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Abstract

Key Message Stands stocked with European beech (Fagus sylvatica L.), sessile oak (Quercus petraea (Matt.) Liebl.),

and Scots pine (Pinus sylvestris L) show distinct deep seepage patterns. An increasing importance of extreme summer
precipitation contributing to deep seepage in the northeastern German lowlands was detected. Extreme summer
precipitation events contributed 71% (pine), 22% (young oak), and 15% (beech) of the annual deep seepage. Adapted
forest management may promote deep seepage caused by extreme summer precipitation and by precipitation dur-
ing the winter half-year.

Context To date, deep seepage and groundwater recharge in temperate lowland forests occured mainly dur-

ing the winter half year, the only period in which precipitation exceeds potential evapotranspiration. The increasing
occurrence of extreme summer precipitation events, however, has the potential to promote deep seepage during
summer.

Aims This study aims to quantify the deep seepage feed by extreme summer precipitation events, utilising three
large-scale lysimeters below canopies of beech (Fagus sylvatica L), young oak (Quercus petraea (Matt.) Liebl), and pine
(Pinus sylvestris L), respectively.

Methods Using a seepage hydrograph separation method, we were able to identify two major types of deep seep-
age: slow deep seepage due to winter precipitation and rapid deep seepage due to extreme summer precipitation
events.

Results Our measurements attributed substantial portions of deep seepage to extreme summer precipitation
events, with distinct differences among lysimeters related to tree species and stand structure. The highest ratio

of deep seepage by extreme summer precipitation to annual deep seepage occurred below pine, whereas the high-
est quantities of deep seepage by extreme summer precipitation were found under young oak.

Conclusion Rapid deep seepage due to an increase in extreme summer precipitation events could be the most
important mechanism for recharging near-surface groundwater aquifers under pine forests in the northeastern Ger-
many lowlands. Deep seepage may be influenced by the choice of tree species and stand structure.

Keywords Deep seepage, Forest hydrology, Large-scale lysimeter, Northeastern Germany lowlands, Intensive forest
monitoring station Britz
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1 Introduction

The dryingup of northeastern German lowland aquifers
in recent decades affecteds lakes and streams in various
ways (Kaiser et al. 2014; Lischeid et al. 2021). The pre-
dicted increase in summer dry periods, rising tempera-
tures, and shifting rainfall patterns will likely exacerbate
the negative trend in groundwater levels and their poten-
tial for recharge (Wunsch et al. 2022). In this region, the
low groundwater recharge is linked to the dry climate
in combination with the extensive pine (Pinus sylvestris
L.) forests, which allow little or no deep seepage (Miiller
and Bolte 2009; Leuschner et al. 2022). However, altering
weather patterns leading to extreme summer precipita-
tion events (Kreienkamp et al. 2021; Hénsel et al. 2022;
Ibebuchi 2022) might have a noticeable impact on the
recent and prospective water balance.

In general, the mean long-term groundwater recharge
is fed by precipitation and lowered by several factors (e.g.,
interception) (Scanlon et al. 2002). Only water leaving the
rooting zone, no longer accessible for plants, is classified
as deep seepage, which can then recharge groundwater
aquifers. In the northeastern German lowlands, evapo-
transpiration normally exceeds the amount of precipi-
tation during the growing season, whereas limited solar
irradiance limits plant growth, root water uptake, and
evapotranspiration during the winter months. Over the
course of the year, evergreen pine stands show larger
evapotranspiration than beech (Fagus sylvatica L.) or oak
(Quercus petraea (Matt.) Liebl.) (Miiller and Bolte 2009).
Young trees with less developed roots and canopies tran-
spire less than mature trees (Haydon et al. 1997; Oishi
et al. 2020). In temperate regions, soil water withdrawn
by plant roots during the growing season is gradually
replenished by autumn and winter precipitation. There-
fore, in our study region, seepage usually occurs during
the winter months as soon as soil water content exceeds
field capacity (Schwaiger et al. 2018).

Over the last two decades, shifting precipitation pat-
terns occurred, including increases in climate extremes,
e.g., drought or heavy precipitation events (Metzger
et al. 2008; Djebou et al. 2016; Hosseinzadehtalaei et al.
2020). Rakovec et al. (2022) concluded that the multiyear
drought of 2018-2020 not only set a new benchmark but
also gave a sneak preview into the future. This exception-
ally dry period led to large summer water deficits which
were not compensated by the subsequent winter pre-
cipitation, as quantifications with the GRACE Follow-On
satellite mission showed (Boergens et al. 2020). However,
this exceptional drought came with some remarkable
extreme summer precipitation events, especially in the
northeastern German lowlands (Deutscher Wetterdienst
2018, 2019, 2020; Kreienkamp et al. 2021; Ibebuchi 2022).
The influence of this cascade of extreme meteorological
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events on the hydrological processes has hardly been
investigated yet, since they often occurred locally and
with a high spatial heterogeneity (Miegel et al. 2014).

In catchment hydrology, the effects of heavy precipi-
tation on river discharge are commonly analysed via the
hydrograph separation method, ie. separation of slow
base flows and fast direct runoffs (e.g. Lei-lei et al., 2011;
Kissel and Schmalz 2020). Discharge measurements with
daily or, even better, hourly resolution are essential for
separating these fast direct- and slow base-flow com-
ponents (Wittenberg et al. 2019). During heavy rainfall,
the infiltration of water into the soil results in a rapid
increase in soil moisture, first in the topsoil and then in
the subsoil (e.g., Schwirzel et al. 2009). Such events can
ultimately lead to deep seepage, which can be detected
by discharge measurements in lysimeters (Meifner et al.
2010). The use of lysimeters offers the only direct meas-
urement of deep seepage (Scanlon et al. 2002; Miiller and
Bolte 2009; Gong et al. 2021). Seepage hydrograph sepa-
ration allows for allocation of fractions of seepage to spe-
cific events during deep seepage.

From 2018 to 2021, every summer, a heavy precipita-
tion event with more than 60 mm rainfall within 24 h
occurred. This study aims to analyse the impacts of these
four heavy summer precipitation events from 2018 to
2021 on deep seepage formation under different spe-
cies (European beech (Fagus sylvatica L.), sessile oak
(Quercus petraea (Matt.) Liebl.), and Scots pine (Pinus
sylvestris L.). For this purpose, we analysed the daily deep
seepage along with other parameters monitored by the
intensive forest monitoring station Britz, Germany, via
the seepage hydrograph separation method and large-
scale lysimeters. The specific objectives of this study
were as follows: (1) To examine whether the observed
abundance of extreme summer precipitation events was
increasing, (2) to identify and quantify the impact of
extreme summer precipitation events on deep seepage by
applying the seepage hydrograph separation method to
the site monitoring data, and (3) to analyse whether the
influence of tree species and stand structure on the water
balance was also evident under extreme summer precipi-
tation events.

2 Material and methods

2.1 Site description

The intensive forest monitoring site “Britz” (hereaf-
ter IFMS Britz) in Brandenburg, Germany (52°52"41”
N 13°50'2” 0), is operated by the Johann Heinrich von
Thiinen Institute—Institute of Forest Ecosystems (Krause
et al. 2019; Sanders and Natkhin Sanders 2025). Regular
measurements started in the early 1970s to quantify the
effects of different tree species on groundwater recharge
in the northeastern German lowlands under identical
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soil and climatic conditions. The climate is transitional
between marine and continental humid winters (Cfb
(Kottek et al. 2006), Dfb (Beck et al. 2018)). The annual
mean precipitation sum is 618 mm, and the annual mean
temperature is 9.0 °C (1991-2020). The precipitation
regime is dominated by two main events: mostly short-
lived and isolated thunderstorms/storm cells versus west-
wind bound frontal systems originating from the Atlantic
Ocean. While the latter occurs throughout the year and
leads to a substantial amount of precipitation, isolated
heavy thunderstorms can provide notable amounts of
precipitation during single, short-term events. These
events typically occur in the hydrological summer half-
year (here May to October) between June and August.
The soil at the site, derived from Pleistocene sand depos-
its (Don et al. 2019), is a dystric cambisol with a medium
sand texture (Table 1).

The site is divided into subplots, each measuring
approximately 60 by 40 m, stocked with either European
beech (Fagus sylvatica L.), sessile oak (Quercus petraea
(Matt.) Liebl.), or Scots pine (Pinus sylvestris L.) in pure
stands. Beech and pine stands were planted in 1974, and
the oak stands in 1999, hereafter oak (y), to emphasise
the differences in stand age (Table 2). All three species
represent the typical forest vegetation of the area, with
pine dominating and beech and oak representing the
potential vegetation. A large-scale lysimeter is located at
the centre of each of the three analysed subplots. Differ-
ences in measured water balance are attributed to differ-
ences in stands, with no replication.

2.2 Measurements

The large-scale lysimeters with an area of 100 m? each
(Miiller and Bolte 2009) collected deep seepage water at
a depth of approximately 5 m, with the groundwater table
being located approximately 15.6 m beneath ground level
(July 2023). For each stand, we analysed the lysimeters’
outflow with a registering tipping gauge (PC by Umwelt-
Geridte-Technik GmbH) providing seepage water time
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Table 2 Stand properties measured in 2023. Leaf area index was
measured with an optical device, Solariscope SOL300, without
ground vegetation in July 2023. Tree height was measured with a
Vertex V (Haglof, Sweden AB), and the diameter at breast height
was measured with a calliper

Beech Oak (y) Pine
Planted (year) 1974 1999 1974
Tree density (trees/ha) 1040 3360 1090
Mean diameter at breast height (cm) 15.1 54 20
Mean tree height (m) 17 6.5 19.8
Leaf area index (m*/m?) 44 24 15

series at a resolution of 1/1000 mm (0.1 L per tip). The
soil in the lysimeters was disturbed due to the building of
the lysimeters. However, it was reconstructed to resem-
ble the soil profile previously found on site (Table 1) and
remained undisturbed since installation. The site is flat,
and the infiltration of sand is high; therefore, no surface
runoff occurred.

Precipitation was recorded by a tipping bucket with a
magnetic reed switch (by LAMBRECHT meteo GmbH;
type: 15,189, orifice area: 200 cm?, resolution: 0.1 mm,
temporal aggregation to 15 min, accuracy: +2%, 0.8 mm/
min load). The device was installed 1 m above ground
level in the open field according to Raspe et al. (2020). On
the basis of these measurements, we were able to derive
a consistent time series of daily precipitation for the four
analysed events and for long-term precipitation trend
analysis from 1st January 1993 to 31st December 2022
for the site, supplementing minor gaps via linear regres-
sion via local parallel measurements. For this purpose,
two other automatic gauges at 0 and 1 m above ground
and two manually read-out gauges were available. The
insufficient data before 1993 limits the time series. Sys-
tematic precipitation measurement errors were corrected
after Richter (1995).

To estimate the interception losses, monthly manual
gauges were read out under the canopy, with 12 at each

Table 1 Parameters of mineral soil horizons at the IFMS Britz, Germany: horizon symbols according to IUSS Working Group WRB (2022)
and grain size distribution according to A. G. Boden et al. (1994) with sand: 0.63-2 mm, clay < 0.002 mm, and silt: between 0.002 and

0.063 mm
Horizon Thickness (cm) Soil texture class Bulk density (g cm™3) Fraction (%)

Sand Clay Silt
Eh 1 S
Bhg 15 S 1.19 94 2 4
Bg-C 10 S 15 98 0 2
C 66 S 1.59 99 0 1
pGo-C >100 S 1.66 97 0 3
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forested stand and 6 at the open field site, according to
the ICP Forests Manual (Raspe et al. 2020).

In this study, the amount of precipitation observed dur-
ing extreme summer precipitation events corresponds to
the amount of precipitation recorded within 24 h. Pre-
cipitation events occurring prior to and after the events
under analysis were also taken into account in our analy-
sis as “extended” precipitation, as they may also provide a
substantial amount of water to deep seepage formation.
To consider these effects, Sobaga et al. (2024) used an
extended precipitation period of 10 days. Our lysimeters
are larger and deeper, and hence, it takes longer for the
infiltrating water to reach the lysimeter base; we therefore
used twice the time and added up the precipitation over a
maximum period of 20 days. This approach was not used
to quantify water fluxes but rather to set the precipitation
more appropriately in relation to related deep seepage.

The soil water content was measured at 10 depths
to 4.6 m with three sensor tubes on every plot with a
capacitive Sentek EnviroSCAN tube. The measurements
started with the installation of these sensors during 2010.
The data used in this paper is accessible at Natkhin et al.
(2025).

2.3 Calculations

2.3.1 Long-term water balance

The mass balance equation was used to compute the
long-term water balance and establish a baseline for our
analysis of the impact of tree species and age structure
after extreme summer precipitation events. In the case
of deep seepage, the annual water balance equation is as
follows:

P=ET+Q+AS )

with P: annual precipitation in the open field in mm/
year, ET: evapotranspiration in mm/year as the remain-
der in this balance, Q: measured mean annual sum of
deep seepage in mm/year, and AS: mean annual change
in water storage S in mm/year. AS is defined as the dif-
ference between the end and start of the balance period
divided by the number of years of the balance period. S
calculates as follows:

S=3"" (@uhy) (2)

with #: sensor number; ®,;: volumetric water content of
the nth layer, which is measured at 10 depths (0.1-4.6 m);
and /,;: layer thickness in mm, assuming that every meas-
urement is representative of the median between the
next sensor depth or the upper or lower ground of the
lysimeter. A time span of 2013-2023 was used to calcu-
late the water balance. This time span was chosen due
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to sufficient data availability to calculate the balance
components.
The available soil water content (AWC) is a scaled
water content:
wC — pwPpP
AWC = ————— (3)
Fc — PWP
with Fc: field capacity and PWP: permanent wilting
point. The particle size distribution was determined
from soil samples analysed in our laboratory (Cools
and De Vos B., 2020). Fc and PWP were estimated by a
pedotransfer function with 12% and 4%, respectively (A.
G. Boden et al. 1994).

2.3.2 Identification of deep seepage by extreme summer
precipitation events

The flow separation is based on the time series of daily
values of precipitation and measured deep seepage. The
measured deep seepage g in mm/day is separated into
deep seepage caused by extreme precipitation events (g)
and deep seepage caused by precipitation during the win-
ter half-year (quw):

q=q, +ge (4)

This method is adapted from the widely used base-
flow separation method in catchment hydrology (Wit-
tenberg 1999; Wittenberg and Sivapalan 1999; Eckhardt
2008; Lei-lei et al. 2011). Our approach is based on fol-
lowing assumptions: g, occurs slowly along the matrix
flow using small pores, such as a linear reservoir with
an annual maximum and an exponential decrease after-
wards, showing a clear declining trend (Fig. 1, black line).
In contrast, g, (Fig. 1, green line) occurs after an extreme
event, through a fast matrix flow via larger pores and
pathways, e.g. root canals quickly reach a local peak after
the measured precipitation event. Figure 1 illustrates the
time lag between the peaks of g, and ¢,, enabling a clear
separation between the two types of seepage.

To identify deep seepage caused by extreme summer
precipitation events (g.), the day of a defined extreme
precipitation event (z,) is set as the starting point for the
search algorithm. The date of the first local minimum
of d after t, is assumed to be the starting point £ for the
extreme event that feeds g.. However, there are two pos-
sible cases of flow separation. If deep seepage is 0 mm/
day at £, then it can be assumed that deep seepage (gw)
caused by winter precipitation has already ceased. There-
fore, the new seepage occurring at this time is completely
attributed to g.. However, if g(¢;) > 0 mm/day, then ¢,
must be separated from gy,.

We developed a procedure based on fitting an expo-
nential function to model the decrease in deep seepage
in winter. During the occurrence of a deep seepage event
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Fig. 1 Schematic deep seepage hydrograph with flow separation. g,,, winter precipitation fed seepage; g, extreme event fed deep seepage; t,,
time of precipitation event; t,, response time until event’s impact on deep seepage curve; t,,, time span from the start to the peak of g,; dotted line,

separation between g,, and g,

qe, the winter seepage g, is determined by the function
R(t), which describes the exponential decrease in g, after
its maximum. The function parameters Ry and K are fit-
ted to gy before the deep seepage event. We use the nls
function of the stats package in R (version 4.2.2) to fit this
function (R Core Team 2022). Afterwards, R(¢) is extrap-
olated for ¢ > ¢, and subtracted from the total deep seep-
age time series after its local minimum. This separates
the fading winter deep seepage from the event-specific
deep seepage. R(t) is defined as follows:

R(t) = Ry - e K withR(t,) = Ry (5)

where ¢ is the time in days, K is an exponential param-
eter, and Ry is the intercept of the function. The dura-
tion between an extreme precipitation event and when g,
reaches its maximum is t,,. The daily deep seepage fluxes
are summed from the 1st November of the previous
year to the 31 st of October of the year when the extreme
event occurred (hydrological year (DIN 4049, 1992)) to
the annual deep seepage sums in millimetre:

Qe = Z% (6)

Qw = qu (7)

Qsum = Qw + Qe (8)

2.3.3 Return periods of extreme precipitation

Extreme summer precipitation events are rare; their
return period is of high interest. The analysis of precipita-
tion measurements at the IFMS Britz revealed that heavy

precipitation events usually occurred during the mete-
orological summer (JJA — June, July, August). To esti-
mate the return period of extreme summer precipitation
events, we conducted a stationary extreme value analysis.
We first calculated the block maxima for the JJA period.
The block maximum in our case is the maximum daily
precipitation amount within JJA:

Xews! (i) = max({X (D)} T (i) )

where X,,;/(i) represents the block maxima per meteoro-
logical summer, X (i) represents the JJA time series, and
T (i) represents the ith year of the time series. We used
the block maxima to fit a generalised extreme value dis-
tribution and to conduct a trend analysis of the return
periods. This method is used for extreme precipitation
analysis (e.g. Lazoglou et al. 2019; Courty et al. 2019; Pas-
sow and Donner 2019). We examined the abundance and
shifts in extreme summer precipitation with a more prag-
matic pseudo-nonstationary approach. Instead of calcu-
lating time-dependent parameters for each parameter of
the distribution, we recalculated the parameter within a
moving window of 20 years and the return period for the
different windows.

To identify shifts in precipitation patterns, we calcu-
lated the event duration (consecutive days with precipita-
tion amounts>1 mm per day) and the proportion of total
summer precipitation for each single event.

3 Results

3.1 Extreme precipitation events

We identified four extreme summer precipita-
tion events in the following months: July 2018, June
2019, June 2020, and June 2021 (Table 3). Those four
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Table 3 Characteristics of the four extreme summer precipitation events: event dates, beginning of precipitation, duration, statistical
return periods from 1993 to 2022, and the extended precipitation includes adjacent precipitation events

Event ID Event date Precipitation Event duration Return period Extended Extended

amountt (mm) (hour) (year) precipitationt (mm) duration
(days)

Event18 2018 July 09 80 18 41 115 4

Event19 2019 June 05 67 28 131 13

Event20 2020 June 13 82 45 112 14

Event21 2021 June 30 150 24 200 174 17

tPrecipitation corrected after Richter (1995)

events ranked at the top of the extreme events in terms The statistical return periods with spans of

of the amount of precipitation. We devised the follow-
ing nomenclature to address extreme events and lysim-
eters: we combined the tree species of the lysimeter and
occurrence year (EventYY) of a precipitation event with
(e.g. Pinel8-pine lysimeter measurement—extreme
event of 2018). The identified extreme summer pre-
cipitation events reached (Event19) or even exceeded
(Event21) the monthly mean of precipitation (67.5 mm)
over the period 1993-2022. These events lasted up to
24 h. The days with exceptionally high precipitation
are embedded in extended periods (maximum 20 days)
of precipitation (Table 3), potentially enhancing the
effects of the short extreme events related to deep
water seepage.

Precipitiation
Level
80 mm 120 mm

50 mm

20 mm

Time Slice

28-200 years emphasise the extreme nature of the
recorded precipitation events (Table 3). We found a
general downwards trend for precipitation levels above
50 mm per day (Fig. 2): While 80 mm of daily precipita-
tion had a return period of 90 years at the beginning of
our analysis period, it decreased to 30 years at the end.
Starting with a return period of approximately 300 years,
even a daily precipitation amount of 120 mm reaches
a return period of 70 years at the end of our analysis
period. Regarding the first special objective, this indicates
high-precipitation events became more frequent over the
observed period.

No trend was identified in the total summer precipi-
tation (1993-2022) (Mann-Kendall test). We found no

- 400
- 350
- 300
250
200

150

Return Period [years]

100

50

Fig. 2 Heat map of return periods for selected daily precipitation levels of 20, 50, 80, and 120 mm, segmented into consecutive 20-year periods. The

colours indicate the magnitude of the return periods
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clear trend regarding event duration. However, we found
a significant increasing trend in the maximum single
event per summer and its contribution to total summer
precipitation (p=0.05). The contribution of extreme
summer precipitation events to total summer precipita-
tion was between one-quarter in 2020 and almost half in
2021 (Table 4).

3.2 Impact of extreme summer precipitation events
on deep seepage

Extreme summer precipitation events occurred, while Q,,
decreased or ceased but did not increase. A visual inspec-
tion (Fig. 3) revealed that the occurrence of deep seepage
was a result of heavy precipitation given the additional
seepage peaks in the graph, which occurred after the Q,,
maximum. These peaks were characterised by sharper
and steeper gradients than those resulting from winter
precipitation.

Rapid deep seepage induced by extreme precipitation
was observed in the lysimeter with oak (y) during 2018,
2019, 2020, and 2021, with beech in 2020 and 2021, and
with pine in 2018 and 2021 (Fig. 3, Table 4). Event21 pre-
sented the highest precipitation amount and led to the
highest Q. for all stands, whereas the event in 2018 pro-
duced the lowest Q..

According to the second special objective, Table 5 lists
characteristic values for classifying and assessing deep
seepage events triggered by extreme summer precipita-
tion events (Table 4). The onset of deep seepage varied by
event and tree species, but the number of events was too
small to identify patterns. The maximum degree of heavy
precipitation-induced deep seepage was reached after
6-27 days.

3.3 Water balance of the different stands

3.3.1 Components of long-term water balance

The mean annual values of the water balance components
for beech, oak (y), and pine are presented in Table 6.
From 72% (young oak) up to 97% (pine) of the annual
precipitation was used by evapotranspiration. Annual
deep seepage in the lysimeter below pine remained very

Table 4 Precipitations during years with extreme summer
precipitation events

Year P, (mm) Py, (mm) Pgummer (MmM) Po/Pymmer (%)
2018 115 309 275 42
2019 131 215 416 31
2020 112 233 407 28
2021 174 221 370 47

P, precipitation of the winter half-year (November-April); P,, extended
precipitation of extreme events (see Table 3); Pg,mer total summer precipitation
including extended precipitation of extreme events (May-October)
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low, whereas under beech, approximately 10% of the
annual precipitation contributed to deep seepage. In
the lysimeter with young oaks, approximately one-third
of the average annual precipitation contributed to deep
seepage.

3.3.2 Deep seepage caused by winter precipitation

Figure 3 revealed that the dynamics of deep seepage for-
mation (Q,) triggered by winter precipitation differs for
the three lysimeters. We observed no or only a small
amount of deep seepage below pine. Also, soil below pine
is drier throughout the years (Fig. 4).

In contrast to pine, the amount of deep seepage linked
to precipitation during the winter half-year (Q,,) was gen-
erally much larger below beech and oak (y). Yet, in 2019,
for the first time since measurements began, no deep seep-
age was observed under beech. Moreover, the maximum
amount of soil water stored in the soil profile under beech
was lower during 2019 than during the other 3 years with
extreme summer precipitation events (Fig. 4). The infil-
tration values of Q,, were larger under oak (y) than under
beech and pine (Table 4). Deep seepage formation due to
winter precipitation (Q,) generally lasted longer under
oak (y) than under beech. In addition, the peak values of
deep seepage (Fig. 3) and the maximum soil water storage
(Fig. 4) were larger below oak (y) than beech every year.

The curve of daily deep seepage values (Q,) in 2018 for
beech and oak (y) shows two distinct maxima. One maxi-
mum of daily deep seepage occurs in winter (mid-Febru-
ary), and the other is reached in spring (early May). Both
maxima were fed by winter precipitation in the winter of
2017/2018. From April 2018 onwards, the seepage rates
increased again and reached their maximum in May 2018.

3.3.3 Stand-specific deep seepage caused by extreme
summer precipitation

Regarding the third special objective, differences in soil

water content (Fig. 4) can also be found before extreme

summer precipitation events start, with the highest

amounts occurring under young oak stands and the low-

est occurring under pine stands (Table 5).

Under oak (y), we always registered the highest Q.
events in absolute values over the 4 years, with an accu-
mulated sum of 163 mm for Q,. This also means that Q,
accounts for 22% of the entire deep seepage for oak (y)
(Fig. 5). Compared with oak (y), the absolute deep seep-
age rates for beech triggered by extreme summer precipi-
tation events were lower. Nevertheless, Q, accounts for
15% of the total deep seepage under beech. In contrast,
the vast majority of the annual seepage in pine stands
originate from extreme summer events, with a share of
71% (Fig. 5).



Natkhin et al. Annals of Forest Science

(2026) 83:5

6- -0
' gl | -40
-80

5- Beech 18

Deep seepage in mm/d
w

0- g '
\") % \<)
29 I\ o\ ?,Q\ ,LQ’\

N o

6- -0
-40

5-Beech 19 ~80

Deep seepage in mm/d

10\9

6- -0
| ™ 40
5- Beech 20 80

Deep seepage in mm/d
w

N 0 N 0
yo© r)'gq'w( 207 W ?'0200\ 20%

6- -0
-40
5- Beech 21 | -80

Deep seepage in mm/d
w

A ’\ A A
oOF QT 10"‘ 42

3o 7 gt W

6- -0
I -40
5~ -80

Oak (y) 18
4.
3.
2-
1-
0- : . .
o\® AD  \D
ya“'l P\Q‘(L 3\)\'7,() OC\'lO
6- -0
-40
5- Oak (y) 19 -80
4.
3-
2-
i _,-a_/ﬁ,_
0- " -
AQ AQ
ya“,L P‘Q‘(L 3\)\'7,0 oo\?ﬁ
6- -0
| ™ 40
5- Oak (y) 20 80
4-
3-
2.
1-
0- . | .
O 9 .9 a0
oo P‘Qlw‘ L o 10100‘ L
6- -0
-40
5- Oak (y) 21 =80
4.
3-
2-
1.
0- . )
’\ A
oo "’M)(L'L \W 1
Date

Page 8 of 14

6- -0
: I | -40
5- Pine 18 80D
(0]
Q.
4- T,
5
3- o
3
2- =}
3
1- 3
fo}
0- _‘T_I_NM_
\% AD AD
DN f)}) f]p
yo? M>‘
6- -0
-40
5- Pine 19 80D
[0]
Q.
4- T,
5
3- o
= J
=
2-
3
- 3
Q.
0- —= .
Q
o e T P e
6- -0
| ™ “40
5- Pine 20 03
Q.
4- T,
o)
3- o
=]
2- =)
3
1 3
Q.
0- . . . .
0 00 o°  o©
y&\qp PQ‘?'O )\)\10 OO\fLQ
6- -0
-40
5- Pine 21 80y
[¢]
0.
4- T.
o)
3- o
>
2- =
3
1 3
Q.
0' _!_!_k!_
A A A
Ba(\fll rl'l)\)\,LQ’L \(Lg'l
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Table 5 Deep seepage (see also Fig. 3) in years with extreme summer precipitation events
Year Stand Q,, (mm) Q. (mm) Q. (mm/year) Q./Qgym (%) t. (day) t,, (day) AWC, (%)
2018 Beech 122 0 122 - - - 20
Oak (y) 243 3 245 1 1 6 27
Pine 8 6 14 39 1 I 16
2019 Beech 0 0 0 - - - 35
Oak (y) 43 32 75 43 1 23 72
Pine 0 0 0 - - - 21
2020 Beech 36 1 37 3 2 9 32
Oak (y) 132 28 160 17 5 27 44
Pine 0 0 0 - - - 6
2021 Beech 44 36 80 46 1 9 32
Oak (y) 146 102 248 41 1 8 44
Pine 0 16 16 100 4 12 9

Q,,» winter precipitation feed seepage; Q,, extreme event precipitation feed seepage; Q;,,, sum of Q,, and Q,; t., response time until event’s impact on deep seepage
curve; t.,, time span from t_ to the peak of g.; AWC,, soil water content (0-5 m) before the extreme event

Table 6 Water balance components for beech, oak (y), and pine
trees from 2013 to 2023

Water balance components Beech Oak (y) Pine
Mean annual precipitation’ sum (mm) 655 655 655
Mean annual evapotranspiration (mm) 598 499 645
Mean annual interception loss (mm) 123 105 200
Mean annual deep seepage (mm) 53 170

Minimal annual deep seepage (mm) 0 75

Median annual deep seepage (mm) 37 168

Maximal annual deep seepage (mm) 121 265 16

1Open field precipitation corrected after Richter (1995). Evapotranspiration
includes interception

4 Discussion

4.1 Meteorological extreme events

The four analysed precipitation events observed at
IFEMS Britz were extreme and statistically rare, even if
they occurred during 4 consecutive years. The analy-
sis revealed that extreme summer precipitation events
have become more frequent over the observed period,
and the return period of certain extreme events has
decreased within recent years. Additionally, Hénsel
et al. (2022) reported, depending on the applied indi-
cator, an increase in extreme summer precipitation
events in Europe in recent years, not yet including the
exceptional extreme summer precipitation event of
2021 (Ibebuchi 2022).

The absolute amount of extreme precipitation events
could be underestimated, as during high-intensity pre-
cipitation tipping gauges display reduced accuracy.
Fortunately, the highest intensities during these events
remained below 1 mm per minute, while the maximum
load of the tipping bucket used here is specified with

8 mm per minute. Thus, we assume that the underesti-
mation was slight.

In general, summers will become drier, and, over-
all, the variability is likely to increase (Vicente-Serrano
et al. 2014; Pendergrass et al. 2017; Ionita and Nagavciuc
2021). These predictions could not be verified by the total
summer precipitation time series of IFMS Britz. How-
ever, the share of summer precipitation during extreme
events lasting 9 to 24 h to total summer precipitation
was remarkable. Extreme events increased in inten-
sity and frequency (Fischer and Knutti 2015; Qing et al.
2023). Although our study does not include any climate
projection, it shows that extreme summer precipitation
events may become more important for deep seepage in
the future. Owing to the short series of measurements, a
general impact on deep seepage cannot be assumed yet.
Even if the increase in extreme precipitation events is
quite certain in climate projections, the resulting risks,
depending among other things on soil conditions, are
much less certain (Tabari 2020). The nature of extreme
summer precipitation events is a regional one, as there
is a relation between the intensity and the regionality
of extreme events; with an increase of the affected area,
the statistical amount of extreme precipitation events
decreases (Ludwig et al. 2023).

4.2 Application and validity of the Q. separation method

To our knowledge, our study is the first to use the prin-
ciples of the seepage hydrograph separation method for
analysing deep seepage formation from recorded lysim-
eter measurements. This method allows a general attri-
bution of input from overlapping precipitation events
to a resulting output of the lysimeters’ seepage hydro-
graph response. The need for a continuous decrease in
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summer precipitation events

winterfed deep seepage Q,, over time implies, at the tech-
nical level, a distinguishable input signal that generates
a clear and identifiable response in the seepage hydro-
graph to be separated by an exponential function. Our
assumption was fulfilled through Q. reacting quickly —
the maximum peak was reached within 6-27 days after
the precipitation event (compared to the slow reaction
in Q). Wittenberg et al. (2019) reported a response time
of 2 days of groundwater recharge in the northeastern
German lowland. In our lysimeters, the response started
within this time lapse but reached a delayed maximum,
probably due to longer flow paths. In addition, there were
clear time lags between the peaks of Q,, and Q,, which
makes it possible to distinguish between slow winter
seepage and rapid summer seepage. The occurrence of
two maxima during 2018 in the lysimeter below beech
and oak(y) resulted from a winter dry spell, as only a very
small amount of rain or snow fell over a period of 30 days,
and no notable precipitation occurred during the period

from February to March 2018. This phenomenon of two
maxima before the extreme event was not observed from
2019 to 2021, as no prolonged dry spells occurred dur-
ing these winters. As we focus here on the peaks caused
by extreme summer precipitation events, this occurrence
limits our method. The exponential decrease curves fit
well (red lines in Fig. 3), indicating a linear reservoir type
feeding Q.

Sobaga et al. (2024) analysed the impact of intense pre-
cipitation events over 45 years on agricultural soils in
northeastern France via lysimeters. Their maximum pre-
cipitation event was 65.5 mm/day, which is comparable
to Event19 but considerably smaller than Event21. They
reported that some intense precipitation events in spring
and summer caused recharge, and that accumulated
precipitation above 58 mm was required for their lysim-
eters to generate such fluxes. While our extreme summer
precipitation events constituted, on average, 35% of the
annual precipitation and led to 15% (young oak) to 71%
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Precipitation

Fig.5 Comparison between average winter-fed and extreme event-fed deep seepage as measured by lysimeters for the beech, oak(y), and pine

stands and precipitation between 2018 and 2021

(pine) of deep seepage (Fig. 5), the intense precipitation
events described by Sobaga et al. (2024) represented 15%
of the annual precipitation and generated between 8%
and 18% of the annual lysimeters’ recharge.

Despite the unique opportunity of quantifying deep
seepage with lysimeters, several limitations exist. An
often-discussed issue of lysimeters is the boundary
effects at the wall and on the bottom (e.g. Williams
et al. 2020). Preferential fluxes might occur towards the
wall of the lysimeter, which would result in an overes-
timation of deep seepage rates. However, in the large
lysimeters used in the present study, the ratio between
the perimeter (40 m) and surface area (100 m?) was
large and therefore minimised the influence of such
effects on the estimated seepage rate. Wittenberg et al.
(2019) reported a weak and delayed seepage response
when a rainfall event occurred after a longer dry
period. They assumed that in such cases, first, the adhe-
sive pore water and the gravel layer at the bottom of the
lysimeter were filled before drainage could begin, which
implies an underestimation of Q. if Q, is finalised,
which is what we observed during most events under
pine and beech. Additionally, water overflow might be
a source of inaccurate quantification of deep seepage.

At IFMS Britz, the lysimeter collar protrudes approxi-
mately 5 cm above the soil surface. This has previously
prevented overflow occurrence during heavy precipi-
tation. In addition, the saturated water conductivity of
the sand is very high with more than 2 m per day (A.
G. Boden et al. 2024) compared with the mean precipi-
tation intensities of 150 mm during 24 h (Event21) or
82 mm during 9 h (Event2020). We therefore conclude
that those interferences are of lower magnitude (even
negligible). This harmonises with no or negligible sur-
face runoff in small inland forested subcatchments with
high infiltration capacities of the northeastern Ger-
man lowlands, without hydraulic connection to sur-
face water or less slope (Wolters et al. 2023). Snow and
frozen soil may influence the timing and portioning of
water flows in the winter half-year. At the IFMS Britz,
snow and frozen soil are not the focus of the measure-
ments. As we have no surface runoff in the lysimeters,
there could only be a temporal shift in soil rewetting
and deep seepage, not influencing extreme summer
precipitation events. Therefore, snow and frozen soil
are neglected in this analysis. An impact of snow and
frozen soil is unlikely, as there is an increasing available
water content during winter (Fig. 4).
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4.3 Water balance components of different stands

As shown above, most of the annual precipitation is
returned to the atmosphere by evapotranspiration. The
differences between the lysimeters under beech and
under pine are consistent with the findings of previous
studies at IFSM Britz (Miiller and Bolte 2009). In pine
stands, it takes longer to replenish the plant-available
soil water before deep seepage can take place under a
given precipitation regime. Young oak stands, like other
younger forest stands, take up less water than older for-
est stands do (e.g., Mitscherlich 1981; Brown et al. 2005;
Natkhin et al. 2012; QOishi, 2020). Leuschner et al. (2022)
reported that high evapotranspiration in pine stands
leads to little or no deep seepage; our setup confirms
this reduced seepage under pine (Table 6). IFSM Britz
was established to analyse the impact of different forest
stands on the water balance under even boundary con-
ditions (Liitzke & Simon 1971). Therefore, a flat area
with horizontal and vertical homogeneous sandy soils
was chosen. As no replications were available and only
four events were analysed, we are unable to generalise
our observations to stand or species levels. Neverthe-
less, careful consideration of the general productivity of
tree species depending on soil (Boncina et al. 2023) and
climate conditions (Aitken et al. 2008) leads to changes
in the water balance, limiting the transferability. Despite
this limitation, the transferability seems high; the sandy
beech, oak, and pine stands on the IFSM Britz are typi-
cal in terms of soil composition, climate, and topography
to large stretches of the northeastern German lowlands.
Miiller (2019) characterises IFSM Britz as typical for two-
thirds of forest stands in Brandenburg.

During extreme summer precipitation events, the rela-
tive impact of interception decreased, as the intercep-
tion by the canopy is limited (Fernidndez and Trejo 2020;
Junjun Yang et al. 2023). In addition, transpiration is usu-
ally low during such events, as vapour pressure deficit
and solar radiation are low. The main difference between
beech, oak (y), and pine stands can be found in the pre-
event soil moisture (Table 5). The reasons for this are a
lower leaf area index than that of beech stands, result-
ing in lower interception and transpiration (Table 2),
and a less developed rooting depth of young trees. Dif-
ferences in water balance between the analysed lysim-
eters also resulted from differences in the architecture of
the trees. In contrast to pine, beech has a funnel-shaped
crown—steeply sloping branches and twigs funnel water
towards the stem—and smooth bark. This morphologi-
cal peculiarity of beech means that during heavy rainfall
events, a large amount of intercepted precipitation flows
down the trunk of beech trees. Stemflow formation in
beech stands concentrates and channels water in a circu-
lar pattern at the base of the trunk. From there, it flows
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preferentially along the roots into the subsoil (Schwérzel
et al. 2012; Friesen 2020). Additionally, the absolute val-
ues of Q. were highest under oak (y) and lowest for pine.
However, Q. under pine far exceeded Q.

5 Conclusion

Our lysimeter-based monitoring revealed high impacts
of extreme summer precipitation events on deep seep-
age. During 2018 and 2021, about 71% (pine), 22% (young
oak), and 22% (beech) of the annual deep seepage was
contributed by extreme summer precipitation events.
The observed increase in the frequency of extreme sum-
mer precipitation events and also the projected increase
caused by changing climate patterns show the impor-
tance for deep seepage formation and have not been the
focus thus far.

As the return period of such events has decreased, we
conclude that for the dominating pine forests, rapid deep
seepage formation during extreme summer precipita-
tion may be the most important mechanism for recharg-
ing aquifers in the northeastern German lowlands in the
future. The observed variations in deep seepage forma-
tion between the oak and beech stands are mainly due to
differences in forest age.

However, the monitoring site setup indicates that sil-
viculture in the form of tree species composition has
the potential to compensate for some ecosystem service
losses. Provided that these events will occur reliably in
the future, forest management systems can play a sub-
stantial role in increasing groundwater recharge and mit-
igating groundwater scarcity-related conflicts.
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