discharge dynamics. Evaporative loss fractions 
from open water evaporation calculated from seasonal isotope data of 
the Spree in eastern Berlin (Table 4) indicate that losses detected in 
Berlin could be as high as 18 % and were also higher in autumn than in 
summer, especially in 2019. 

In the dual isotope space (Fig. 5), P showed the widest value range, 

following the observed seasonality (Fig. 4). The LMWL from the P daily 
sampling in the East of Berlin was very similar to the Global Meteoric 
Water Line (GMWL; Craig, 1961), while the LMWL from the SUEO had a 
slightly lower intercept (Fig. 5, Table 5). Combining both datasets 
resulted in the Berlin LMWL of δ2H = 7.88 δ18O + 8.46 (Table 5). 

Groundwater was most depleted and plotted close to the GMWL and 
LMWLs (Fig. 5). Samples from the River Wuhle were in a similar range, 
but slightly more enriched. The sensitivity of this stream to P events 
(Fig. 4c) was reflected in occasional very depleted or enriched samples 
collected at high flows (Fig. 5). Though also in a similar range, the 
median value of the sampled effluent (- 7.3 ‰ for δ18O, − 54 ‰ for δ2H) 
was more enriched than groundwater (median ~ − 8.5 ‰ for δ18O, −
60 ‰ for δ2H) and, consequently, so was the urban and effluent- 
impacted Panke. The River Erpe, despite the influence of effluents, 
remained more similar to groundwater and showed the lowest isotopic 
variability within the sampled waters. However, isotopic variability 
could also be detected in the effluents themselves, with the more 
frequently sampled effluent released into the Panke being more enriched 
(median − 7.2 ‰ for δ18O and − 53.7 ‰ for δ2H) than the effluent 
released into the Erpe (median − 8.3 ‰ for δ18O and − 60. 3 ‰ for δ2H). 

The Spree was the most enriched stream sampled on a weekly basis. 
Samples from the city centre, where discharge was impacted by flood-
gate regulations (median ~ − 6.4 ‰ for δ18O and − 49.4 ‰ for δ2H) 
were slightly more enriched than samples in the East (median − 6.5 ‰ 
for δ18O and − 50.5 ‰ for δ2H), a pattern which also persists when only 
comparing samples from autumn 2019 to spring 2021, when both 
stream sections were continuously sampled. Combined, the Spree 
showed the most pronounced stream EL (Table 5). 

The assessment of MTTs and Fyw from weekly isotope data of local 
tributaries and precipitation (Table 6) were consistent with observed 
temporal isotope patterns. MTTs for the Erpe, which is strongly affected 
by groundwater and effluents and hence showed a remarkably stable 

Fig. 5. Dual isotope and box plots showing the isotopic composition and ELs of the different streams sampled on a weekly basis (Wuhle, Spree, Panke, Erpe), as well 
as the daily P samples and LMWLs and seasonal/monthly effluent and groundwater samples. 
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Table 5 
Characteristics of the lines from Fig. 5.   

Slope Intercept p-value R2 Sampling period 

LMWL IGB 7.94 9.65 n.a.  0.98 Aug 2018 – May 2021 
LMWL Steglitz 7.87 8.00 n.a.  0.98 Feb 2019 – May 2021 
LMWL Berlin 7.88 ± 0.07 8.46 ± 0.58 n.a.  0.98 See above 
EL Spree 4.83 ± 0.06 – 19.10 ± 0.36 < 2.2x10-16  0.98 Jan 2019/Oct 2019 – May 2021 
EL Erpe + Panke 6.74 ± 0.16 – 4.69 ± 1.25 < 2.2x10-16  0.92 Dec 2018/ Oct 2019 – May 2021 
EL Wuhle 6.24 ± 0.18 – 7.64 ± 1.52 < 2.2x10-16  0.92 Jan 2019 – May 2021  

Table 6 
MTTs and Fyw estimated for local tributaries in Berlin based on amount-weighted two-year weekly precipitation (spring 2019 - spring 2021) and one-year weekly 
stream water (spring 2020 – spring 2021) isotope sampling.   

Erpe Panke Wuhle 

MTT δ18O δ2H δ18O δ2H δ18O δ2H 

weeks 102 86 42 44 14 19.1 
years 2.0 1.7 0.8 0.8 0.3 0.4 
KGE 0.32 0.53 0.33 0.44 0.49 0.46 
Fyw δ18O δ2H δ18O δ2H δ18O δ2H 
% 3.39 6.17 10.66 11.20 20.27 18.09 
p-value 9.93 × 10-3 1.47 × 10-8 1.71 x10-3 3.76 × 10-4 1.59 × 10-5 8.56 × 10-5 

R2 0.20 0.59 0.26 0.31 0.46 0.41  

Fig. 6. Time series showing a) Daily P sums at the station Berlin-Dahlem (DWD, 2021a), b) Normalized sap flux, c-e) Soil moisture at different depths and under 
different vegetation units and d) Normalized dynamics of groundwater levels (SenUVK, 2021c) at and near the SUEO (Fig. 2c). 
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isotopic signature (Fig. 4), were estimated as ~ 2 years. As the stream 
barely reflected any impact of P events, Fyw were < 7 %. The urban and 
effluent-impacted Panke, which showed slightly more variable isotopic 
signatures and some response to P inputs (Fig. 4) had slightly shorter 
MTTs of ~ 10 months and Fyw of ~ 11 %. The Wuhle, which showed 
clear responses to P events and subsequently had very variable isotope 
patterns (Fig. 4, Fig. 5) had the shortest MTTs of only ~ 4 – 5 months and 
highest Fyw of ~ 20 %. For all streams, KGE (for MTT) was ~ 0.3 – 0.5 
and R2 (for Fyw) was ~ 0.2 – 0.6. 

4.3. Green space connectivity at the city-scale 

At the SUEO, sap flux increased over the growing season as tran-
spiration rates increased (Fig. 6b). In the warm and dry springs of 2019 
and 2020 (cf. Table 4), these increases started in mid/end-April, while 
the colder and wetter spring of 2021 delayed the increase in sap flux 
until early/mid-May (Fig. 6b). Sap flux was characterised by some daily 
variability, with negative peaks often associated with larger P events 
(Fig. 6a,b). Of course, these data are specific to the Steglitz site, but 
likely reflect the broad patterns of transpiration across Berlin’s green 
spaces. 

In the shallow soil, VWC12.5 was highest in winter (up to ~ 28 %) and 
lowest in summer (down to < 5 %; Fig. 6b). While large P events 
temporarily increased VWC12.5 in 2019, such intensive events and sub-
sequent re-wetting were less frequent in 2020. Over most of the moni-
toring period, VWC12.5 was highest under grass, intermediate under 
trees, and lowest under shrub. The differences between the sites were 
most pronounced in the autumn and winter seasons. At 45 cm depth, 
patterns were similar but slightly damped, with lower responsiveness to 
P events. In spring and summer, VWC45 was highest under trees. In the 
deeper soil, patterns were least responsive to P events and remained 
rather stable throughout the monitoring period. Under grass and shrub, 

VWC95 remained constant ~ 20 – 25 %, with increases primarily 
occurring in winter (Fig. 6e). These increases were delayed compared to 
the shallower soil, which was wettest in spring (Fig. 6c,d). Under trees, 
VWC95 was much lower, remaining between ~ 7 and ~ 14 % throughout 
the monitoring period. While values of duplicate sensors were in a 
similar range at shallower depths, the sensors at 95 cm depth showed 
some deviation, especially under trees and shrub (Fig. 6e). Despite the 
warmer and drier summer of 2019 (Table 4), VWC was lower in summer 
2020 than in summer 2019 at almost all depths and vegetation plots. 
Groundwater levels close to SUEO constantly declined throughout the 
monitoring period, with some daily variability (Fig. 6f). 

Comparing our measured soil moisture dynamics to the sensors 
operated by the Berlin Senate distributed across the city (Fig. 2b) 
revealed that under grassland, patterns were relatively uniform. At 
12.5 cm depth, the soil at the SUEO was wetter compared to some 
monitoring locations with no shading and on in small patches such as 
traffic islands (Fig. 7). At 45 cm, the dynamics at the SUEO were again 
very similar to the spatially distributed sensors (Fig. 7). At 95 cm, the 
SUEO values were again wetter than the remaining sensors at 85 cm, 
especially in spring 2021. At all depths, variability of VWC dynamics 
had no clear connection to their location within the city. Under trees, the 
differences in VWC dynamics were greater, though the number and 
spatial variability of sensors to compare our data to were lower (Fig. 2b). 
At 45 – 95 cm depth, the soil at the SUEO was wetter than the remaining 
locations, especially in spring 2021, and again less responsive to P 
events (Fig. 7). 

Despite soils in 2020 being drier than the previous year (Fig. 6) and 
differences in location and planting design, bulk soil water samples 
obtained under different vegetation types in the upper 25 cm of soil at 
the SUEO in 2019 and in the parks in the city centre in 2020 were 
isotopically similar (Fig. 8). Samples taken at the SUEO in the deeper 40 
– 90 cm of soil were more depleted with low variability and similar to 

Fig. 7. Comparing soil moisture data monitored at the SUEO to data monitored by the Berlin Senate in green spaces across Berlin (SenUVK, 2021b). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

L.-M. Kuhlemann et al.                                                                                                                                                                                                                        



Journal of Hydrology 613 (2022) 128335

12

groundwater. Combining all near-surface (0 – 25 cm) soil water isotope 
data from 2019 and 2020 resulted in clear ELs for both grassland and 
trees. However, the grassland EL had a lower slope and intercept than 
the tree EL reflecting the greater evaporative fractionation (Table 7). 

Overall, the shallow (0 – 25 cm) soil water isotopes were more var-
iable and more enriched than the weekly surface water samples from the 
River Spree (Fig. 8). With other streams in Berlin even more depleted 
than the Spree (Fig. 7), this indicates low connectivity between Berlin’s 
shallow soils and the stream network during the study period. 

5. Discussion 

This study investigated the impact of regional climate dynamics and 
the urban footprint of a large city on the isotope hydrology and flow 
variability of the River Spree. Integrating data from across spatio- 
temporal scales allowed for a more comprehensive assessment and 
integration of results compared to previous studies, along with a better 
understanding of catchment connectivity. Conducting this work during 
the warm and dry 2018 – 2020 period also provided valuable insights 
into how the Spree may be affected by progressing urbanisation and 
climate change in the future which provides an evidence base for how 
water management strategies may need to be adapted to mitigate these 
effects. 

5.1. Impacts of regional hydroclimate dynamics 

With annual Tair ~ 2.1 – 2.4 ◦C higher than long-term (1961 – 1990) 
means in 2018, 2019 and 2020 (DWD, 2021c), warming in the Berlin- 
Brandenburg area was already close to the projected increases 
of + 2.5 ◦C expected by 2050, compared to long-term (1951 – 2006) 
means (Lotze-Campen et al., 2009). While a more detailed hydroclimatic 
analysis of the 2018 – 2020 drought (e.g. Kleine et al., 2020) went 
beyond the scope of the study, comparing climate descriptors and stream 
discharge to long-term means provided a first assessment of the evolu-
tion of stream flow through seasons. Though more pronounced warming 
in winter and summer (Lotze-Campen et al., 2009) and drier spring and 
summer seasons (Hänsel et al., 2019) have been projected, the extent of 
the warming and P deficits during the study period exceeded previously 
expected changes. Differences between Berlin (i.e. the downstream 
Spree) and the upstream Spree catchment were evident; for example, the 
heavy convective events in 2019 that were more pronounced in Berlin 
and increased P amounts in the lower catchment during an otherwise 
very dry summer. While relative differences in stream discharge 
compared to long-term means in 2018 after a year of above-average P in 
2017 (DWD, 2021c) were most pronounced in autumn, the severity of 
relative changes shifted towards the summer season during the second 
and third consecutive drought year (2019, 2020). This was especially 
the case in the Müggelspree where flows could not be maintained as a 
result of evaporative losses and water abstractions in the LMS area 
(Fig. 2b) and effluent discharge from the Erpe (SenUVK, 2021a). Though 
significant decreases in stream discharge in periods of high Tair and ET 
had been projected, such reversal of flow direction under extremely dry 
conditions was initially expected to occur only from 2030 onwards 
(Lotze-Campen et al., 2009). 

Seasonal changes in isotope dynamics in the River Spree reflect the 
high dependency on large-scale hydroclimatic conditions, which is 

Fig. 8. Soil water isotopes sampled at and near the SUEO in 2019 and in parks in Berlin’s city centre in 2020; compared to the isotopic composition of P, surface 
water in the Spree and groundwater. 

Table 7 
Characteristics of the ELs from Fig. 8.   

Slope Intercept p-value R2 

EL Grass 4.74 ± 0.12 – 17.80 ± 0.71 < 2.2 × 10-16  0.84 
EL Trees 5.27 ± 0.14 – 13.28 ± 0.78 < 2.2 × 10-16  0.89  
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consistent with previous short-term isotope-based studies in the Berlin 
area (Kuhlemann et al., 2020). Although absolute flows were lowest in 
summer, the observed phase-shift towards most enriched values in 
autumn likely reflects evaporative losses in the low-gradient upstream 
catchment taking ~ 3 months to be detected in Berlin, including passage 
through an extensive network of lakes like LMS, which has a turnover 
time of ~ 60 days (SenUVK, 2020). While the important influence of 
open-water evaporation in the Spree precluded the simple application of 
MTT and Fyw concepts (cf. Kirchner, 2016a), it still offered an oppor-
tunity for isotope-based quantification of the relatively high evaporative 
losses. These approaches have significant potential and have already 
been applied in other studies to estimate evaporative water losses in 
urban distribution networks (Jameel et al., 2016; Tipple et al., 2017), 
but more work will be required to adapt these methods to more 
anthropogenically-impacted surface water reservoirs, where artificial 
water abstractions and inflows may violate some of the underlying as-
sumptions (cf. Skrzypek et al., 2015). 

5.2. Impacts of local runoff sources at the city-scale 

The 2.5-year weekly isotope data from Berlin’s local streams showed 
clear signs of responsiveness to short-term climatic variability and urban 
influences on catchment characteristics and provided more detailed 
insights into interactions among water sources, storage and ages. 

Despite the complexity of urban water fluxes and limitations in 
clearly defining ages of effluent waters, our isotope-based water age 
assessments showed that effluent discharge, impermeable surfaces and 
connectivity to storm drains have pronounced impacts on water storage 
in local urban catchments. The relatively short-time series and simple 
nature of the methods used to estimate water ages mean that the results 
should be treated as preliminary. However, estimated MTT (~2 years) 
and Fyw (<7 %) in the Erpe reflecting low responsiveness to P, were 
similar to previous estimates for this catchment (cf. Kuhlemann et al., 
2021b). However, the longer, more continuous time-series of both 
stream and P isotope data utilised here in this study improved model 
performance for both the Erpe and Panke (KGE ~ 0.3 – 0.5; R2 ~ 0.2 – 
0.6), compared to previous studies (KGE ~ -0.1 – 0.1; R2 ~ 0 – 0.5; 
Kuhlemann et al., 2021b; Marx et al., 2021). This highlights the 
importance of high-resolution, long-term data for water age assessments 
in urbanized catchments (Parajulee et al., 2018). In the Panke, Fyw es-
timates (~11 %) were slightly higher than previous assessments (cf. 
Marx et al., 2021), potentially reflecting the longer monitoring period 
and higher impact of P events during the colder winter and spring sea-
sons in 2021. The observed isotopic differences between the Erpe and 
Panke, which were not associated with deviations in length of moni-
toring period, were surprising given that both streams are strongly 
impacted by treated wastewater effluents. Though differences in un-
derlying flow generation mechanisms (cf. Kuhlemann et al., 2021b; 
Marx et al., 2021) may contribute to these differences, the observed 
isotopic variability in the effluents themselves (i.e. the Panke effluent 
being more enriched) may also contribute to these differences. This 
variability could potentially reflect variable amounts of bank filtrate 
from more fractionated surface waters (Möller and Burgschweiger, 
2008; SenUVK, 2020), a higher influence of isotopically enriched in-
dustrial waters in the city centre, or differences in distribution networks, 
water infrastructure and treatment processes. To clearly determine the 
role of these technical water cycle components on the isotopic vari-
ability in the effluent, the complexity in water sources and distribution 
structures needs to be accounted for through higher resolution – 
spatially and temporally – sampling when tracing water fluxes in ur-
banized catchments with strong effluent influences (e.g. Jameel et al., 
2016). Isotope dynamics in the Wuhle confirmed a high responsiveness 
to P with increasing imperviousness and connectivity to storm drains 
that was already observed over a short observation period in Kuhlemann 
et al., 2020. Additionally, using the isotope data for water age assess-
ments over a longer time period showed that this responsiveness to P 

subsequently decreased MTT and increased Fyw. Thus, our results show 
that isotope-based age assessments can effectively characterise pro-
cesses in catchments with rapid urban rainfall-runoff dynamics and 
identify areas where implementation of sustainable urban drainage 
systems is needed to increase catchment storage, limit flood risk and 
mitigate drought effects (Soulsby et al., 2015). 

Overall, the local streams across Berlin had a limited impact on the 
isotopic composition of the Spree during the study period. This was 
effectively shown by the Spree in the city centre being slightly more 
enriched than in the East, rather than being diluted by more depleted 
groundwater- or effluent-based tributaries. This observation contrasts 
the lower relative differences in stream discharge in the Spree before the 
confluence with the Havel, compared to the observations in the East. As 
discharge gauging was conducted west of the isotope sampling in the 
city centre, the recorded discharge values may be impacted by a higher 
connectivity to storm drains that is not captured by the sampling in an 
area of combined sewer systems (cf. SenStW, 2018), or the modification 
of flow through weirs, locks and side-channels, leakage of water infra-
structure, or release of cooling waters from industrialised areas, 
including power stations (cf. SenUVK, 2021a). 

5.3. Impact of urban green spaces at the city-scale 

In Berlin, the large coverage of green spaces (~30 % of surface cover; 
SenUVK, 2019) has great potential to provide shading, mitigate heat and 
increase infiltration to regulate flood risk and facilitate groundwater 
recharge (Lotze-Campen et al., 2009; SenStU, 2016). However, in recent 
years Berlin’s vegetation has been increasingly affected by land use 
changes, drought and the UHI (SenStU, 2016). The two-year monitoring 
in this study allowed for an assessment of how different types of non- 
irrigated urban green spaces react to several consecutive drought 
years, which has not been well studied in the past (Miller et al., 2020), 
especially in temperate areas where ecosystems are not adapted to 
drought (Buras et al., 2020). 

Although the sap flux data from Steglitz is clearly limited to one site, 
it is likely indicative of the timing of broader transpiration dynamics in 
the city. The observed earlier increase in sap flux rates in spring 2019 
and 2020 – compared to the colder spring in 2021 – reflects the high 
temperature-dependency of ecosystem functioning, as the higher Tair 
(and associated incoming radiation) resulted in an earlier start and 
longer extent of the growing season that inevitably increased plant 
water requirements (SenStU, 2016; Zipper et al., 2017, 2016). Across the 
city, this effect may be exacerbated by the UHI (SenStU, 2016; Zipper 
et al., 2017, Zipper et al., 2016), as mean annual Tair can be up to 1 ◦C 
higher in more built-up areas in Berlin’s city centre, compared to resi-
dential areas with many green spaces like the SUEO area (DWD, 2021b). 
At the SUEO, soil moisture dynamics during the 2020 growing season 
indicate that water partitioning was likely similar to the patterns 
observed in 2019 (cf. Kuhlemann et al., 2021a; Gillefalk et al., 2021), 
though some uncertainty arises from the absence of temporary re- 
wetting of the shallow soil through convective P events. Rapid VWC 
increases in the upper 50 cm of soil under grassland after more frequent 
P in autumn 2019 and 2020 revealed fast infiltration, despite high 
evaporative losses in the exposed shallow soil over the summer (Kuh-
lemann et al., 2021a), confirming a faster and therefore longer drought- 
recovery of urban grassland (Miller et al., 2020) over the winter. Under 
trees, re-wetting of the deeper 50 – 100 cm of the soil over the autumn/ 
winter periods was delayed by ~ 3 months compared to grass and shrub 
in both 2019 and 2020. With the soils starting to dry again in spring, the 
deeper soil under trees had shorter recharge and recovery times. This 
has important implications for management of urban trees, as water 
demands to sustain ET during the growing season can be dependent on 
water from previous recharge periods (Gómez-Navarro et al., 2019). 
Shorter recharge periods are likely the reason why carry-over effects of 
the 2018 drought were observed in European trees in the following years 
(Buras et al., 2020; Kuhlemann et al., 2021a; Schuldt et al., 2020). 
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Similarity of bulk soil water isotope patterns in the shallow soil at 
and near the SUEO in 2019 and in the parks in the city centre in 2020, 
despite differences in park location and planting design, indicate that 
our plot-scale results can potentially be extrapolated to larger spatio- 
temporal scales across Berlin and other cities. In well-connected catch-
ments, soil water dynamics are connected to surface drainage and, as a 
result, the isotopic composition of soil water may - to some extent - 
eventually impact the isotopic composition of receiving surface waters 
(Good et al., 2015; Tetzlaff et al., 2014). However, this does not seem to 
be the case in Berlin during the 2018 – 2020 period. Our results reveal 
differences in isotope data between soils and surface waters, while hy-
drometric measurements detected increasingly dry conditions in the 
upper 50 cm of soil under grass and shrub and absence of deep recharge 
under trees, along with declining groundwater levels. This highlights the 
dominance of green water fluxes where water is directly re-evaporated 
or transpired back into the atmosphere without interacting with the 
stream network (Falkenmark and Rockström, 2006). This would mean 
that the shallow soil water sampled at the SUEO represents a reservoir 
where the stored water did not contribute significantly to baseflow or 
groundwater recharge during the study (cf. Brooks et al., 2010; Gold-
smith et al., 2012). This observation complements the previously 
determined differences in soil water isotope signals in shallow and 
deeper soils under trees at the SUEO during the 2019 growing season 
(Kuhlemann et al., 2021a), indicating a large ecohydrological separation 
of water in urban soils (cf. Oerter and Bowen, 2017). Given that the 
SUEO soil VWC dynamics were similar, but in many cases wetter than at 
other locations across Berlin, water scarcity in urban soils and irrigation 
needs of urban green spaces may be even higher than previously 
assumed. 

To better understand water partitioning along vertical soil profiles, 
especially the role of mobile and immobile soil waters and their in-
teractions with urban vegetation and the stream network, there is great 
promise in high-resolution isotope monitoring of soil, plant and surface 
waters in future research (McDonnell, 2014). Such studies will be 
important to determine the role of soil heterogeneity in subsurface 
mixing (Sprenger et al., 2019), especially in highly managed urban soils 
(Oerter and Bowen, 2017), and to observe if higher antecedent soil 
moisture increases groundwater recharge and stream connectivity dur-
ing colder, wetter growing seasons (cf. Stieglitz et al., 2003). Addi-
tionally, the role of irrigation water during future drought periods, 
which may either contribute to baseflow (Fillo et al., 2021) or remain in 
the upper soil to sustain green water fluxes during dry periods (Oerter 
and Bowen, 2017) needs to be better investigated. 

5.4. Water management implications across urban scales 

Water availability in the catchment of the River Spree, one of Berlin’s 
major water inflows, is strongly impacted by climate dynamics and 
anthropogenic activities. While patterns of warmer temperatures and 
extended dry periods with heavy convective rainfall have long been 
projected for the Berlin-Brandenburg area (e.g. Gerstengarbe et al., 
2003; Lotze-Campen et al., 2009), the extent of the climatic develop-
ment in 2018 – 2020 exceeded these projections in both timing and 
magnitude, pointing towards recent indications of climate warming 
becoming more severe than earlier projections (IPCC, 2021). Along with 
progressing land use changes, growing water demands and the end of 
lignite mining activities in the upstream catchment planned in 2038, this 
development raises the question if previous assessments that Berlin will 
not face major water supply problems in the future are still accurate 
(Lotze-Campen et al., 2009; SenUVK, 2021a, 2020). This study offers 
new insights into quantifying and limiting water losses in the Spree 
catchment that contribute to an evidence base for maintaining water 
supplies of adequate quantity and quality for the city of Berlin, which is 
highly dependent on bank filtration along the Spree and its associated 
water bodies (SenUVK, 2020). 

The high influence of evaporative losses (>10 %) in the upstream 

catchment in summer and autumn observed in the isotope data dem-
onstrates that evaporation is an important driver in the reduction of 
stream discharge and that combining isotope tracers with conventional 
climatic and hydrometric data can be very useful to better model these 
evaporative losses (cf. Gibson and Edwards, 2002; Skrzypek et al., 
2015). Though adjustments will have to be made to adapt such ap-
proaches to the alternating lake-stream sequences that occur along the 
Spree’s flow path, as well as anthropogenic water abstractions and in-
flows, they have great potential to inform on the exact extent and timing 
of evaporation in the upstream catchment and separate this from other 
water losses (e.g. abstractions for mining or limited groundwater inputs) 
that contribute to reductions in stream discharge. For development of 
more advanced modelling approaches, implementation of frequent 
isotope sampling along the Spree’s downstream flow path would be 
informative. 

Within the urban area, green spaces can increase infiltration, 
groundwater recharge and mitigate urban heat effects (Fletcher et al., 
2013; Gunawardena et al., 2017; McGrane, 2016), but maintaining their 
ecosystem function during dry periods can require substantial irrigation 
that can contribute to the overuse of limited urban freshwater resources 
(Nouri et al., 2019; Pataki et al., 2011b; Vico et al., 2014). Under-
standing the water demands and irrigation needs of urban vegetation 
will help to implement sustainable planting design and management of 
green spaces that maintain ecosystem function while keeping water 
consumption to a minimum (Nouri et al., 2019; Pataki et al., 2011b; Vico 
et al., 2014). In Berlin, such concepts will be needed to sustain 
increasing plant water requirements (Zipper et al., 2017) that may 
exacerbate potential water distribution conflicts (cf. Lotze-Campen 
et al., 2009). Our study indicates that species selection (grassland/ 
shrub/trees) and planting design can significantly affect water distri-
bution in Berlin’s green spaces. Interception losses from the tree canopy 
(cf. Gillefalk et al., 2021; Kuhlemann et al., 2021a) and shorter recharge 
periods over the winter lead to high water demands of urban trees that 
are likely to exceed the capacities of natural infiltration in the future. 
Besides implementing adequate irrigation strategies, moderating tree 
densities, increasing permeability, and routing runoff from impervious 
surfaces towards trees may enhance infiltration (Gillefalk et al., 2021; 
Vico et al., 2014). Additionally, alternating planting of grassland, shrub 
and trees may be beneficial, as shading by trees could limit the high 
near-surface evaporation under grass while higher grassland infiltration 
rates may enhance water availability in the deeper soil. However, the 
effect of shading could not be clearly determined by the site comparison 
of soil moisture under grassland and more research will be needed to 
assess the effect of planting design on water partitioning. Shrub vege-
tation, which was characterised by surprisingly low VWC in the shal-
lower soil, despite lower ET rates during the growing season (as 
calculated in Gillefalk et al., 2021; Kuhlemann et al., 2021a) and higher 
VWC in deeper layers, may be easier to maintain than larger trees, as the 
irrigation need seems to be limited to the upper 50 cm of the soil. 

6. Conclusions 

Our study showed that combining isotope tracers with hydrometric 
data across spatio-temporal scales provided valuable insights into the 
impact of hydroclimate dynamics, urbanization and catchment con-
nectivity on the river Spree in Berlin that went beyond the results ob-
tained through previous studies. Timing and magnitude of the 
exceptionally warm and dry 2018 – 2020 period and the subsequent 
reductions in stream discharge in the Spree system exceeded projected 
changes in the Berlin-Brandenburg area. At the regional scale, isotope- 
based quantification of evaporation losses can be an important tool to 
accurately quantify water losses in the upstream Spree catchment and 
adapt water management strategies to maintain adequate flow rates that 
sustain the water supply for the city of Berlin and environmental needs 
in the future. At the city-scale, urban green spaces are important features 
to maintain infiltration and evaporative cooling. However, observations 
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of limited recharge periods under urban trees indicate that they may 
require irrigation during drought periods. Connectivity of green spaces 
to groundwater recharge and surface drainage was absent during warm 
and dry growing seasons monitored. To maintain ecosystem function 
and increase urban catchment connectivity while limiting the use of 
urban water resources during future dry periods, more research will be 
needed on the synergetic effects (e.g. enhancing infiltration and limiting 
soil evaporation) of adjacently implementing trees, shrub and grasslands 
in urban green spaces. Our results provide a first integrated assessment 
of how Berlin’s water cycle may respond to future developments to-
wards warmer and drier conditions. While future work will aim at 
further upscaling the results and compare them to other urban areas 
affected by climate warming in Europe and beyond, our findings are 
already an indication for climate-change induced responses of urban 
water resources in cities with similar climate conditions. 
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Kade, N., 2020. Klärwerk Schönerlinde: Klärwerksableitung über den Buchholzer Graben 
und die Panke zur Spree, Jahresbericht 2019. Berlin. 

Kendall, C., McDonnell, J., 1998. Isotope Tracers in Catchment Hydrology. Elsevier BV, 
Amsterdam, The Netherlands.  

Kirchner, J.W., 2016a. Aggregation in environmental systems – Part 1: Seasonal tracer 
cycles quantify young water fractions, but not mean transit times, in spatially 
heterogeneous catchments. Hydrol. Earth Syst. Sci. 20, 279–297. https://doi.org/ 
10.5194/hess-20-279-2016. 

Kirchner, J.W., 2016b. Aggregation in environmental systems – Part 2: Catchment mean 
transit times and young water fractions under hydrologic nonstationarity. Hydrol. 
Earth Syst. Sci. 20, 299–328. https://doi.org/10.5194/hess-20-299-2016. 

Kleine, L., Tetzlaff, D., Smith, A., Wang, H., Soulsby, C., 2020. Using water stable 
isotopes to understand evaporation, moisture stress, and re-wetting in catchment 
forest and grassland soils of the summer drought of 2018. Hydrol. Earth Syst. Sci. 24, 
3737–3752. https://doi.org/10.5194/hess-24-3737-2020. 

Kokkonen, T.V., Grimmond, C.S.B., Christen, A., Oke, T.R., Järvi, L., 2018. Changes to 
the Water Balance Over a Century of Urban Development in Two Neighborhoods: 
Vancouver, Canada. Water Resour. Res. 54 (9), 6625–6642. https://doi.org/ 
10.1029/2017wr022445. 

Kracht, O., Gresch, M., Gujer, W., 2007. A Stable Isotope Approach for the Quantification 
of Sewer Infiltration. Environ. Sci. Technol. 41, 5839–5845. https://doi.org/ 
10.1021/es062960c. 

Kuhlemann, L., Tetzlaff, D., Soulsby, C., 2020. Urban water systems under climate stress: 
An isotopic perspective from Berlin, Germany. Hydrol. Process. 34, 3758–3776. 
https://doi.org/10.1002/hyp.13850. 

Kuhlemann, L.-M., Tetzlaff, D., Smith, A., Kleinschmit, B., Soulsby, C., 2021a. Using soil 
water isotopes to infer the influence of contrasting urban green space on 
ecohydrological partitioning. Hydrol. Earth Syst. Sci. 25, 927–943. https://doi.org/ 
10.5194/hess-25-927-2021. 

Kuhlemann, L.-M., Tetzlaff, D., Soulsby, C., 2021b. Spatio-temporal variations in stable 
isotopes in peri-urban catchments: a preliminary assessment of potential and 
challenges in assessing streamflow sources. J. Hydrol. 600, 126685 https://doi.org/ 
10.1016/j.jhydrol.2021.126685. 

Landesamt für Bergbau, Geologie und Rohstoffe Brandenburg (LBGR), 2010. Atlas zur 
Geologie von Brandenburg (4. Aktualisierte Auflage [Stackebrandt, W., et al. (eds.]). 
Cottbus. 

Limberg, A., Thierbach, J., 1997. Gliederung der Grundwasserleiter in Berlin. 
Brandenburgische Geowissenschaftliche Beiträge 4, 21–26. 
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Rehfeld-Klein, M. (eds.)]. Berlin. 

Senatsverwaltung für Umwelt, Verkehr und Klimaschutz (SenUVK), 2021b. Messungen 
der Bodenfeuchte. Senatsverwaltung für Umwelt, Verkehr und Klimaschutz; 
Pflanzenschutzamt Berlin; Fachgebiet Stadtgrün, Berlin. 

Senatsverwaltung für Umwelt, Verkehr und Klimaschutz (SenUVK), 2021c. Wasserportal 
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