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How to Control the Lysimeter
Bottom Boundary to Investigate
the Effect of Climate Change
on Soil Processes?
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and Harry Vereecken
Core Ideas
• The water flux in lysimeters with a
tension-controlled bottom boundary depends strongly on the applied
pressure head.
• The surrounding subsurface conditions have a significant influence
on the measured pressure heads
that are used to control the bottom
boundary of transferred lysimeters.
• Use of nonappropriate water table
depths and soil textural properties
which do not correspond to the
conditions where the lysimeter originated can lead to large differences
in soil water fluxes.
• The control of the bottom boundary of transferred lysimeters should
be managed by measured pressure heads from the site where the
lysimeter was taken from in order
to enable a direct comparison of
changes in soils and to investigate
the effect of climate change on soil
processes and soil functions.

A dynamic tension-controlled bottom boundary of lysimeters allows observing water and matter fluxes in lysimeters that are close to natural field
conditions, as pressure heads at the lysimeter bottom are adjusted to measured pressure heads at the same depth in the surrounding field. However
lysimeters are often transferred from their sampling location for practical
reasons or to study, for example, the effect of climate change on soil functions. This transfer can be accompanied by a change aboveground but also
in subsurface conditions that are used to control the bottom boundary and
that may affect the soil water balance of lysimeters. This issue is also relevant
for lysimeter stations which use a tension-controlled bottom boundary and
are not directly installed near the site of excavation. The potential impact
of different bottom boundary conditions on the water balance of lysimeters that were transferred in a climate impact experiment (SOILCan) was
investigated exemplarily by a numerical study. Results showed that by using
nonappropriate pressure heads, which were measured in soil profiles with a
different texture and water table depth than the profile where the lysimeter
was taken from, had partially large impacts on soil water fluxes, especially
when the water table was located within a specific critical range. Different
climate conditions between sampling and installation site were buffered
by the soil and did not show a strong influence on the bottom boundary
control of lysimeters when the groundwater table depth was assumed to
remain constant. Considering a change in groundwater table depths due
to changing climate tempered the effects of climate change on the soil
water balance terms. In general, results demonstrate the importance of a
proper control of the lysimeters bottom boundary conditions in studies that
investigate the influence of climate change on soil functions and ecosystem variables by transferring lysimeter along climate gradients.
Abbreviations: BL, Bad Lauchstädt; Dd, Dedelow; ETa, evapotranspiration; ETP, potential
evapotranspiration; LAI, leaf area index; Sb, Sauerbach; Se, Selhausen.
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Increasing variability of temperature and precipitation by climate change will

affect the water availability, nutrient supply, and growth conditions for crop production
(Thornton et al., 2014). Accurate and precise observations of the impact of climate variability and change on the water and matter fluxes in the unsaturated and saturated zone
are therefore key information sources for the development of adaptation and management
strategies of agricultural and environmental systems. Weighable lysimeters are frequently
used tools to measure these fluxes in an entire soil profile (up to several meters deep) and
provide us with observations that can be representative up to the field scale (Abdou and
Flury 2004; Kasteel et al., 2007). Weighable lysimeters are vessels filled with disturbed
or undisturbed soil volumes which are isolated from the surrounding field conditions.
Lysimeters can be used to quantify the impacts of climate change on processes in the
soil–vegetation–atmosphere continuum, for example, the influence of increasing soil temperature on dissolved organic carbon (Briones et al., 1998), of higher soil temperatures and
CO2– concentrations on the water and matter (carbon, nitrogen and phosphorus) budget
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of grassland (Herndl et al., 2011), of change in rainfall patterns on
plant productivity for different soil types (Tataw et al., 2014), of
decreasing rainfall and temperature on nitrate dynamics (Ineson
et al., 1998), and the ecological controls on water-cycle response to
climate variability in deserts (Scanlon et al., 2005).
In the context of growing interest in changes in the hydrological
cycle due to climate change, an experimental lysimeter network
(SOILCan [Zacharias et al., 2011]) was built up in Germany to
study long-term effects of climate change on water and matter
fluxes in soils and exchange of greenhouse gases. This network
is embedded into the long-term observatories of TERrestiral
ENvironmental Observatories (TERENO). The focus of the
SOILCan project is to observe the impact of climate change
on water and matter budgets in different grass and arable land
lysimeters (Bogena et al., 2012). A monitoring network of lysimeter stations was established across a rainfall and temperature
transect, and lysimeters were transferred between the stations to
subject them to different rainfall and temperature regimes (Pütz
et al., 2013). The SOILCan setup and the transfer of lysimeters
enable a comparison of water and matter fluxes in the same soil
under different climatic conditions. The lateral separation of the
lysimeter from its location in the landscape disturbs lateral inflows
and outflows such as surface runoff and run-on and lateral flow
on sloping subsurface soil horizons. Lysimeters are therefore not
suited to investigate soil water balances at locations where these
nonlocal controls on the soil water balance are important. The
separation of the lysimeter from its surroundings also introduces
an artificial boundary at the bottom that may affect the soil water
balance of the lysimeter. The classically used bottom boundary
of a lysimeter is a seepage-face boundary through which water
can only leave when the soil is saturated and through which no
upward inflow is possible. Disconnecting the capillary connection
with deeper soil affects the drainage and prevents capillary rise.
Several studies have shown that upward directed water fluxes from
shallow groundwater tables and deeper soil layers serve as an additional water supply for evapotranspiration processes (Schwaerzel
and Bohl, 2003; Yang et al., 2007; Luo and Sophocleous, 2010;
Karimov et al., 2014). A seepage-face boundary condition may lead
to a bias in the drainage (Stenitzer and Fank, 2007) and in the
solute transport processes (Abdou and Flury, 2004; Boesten, 2007)
so that lysimeter observations are not directly transferable to fieldscale conditions (Vereecken and Dust, 1998; Flury et al., 1999).
However, methods have been developed to control the bottom
boundary of a lysimeter so that the water balance and moisture
profiles in the lysimeter correspond closely with those that would
prevail in the undisturbed soil profile (Fank and Unold, 2007).
The lysimeters in SOILCan have a controlled bottom boundary
condition using a rake of suction candles that enables upward
and downward flow of water from and to a weighted leachate
tank. To ensure the lysimeter water dynamics are according to
the field dynamics, the pressure head at the bottom is controlled
and adjusted to measured pressure heads in an undisturbed soil
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profile next to the location where the lysimeter is installed and at
the same depth as the bottom of the lysimeter. An adjustable control algorithm takes into account different soils and conductivities,
allowing the bidirectional pumping system to control the water
flow direction across the lysimeter bottom to minimize pressure
head differences between the field and the lysimeter.
Often, lysimeters are transferred from the place where they were
sampled (also for practical reasons) to another location. For
transferred lysimeters this approach leads to artifacts since the
properties and the hydrogeological setting of the soil profile where
the control pressure head is measured may differ from the soil in
the lysimeter and the conditions at the site where the lysimeter
was taken. Furthermore, changing boundary conditions at the soil
surface due to, for instance, climate change will have an effect on
the hydrogeological conditions, the water and matter balance in
the soil profile, and consequently the pressure head that should be
used to control the bottom boundary. Therefore studies of climate
change impacts on water fluxes in soils using transferred lysimeters
have to take into account that a shift of the climatic conditions will
alter the top as well as the bottom boundary of soil monoliths. We
hypothesize that the feedback between changing climate conditions, groundwater table depths, and boundary conditions that
have to be applied at the bottom of lysimeters have important consequences for the water balance in the lysimeters. Not considering
these feedbacks may lead to incorrect conclusions about the effect
of climate change on changes of water and matter fluxes in soils.
To assess the potential impact of different bottom boundary
conditions on the soil water balance of transferred lysimeters, a
numerical study in soils was conducted. The use of synthetic data
from numerical studies has the advantage that the assumed truth is
known (Schelle et al., 2013) and that the impact of certain changes
on the system can be related to a single or several known factors.
Using numerical simulation with the software HYDRUS-1D
(Šimůnek et al., 2013), we will define (i) the potential impact of
different approaches to control the bottom boundary on the water
fluxes across the lysimeter, (ii) the sensitivity of water fluxes toward
a changing water table depth, and (iii) the feedback between water
table change, climate change, and drainage within a fixed hydrogeological setting. On the basis of this study, a proposal for the
control of the bottom boundary condition of transferred lysimeters
will be made to enable a measurement setup (SOILCan network)
that allows quantifying the influence of climate change on soil
functions and relevant ecosystem variables.

66Materials

and Methods

Site Descriptions

For the simulation experiment, we considered all transfers of
arable land lysimeters from four test sites of the SOILCan climate
change lysimeter network. Lysimeters were transferred from Bad
p. 2 of 15

Lauchstädt (BL), Dedelow (Dd), Sauerbach (Sb), and Selhausen
(Se) to the central tests sites for arable land lysimeters in BL and Se
(see Table 1). Further information about the lysimeter sites, lysimeter transfer, soil texture, weather station, groundwater table depths,
and mean annual climatic conditions during the simulation period
(1981–2010) is given in Table 1.
The transfer of arable land lysimeters to the central test site in
BL represents a climate change scenario (1981–2010) with a
decrease in mean annual precipitation (range: 17 to 215 mm) and
an increase in mean annual air temperature (range: 0.1 to 0.7°C;
exception, Se −0.9°C). The transfer of arable land lysimeters to
the central test site Se corresponds to a scenario (1981– 2010) with
increases in air temperature and precipitation. Changes in mean
annual air temperature are up to 1.6°C and annual amount of rain
up to 215 mm (1981–2010). The higher annual rainfall amount in
Se can be mainly related to wetter conditions during winter and
autumn months.

Definition of Simulated Scenarios
The temporal evolution of the pressure head (values −/+ = unsaturated/saturated soil conditions) at 1.4-m soil depth depends
on the local climate conditions, soil properties (water retention
and hydraulic conductivity), and the depth of groundwater table.
Simulations in soil profiles down to a groundwater table are used to
obtain and/or mimic time series of pressure heads at 1.4-m depth.
These pressure heads are then used to control the bottom boundary
of the transferred lysimeters, which represent truncated soil profiles. Figure 1 shows the simulation proceeding for a transfer of soil
from Sb to the central test site in BL. In a first step, we simulated
pressure heads and fluxes in the soil profile where the lysimeter was
taken (origin) to have the basis for comparison and identify the
change in soil water balance components due to the transfer and
due to the use of different scenarios to control the bottom boundary of transferred lysimeters. A second simulation represents the
current control of transferred lysimeters at the central test sites of
the SOILCan network and will be called the Scenario 0 (S0). In
this scenario, pressure heads that are observed in the soil profile at

Table 1. Basic information about test sites characteristics.
Profile mean
Mean annual
Groundwater Texture
Weather station† Altitude level‡
class§
Sand Silt Clay Temp. Rainfall ETP¶

Test site
Origin

Transfer

Coordinates

—————m —————

————% ———— °C

——mm ———

Bad Lauchstädt (BL) Se

51°23¢37¢¢N

11°52¢45¢¢E

Halle- Kröllwitz 113

2

SiLo

12.9

66.3 20.8

9.6

503

633

Dedelow (Dd)

BL, Se

53°22¢2¢¢N

13°48¢11¢¢E

Angermünde

41

3

SaLo

55.0

27.0

18.0

8.9

522

659

Sauerbach (Sb)

BL, Se

52°04¢47¢¢N

11°16¢58¢¢E

Magdeburg

143

9

SiLo

8.9

71.9

19.2

9.5

520

646

Selhausen (Se)

BL

50°52¢9¢¢N

6°27¢1¢¢E

Jülich Forsch.Anlage

104

4

SiLo

16.4

65.4

18.2

10.5

718

643

† Stations from the German Weather Service.
‡ Assumption of a constant groundwater table depth.
§ According to USDA textural classification chart.
¶ Potential evapotranspiration, FAO Penman–Monteith.

Fig. 1. Experimental setup to derive synthetic data for the control of lysimeter bottom boundary derived by five approaches exemplarily for the lysimeter
transfer from Sauerbach (Sb) to the central test site Bad Lauchstädt (BL). The approaches to derive pressure heads in 1.4-m soil depth from a complete
soil profile to control the truncated soil of a lysimeter are the following: the origin approach represents conditions to calculate the soil water balance
at the site where the lysimeter was taken from. The scenario Scenario 0 (S0) uses the climate conditions, soil characteristics, and groundwater (GW)
level from BL (current control approach). The S1 uses the climate input, soil characteristics, and groundwater levels from Sb. The S2 uses climate
conditions from BL and the soil characteristics and groundwater levels from Sb. The S3 uses climate from BL and the soil characteristics and 2-m
declined groundwater level from Sb.
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the site where the lysimeters are transferred to are used to control
the bottom boundary of the transferred lysimeters. These control
pressure heads are influenced by the soil properties and groundwater table depths at the site where the lysimeters are transferred to
and therefore differ from the soil properties of the lysimeters and
the groundwater table depths in the profiles where the lysimeters
were taken from. To evaluate the artifacts caused by this control of
the lysimeter bottom boundary and to derive an alternative suited
approach, water balance simulations were run for three additional
scenarios. In Scenario 1 (S1), we used pressure heads at 1.4-m depth
that were measured and/or simulated in the soil profile at the site
where the lysimeters were taken from to control the lysimeter
bottom conditions, that is, the bottom boundary condition in
the truncated soil profile simulations was identical to the one in
Scenario origin. However, these pressure heads are influenced by
the climate at the site where the lysimeters were taken from and
may therefore lead to artifacts when used to control the bottom
boundary of lysimeters that are transferred to other sites with a
different climate. Therefore we defined a Scenario 2 (S2) which
used pressure heads that are simulated by using the soil properties
and the groundwater table depths from the site where the lysimeters were taken and the climate from the site where the lysimeters
were transferred to. Although this approach takes account of the
hydraulic properties and hydrological setting of the soil profile
at the site from where the lysimeters were taken and the climatic
boundary conditions at the site where they are transferred to, feedbacks between the climate and the groundwater table depth are not
considered. When groundwater recharge decreases over a long time
period, groundwater tables will sink. To consider these feedbacks,
lateral water flow in the phreatic aquifer below the vadose zone,
which depends on the hydrogeological setting of the region where
the lysimeters are taken from, should be considered. Since there
is a lot of uncertainty about this setting, we decided to evaluate
the potential feedback between climate change and groundwater
depth changes with Scenario 3 (S3) by assuming that the static
groundwater level from S2 declines by 2 m when lysimeters are
transferred from a wetter to a drier site or increases by 1 m when
they are transferred from a drier to a wetter site. The decline or
increase of water table was chosen arbitrarily. Information about
the simulation setup of the different scenarios that were used to
derive the control pressures at the bottom of the transferred lysimeters is summarized in Table 2.
Several studies have shown the interdependence of land surface
fluxes and groundwater dynamics (Kollet and Maxwell, 2008;
Maxwell and Kollet, 2008; Ferguson and Maxwell, 2010; Soylu
et al., 2011). To explain the differences between the scenarios
because of different groundwater table depths and to evaluate
the effect of the groundwater table depth on soil water fluxes
systematically, additional simulations in which the water table
depth varied from 1.4 to 20 m were performed. In the scenarios
used so far, only the effect of a static groundwater table on the
water balance of lysimeters was considered. Therefore additional
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simulations were conducted that consider the interactions between
groundwater table depth and drainage–capillary rise within a fixed
and hypothetical hydrogeological setting. We defined hydrogeological properties that control lateral groundwater flow such as the
depth of an impermeable layer, the hydraulic conductivity of the
groundwater layer, and the distance between surface water bodies
that drain groundwater.

Model Setup and Parameterization
To model the impact of different bottom boundaries on the water
balance of lysimeters, we used the one-dimensional water flow
model HYDRUS-1D (Šimůnek et al., 2013). The program solves
numerically the Richards equation for unsaturated water flow.
The upper boundary was a time dependent atmospheric boundary condition (daily resolution). Since the objective of this study
was to investigate the effect of the bottom boundary control on
the soil water balance and not to describe the water balance in the
real lysimeters as accurately as possible, we made a few simplifying assumptions. We assumed a homogenous mean soil texture
from the top to the bottom of the soil profile. The hydraulic soil
parameters for the water retention curve and unsaturated hydraulic conductivity in the Mualem–van Genuchten model (van
Genuchten, 1980) were estimated from the averaged sand, silt, and
clay content in the soil profile (see Table 3) by using the ROSETTA
database. Saturated hydraulic conductivity (K S) parameters estimated for the silt texture were replaced by the corresponding values
from Carsel and Parrish (1988) to obtain a more realistic unsaturated conductivity for structured silt soils (Schlüter et al., 2013).
The bottom boundary of the complete soil profile simulations was
defined assuming a constant groundwater table depth at the bottom
of the simulated soil profile (see Table 1). For the simulations in the
lysimeters, we considered a soil profile of 1.4-m depth. To mimic
the real control system of the lysimeter bottom boundary, time
dependent pressure heads were defined at the bottom of the lysimeter. Time series of pressure heads at the bottom boundary of the
lysimeters were obtained from simulated pressure heads at 1.4-m
depth in the complete soil profiles that are considered for the origin
and the S0 to S3 scenarios. Potential evapotranspiration (ET P)
was calculated by the FAO-Penman–Monteith equation (FAO,
1990), assuming an albedo of 0.25 (−) for a wheat crop (Piggin and
Schwerdtfeger, 1973) and by using daily data of relative humidity, wind speed, sunshine hours, and minimum and maximum air
temperature. The meteorological data for a 30-yr time period from
1981 until 2010 were obtained from weather stations of the German
Weather Service (DWD): Se (Jülich Forsch.–Anlage), BL (Halle–
Kröllwitz), Sb (Magdeburg), and Dd (Angermünde). Missing values
were completed by a linear interpolation between nearby stations
of the German Weather Service.
Beer’s law was used to split the ETP into potential evaporation (EP)
and transpiration (T P) fluxes as follows:

EP = ETP exp(-a i LAI)

[1]
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Table 2. Overview of the climate conditions, soil profiles, and groundwater (GW) table depths that were used to simulate the control pressure heads at
the bottom of the lysimeters for the different scenarios.
Test site and
abbreviation

Origin
Transfer

Climate

Scenario 0
Soil

GW

Scenario 1

Climate Soil

m
Bad Lauchstädt, BL

Climate

Soil

m

GW

Climate Soil

m

Scenario 3
GW

Climate

Soil

m

GW
m

BL

BL

2

Se

Se

4

BL

BL

2

Se

BL

2

Se

BL

1

Dedelow, Dd

Dd

Dd

3

Se

Se

4

Dd

Dd

3

Se

Dd

3

Se

Dd

2

Sauerbach, Sb

Sb

Sb

9

Se

Se

4

Sb

Sb

9

Se

Sb

9

Se

Sb

8

Dedelow, Dd

Bad Lauch- Dd
städt
Sb

Dd

3

BL

BL

2

Dd

Dd

3

BL

Dd

3

BL

Dd

5

Sb

9

BL

BL

2

Sb

Sb

9

BL

Sb

9

BL

Sb

11

Se

4

BL

BL

2

Se

Se

4

BL

Se

4

BL

Se

6

Sauerbach, Sb

Selhausen

GW

Scenario 2

Selhausen, Se

Se

Table 3. Hydraulic parameters for the Mualem–van Genuchten model (van Genuchten, 1980) of each test site were obtained from the HYDRUS-1D
implemented ROSETTA database (Schaap et al., 2001), and saturated hydraulic conductivity for silt loam at Bad Lauchstädt, Sauerbach, and Selhausen where replaced by a value derived by soil texture class from Carsel and Parrish (1988).†
Test site

qr

qs

————————cm3 cm−3 ————————

a

n

cm−1

Ks

t

cm d−1

Bad Lauchstädt

0.0737

0.4461

0.0053

1.6298

10.80

0.5

Dedelow

0.0566

0.3912

0.0210

1.3924

18.43

0.5

Sauerbach

0.0737

0.4539

0.0056

1.6305

10.80

0.5

Selhausen

0.0685

0.4389

0.0048

1.6576

10.80

0.5

† qr, residual water content; qs, saturated water content; a and n, empirical shape parameters; Ks, saturated hydraulic conductivity; t, empirical tortuosity factor.

TP = ETP éë1- exp(-a i LAI)ùû

[2]

where a i is 0.463 (−) (Šimůnek et al., 2013) and LAI (cm2 cm−2) is
the leaf area index. The seasonal development of the LAI of wheat
was approximated by a linear relation from sowing (1 March) until
midseason (1 May) when it reached a maximum of 3.6 (cm2 cm−2)
(Breuer et al., 2003) and after which it remained constant until
ripening started (1 June). The evolution of LAI during ripening
until harvest (1 July) was approximated by a linear decrease from
LAI 3.6 (cm2 cm−2 , 1 June) until LAI 2 (cm2 cm−2; July). After
harvest, soil stayed bare (LAI = 0 cm2 cm−2) until the next growing season on 1 March. The potential evaporation, Ep, was used as
flux boundary condition at the soil surface until a critical threshold pressure head, hcrit = −100,000 cm at the soil surface, was
reached. When this pressure head was reached, the evaporation
flux from the soil surface was calculated by the prescribed critical
pressure head. The potential transpiration, Tp, was linked to the
depth-integrated potential water sink term. The potential water
sink term is proportional to the normalized root length density
which is described by the Hoffman and Van Genuchten (1983)
function. The evolution of rooting depth for wheat was simulated by the Verhulst–Pearl logistic growth function (Šimůnek
and Suarez, 1993), and the root growth factor was defined so that
50% of the rooting depth is reached at the first half of the growing
season (16 May). The initial root growth time was set on 1 March
with an initial rooting depth of 1 cm and harvest time on 1 July,

VZJ | Advancing Critical Zone Science

with a maximum rooting depth of 120 cm for spring wheat (Allen
et al., 1998). The potential water uptake is reduced when the soil
is nearly saturated and when the soil water potential decreases
below a critical value. The relation between actual water uptake
and soil water potential was described by the Feddes et al. (1978)
stress response function. The used Feddes parameters for the root
water uptake were set according to values for wheat from Wesseling
et al. (1991). The water uptake by roots is assumed to be zero at
pressure heads higher than 0 cm (anaerobic stress) and lower than
−16,000 cm (water stress), which corresponds to the permanent
wilting point. The optimal range for water uptake is between −1
and −500 cm for a potential transpiration rate of 0.5 cm d−1 and
between −1 and −900 cm for a potential transpiration rate of 0.1
cm d−1. A linear decrease of water uptake is assumed between the
limiting pressure heads and wilting point.
For the vegetation parameters, LAI, rooting depth, and their
change over time were kept the same for all simulations. Therefore,
feedbacks between weather- and climate-dependent vegetation
dynamics and the hydrological system, which are important for
climate change impact studies (van Walsum and Supit, 2012;
Pangle et al., 2014), were not considered. Ecohydrological vegetation feedbacks influence the upper boundary conditions and root
water uptake in the soil profile. Since we did not consider these
feedbacks, it must be noted that our simulations do not represent
how the upper boundary conditions of transferred lysimeters will
change. However, the objective of this study is to investigate how
p. 5 of 15

to control the bottom boundary conditions of transferred lysimeters so that the effect of changing upper boundary conditions due
to climate change, including feedbacks with vegetation dynamics,
can be monitored in these systems without introducing a systematic bias resulting from improper bottom boundary conditions.
As initial conditions, we assumed a hydrostatic equilibrium from
the groundwater table up to 1 m above the groundwater table.
Above this depth, pressure head was assumed to be constant with
depth and equal to −100 cm. For the lysimeter, the same initial
pressure heads as in the complete soil profile between the bottom
of the lysimeter and the soil surface were taken. A two year spin-up
phase was used to minimize the effect of the chosen initial conditions. Long-term mean pressure head, actual evaporation (Ea),
actual transpiration (Ta), and drainage (negative value) or upward
flux (by capillary rise, positive value) that were simulated in the
truncated profiles or lysimeters for the different approaches were
compared.
To examine the impact of a changing groundwater depth on evapotranspiration and drainage or upward flux, we varied the static
groundwater table depth (bottom boundary) from 1.4 m up to 20
m for all four soils in Bad Lauchstädt and Selhausen. To account
for feedback mechanisms between changing climate, groundwater
table depth, and drainage, we conducted a sensitivity analysis in
which we varied hydrogeological settings that determine lateral
groundwater flow, such as the depth of an impermeable layer on
which a groundwater table develops that discharges into drains
that are located on this impermeable layer. This was done exemplarily for the Selhausen soil. To account in HYDRUS-1D for
a dynamic positioning of the water table during the season and
a lateral flow or drain discharge on top of an impermeable layer,
we used a system dependent bottom boundary condition derived
from the Hooghoudt equation (Šimůnek et al., 2013). The drain
discharge (drainage) qdrain (cm d−1) of a homogeneous soil profile
in which the drains are located on top of an impermeable layer can
be calculated by:
qdrain =

hdr
g dr

[3]

where hdr stands for the height of the water table (cm) above the
drain at the midpoint between the drains and g dr for the total
drainage resistance (d). The g dr is the sum of the radial flow and
the entrance resistance, and can be calculated by Eq. [4]:
g dr

L2dr
=
+ g entr
4 K H hdr

[4]

where Ldr is the drain spacing (cm), KH is the horizontal saturated
hydraulic conductivity (cm d−1) of the groundwater layer above
the drain system (which was set to 15 cm d−1), and g entr is the
entrance resistance into the drains (d). The parameter g entr was
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set to zero, as we assumed that the convergence of stream lines
to the infinite perforations in the drainage tube does not lead
to an additional flow resistance and head loss. The depth of the
impermeable layer was varied from 4 m until 20 m with a fixed
Ldr of 200 m. The relation between the groundwater table depth
and drainage in Eq. [3] allows solving the soil water flow equation without having to prescribe pressure head or drainage at the
bottom boundary. Therefore, both groundwater table depth and
drainage and how they change when the upper boundary conditions change are simulated.
To compare the simulated dynamic groundwater table depths
with fixed groundwater table depths, we defined a time-averaged
groundwater layer thickness, hdr,eff , that would lead to the same
average drainage, áqdrainñ:
hdr,eff =

áqdrain ñL2dr
4KH

[5]

The effective average groundwater layer thickness hdr,eff can be
related to the time-averaged groundwater layer thickness áhdrñ and
its temporal variance s2hdr as:

hdr,eff = áhdr ñ2 +s 2hdr

66Results

[6]

and Discussion

Impact of Different Bottom Boundary
Conditions on the Water Balance
of Lysimeters

The distribution of pressure heads at 1.4-m soil depth during the
30-yr simulation period that were used in the different approaches
to control the bottom boundary of the lysimeters are shown as
box plots in Fig. 2. Also shown in Fig. 2 are the pressure head
distributions in the soil profiles at the sites where the lysimeters
were taken (origin). For S0, the pressure heads are equal to those
in the soil profiles at the site where the lysimeters are installed. For
S1, they are equal to the distribution of pressure heads at the site
where the lysimeters were taken (origin). Average yearly transpiration, evaporation, and drainage or upward flux for the different
control approaches are given as stacked bar plots in Fig. 3.

Transfer to the Central Test Site Selhausen
The larger precipitation due to the transfer of soils to Se (74 to 236
mm) led to a larger drainage in all transferred lysimeters for all
considered controls of the bottom boundary. For the BL lysimeter,
the upward directed water flux by capillary rise at the original
location changed to a net drainage. The transpiration was larger
in the lysimeters transferred to Se (max. 17 mm), except for the
lysimeters from BL in which the transpiration rate was smaller
than at the original location (6 mm). Also, the evaporation rates
p. 6 of 15

Fig. 2. Pressure heads at 1.4-m depth from complete soil profile simulations at the site where the lysimeter was taken from (origin) and pressure heads
that were used to control the bottom boundary of the lysimeters transferred to the central test site Se (top subplots) and BL (bottom subplots) for the
different scenarios: S0–S3.

were higher in comparison with the original location (max. 109
mm), with exception of the S0 of the lysimeter from BL in Se,
where evaporation rates declines by more than 18 mm. Using a
bottom boundary from scenario simulations that was determined
by a profile with a deeper groundwater table led to lower pressure
heads at the bottom of the lysimeter (Fig. 2) and therefore to a
larger drainage (Fig. 3). The influence of capillary rise from the
water table on the soil water fluxes across the boundaries of the
lysimeter declined with increasing depth to groundwater table (see
Sb to Se in Fig. 3). However, the sensitivity of drainage or upward
flux to the depth of the groundwater table depends not only on
the depth to the groundwater table, but also on the soil properties.
The coarser textured soil from Dd showed a smaller sensitivity
of drainage on the depth to groundwater table. The larger pore
size in the coarser textured Dd soil led to a smaller capillarity and
capillary rise than in the other soils that have a finer texture and
smaller pores (Li et al., 2013). Comparing the differences between
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S1 and S2 represents the effect of the change in climate on the
simulated pressure heads at the bottom of the lysimeter in the soil
profiles with the same groundwater table depth (see Fig. 2) and
the effect of using these simulated pressure heads to control the
bottom boundary (see Fig. 3). Since the climate was wetter in Se
than in the other locations, the simulated pressure heads at the
bottom of the lysimeter were higher for S2 than for S1. But only
in the Sb profile, which has a deep groundwater table, there was a
considerable increase in pressure heads. But, when compared with
the difference between simulated drainage between S0 and S1, the
difference between S1 and S2 was small. For the other profiles,
the pressure heads at the bottom of the lysimeter were stronger,
as they were controlled more by the presumed groundwater table
depth in the soil profile than by the climate conditions at the soil
surface. A low impact from climate conditions on the simulated
fluxes in the transferred lysimeters might be related to the use of
a constant water table (disconnected from land surface fluxes) in
p. 7 of 15

Fig. 3. Averaged yearly transpiration, evaporation, and drainage (negative) or upward flux (positive) from lysimeter profile simulations (1981–2010).
The water balance of the lysimeters were simulated at the sites where the lysimeters were taken from (origin) and at the sites where the lysimeters were
transferred to. We used four different scenarios (S0 to S3) to control the bottom boundary of transferred lysimeters at the central test sites. Information
about climate conditions and soil origin is given in the subplot headings.

the complete soil profile simulations. Seasonal weather, drainage
(Taylor et al., 2013) and vegetation conditions lead to fluctuations
of the water table, which play an important role for the diurnal or
seasonal cycle of water uptake by plants (Gribovszki et al., 2010).
The raised groundwater level by 1 m from S2 to S3 led to higher
simulated pressure heads at the bottom of the lysimeter. This led
the Dd and Sb soils to a decrease in simulated drainage (max. 12
mm). For the BL soil, the simulated transpiration and evaporation
from S1 and S2 were equal to the potential evapotranspiration. A
further increase in groundwater level would therefore not further
enhance the evapotranspiration. Conversely, a too shallow water
table can lead to anaerobic conditions in the effective root zone
and negatively affect the plant transpiration (Soylu et al., 2014).
The order of magnitude of simulated fluxes at the lysimeter bottom
boundary is, in consideration of the assumptions in the simulation
setup (homogenous mean soil texture and constant water table),
in good agreement with observations for two exemplary test sites.
Measured drainage for the station Se was −53 mm a−1 (average
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value of three lysimeters, 2014 −2015) and for Dd was −23 mm
a−1 (average of six lysimeters, 2012–2013).

Transfer to the Central Test Site
Bad Lauchstädt
The central test site BL (502 mm) is drier than the Se (718 mm),
Dd (522 mm), and Sb (520 mm) test sites. The rainfall, but also the
potential evapotranspiration, is higher at the latter two sites (Dd =
659 mm; Sb = 646 mm) than at BL (633 mm). The groundwater
table in BL (2 m) is shallower than at the other sites. In general, the
simulated drainage of the transferred lysimeters to BL was smaller
than at the original locations. For the soils with a finer texture (silt
loam: BL, Se, and Sb), the shallow groundwater table in BL and the
simulated pressure heads that were used in S0 led to an upward flux
of water into the lysimeter and higher evapotranspiration. Upward
directed water flux from a shallow water table increased the water
storage in the effective root zone and enhanced the evapotranspiration (Leterme et al., 2012). This upward water flux compensated
for the difference between the potential evaporation rate and
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precipitation in BL so that the simulated evapotranspiration in
these lysimeters was equal to the potential evapotranspiration.
In the sandy loam soil from Dd the simulated pressure heads at
1.4-m depth for S0 were not large enough to sustain a sufficient
capillary rise to the root zone or soil surface so that for this soil,
transpiration and evaporation were lower than the potential rates,
and there was still drainage. When soil profiles with groundwater
table depths of the original locations (S1 and S2) or even lower (S3)
were considered to control the bottom boundary of the lysimeter,
the effect of capillary rise and groundwater uptake was smaller,
drainage increased, and evapotranspiration was reduced. For the
Se profile, a decrease of the groundwater table by 2 m led to a
significant decrease in upward fluxes (difference between the S2
and S3). This was neither observed for the Sb profile, which had
a similar texture as the Se profile but a deep groundwater table,
nor for the Dd profile, which had a coarser texture but a similar
groundwater table.
In general, average annual water fluxes were strongly influenced
by the surrounding field conditions (depth to water table and soil
properties). The use of a shallow water table and finer textured soil
in the scenario was essential for the water availability in the soil,
influenced the plant water use (Soylu et al., 2014), and enhanced
the evaporation from bare soil (Jin et al., 2014).

Impact of Boundary Conditions on
Dynamics of Water Fluxes at the Bottom
of Lysimeters
Figure 4 gives an overview of the average monthly drainage or
upward flux and their annual variability (period 1981 to 2010)
across the lysimeter bottom for the different bottom boundary controls. Drainage occurred mainly during the autumn and
winter months and was relatively small during spring. However,
in summer the flux was directed upward. The intra-annual variation of the average monthly drainage or upward flux declined for
bottom boundary control scenarios with deeper groundwater
tables. In general, we found that using a bottom boundary control based on a scenario with a higher water table led to a higher
upward flux during summer and higher drainage during winter.
This indicates that a control by S0 will lead to an overestimation of
upward flux during summer and of drainage during winter when
the water table at the site where the lysimeters are transferred to is
higher than at the original site (e.g., lysimeters transferred to BL).
The opposite is true for lysimeters that are transferred to a site with
a lower groundwater table (e.g., BL lysimeter transferred to Se).
The climatic boundary conditions at the top of the lysimeter influence the time course of the fluxes at the bottom of the lysimeter
(see difference between the origin and the other scenarios). But, for
the differences in climate conditions between the original sites and
the sites where the lysimeters were transferred to, the effect of the
different climate conditions on the pressure heads that are used
to control the bottom boundary was not large (see Fig. 2 and the
difference between S1 and S2). Consequently, S1 and S2 hardly
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led to differences in simulated monthly averaged water fluxes at
1.4-m depth.
The results indicate additionally that at sites with a relatively shallow groundwater table and silty soils, upward water fluxes during
summer can be considerable. Tension-controlled lysimeters are
required to reproduce these fluxes so that the soil water balance
in the field can be mimicked in the lysimeter system. But an inappropriate control of the pressure head based on pressure heads that
are obtained for a nonrelevant water table depth (e.g., from a site
that is not related to the site where the lysimeters were taken from)
can lead to large deviations of these fluxes.
With the water that flows back into the lysimeter system, dissolved
chemical substances are also transported. A correct mimicking of
the water fluxes at the bottom of the lysimeter is therefore also of
importance for a correct representation of the chemical balance, for
example, nitrogen balance (Klammler and Fank, 2014) or tracer
experiments in the lysimeter. Seasonal changes in saturated conditions at the lysimeter bottom can impact chemical processes, for
example, the denitrification rate (Anderson et al., 2014) or the
estimation of solute transport parameters (Rühle et al., 2015).
Within the SOILCan lysimeter setup, we assume that chemical
reactions and temperature in the leachate tank, where the leachate is stored, are comparable with that in the surrounding soil at
the corresponding depth of 1.4 m. However, when biogeochemical
gradients are present in the soil profile, the chemical composition
of the water that flows back into the soil profile will differ from
that that leaches from the profile. How the water composition of
the water that flows back into the system needs to be controlled
so that the chemical balance of the lysimeter system corresponds
with that of the field profile requires further investigation. In case
of a negative water balance over the year, additional water has to be
added with a similar chemical composition of the seasonal outflow
(e.g., prepared in laboratory) for a correct chemical balance. The
importance of bottom boundary conditions in zero tension lysimeter systems to represent pesticide balances in field soil profiles
has been demonstrated by Boesten (2007). But similar studies for
tension-controlled lysimeters are still missing.

Impact of the Different Controls of the
Bottom Boundary on the Water Contents
in the Lysimeters
In Fig. 5, time-averaged water contents and the standard deviations
of the temporal fluctuation at a certain depth are shown for the
different approaches. Again, the depth of the water table in the soil
profiles that were considered to define the control of the lysimeter
bottom boundary played an important role for the vertical water
content profile (Chen and Hu, 2004). The S0 (groundwater table
at the location where the lysimeters were transferred to) led to
considerably different water content profiles than those of other
approaches (based on groundwater tables at locations where the
lysimeters were taken). Besides affecting the mean water content,
p. 9 of 15

Fig. 4. Monthly averaged water flux across the bottom boundary of lysimeters that remained at their original locations (origin) and lysimeters that were
transferred from BL, Dd, Sb, and Se to the central test sites BL and Se and in which the pressure heads at the bottom boundary are prescribed by S0,
S1, S2, and S3. Positive values represent upward water fluxes (capillary rise), and negative values represent downward water fluxes (drainage). Error bars
represent the standard deviation of the monthly averaged fluxes in different years.

the groundwater table depth also influenced the temporal variability of the soil water content with smaller variability when the
water table depth was high (e.g., S0 for lysimeters transferred to
BL) and higher variability when the groundwater table was lower
(e.g., S3 for Se lysimeters transferred to BL). The effect of the climate on the soil moisture in the soil columns can be evaluated by
comparing the moisture contents at the original locations with
those using S2 to control the lysimeters bottom boundary, as both
control pressure heads are simulated in a soil profile with the same
water table depth and soil properties as at the original site, but
using climate of the location where the lysimeters were transferred
to. The Dd and Sb lysimeters that were transported to Se (wetter
climate) showed higher water contents in the top of the soil profiles
than at the original location. For the BL lysimeter transferred to
Se, the water content profile seems to be completely dominated
by the shallow water table depth in BL so that there was hardly an
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influence of the climate on the water content profile in this soil.
The Se lysimeter that was transferred to BL (drier climate) showed
lower water contents at the top of the soil profile than at the original location. The Dd and Sb lysimeters that were transferred to
BL did not show a difference in soil water content profile with the
profile at the original location since the climate at those locations
was similar to that in BL.
A comparison between the water content profiles in the lysimeter
from S1 and S2 shows the impact of using pressure heads at the
bottom of the lysimeter that were observed at the site where the
lysimeter were taken (S1) and the test site where the lysimeter were
transferred to (S2). Only for the Sb lysimeter that was transferred
to Se was a noticeable effect present. But the effect vanishes closer
to the soil surface where the water content profiles of S1 and S2
were closer to each other than the profiles from S1 and S0.
p. 10 of 15

Fig. 5. Time-averaged water contents in lysimeters that remained at their original locations (origin) and in lysimeters that were transferred from BL,
Dd, Sb, and Se to the central test sites BL and Se and in which the pressure heads at the bottom boundary are prescribed by S0, S1, S2, or S3. Error bars
represent the standard deviation of the temporal variations of the soil water content. The water contents of the soil from BL at Se (climate) are identical
for S1 and S2.

Finally, when comparing S3 (groundwater table changes compared
with the depth at the original location) and S2, lowering of the
water table in the Se and Dd profiles led to lower water contents
in the lysimeters that were transferred to the drier BL site. For the
Sb lysimeter, the effect of further lowering the groundwater table
on the water content profiles was small since the water table at the
original location was already quite deep and did not influence the
water dynamics in the soil profile a lot. For the lysimeters that were
translocated to Se, an increase in water table height led to wetter
soil profiles except for the Sb profile, where the groundwater table
was deep.
When we compare the different approaches, it seems that the
groundwater table depth in the soil profile was more important
for the control of the bottom boundary conditions of the lysimeter
than the climate. This implies that using pressure heads that are

VZJ | Advancing Critical Zone Science

measured in the soil profile at the site where the lysimeters are
transferred to for controlling the bottom boundary of the lysimeters may lead to considerable artifacts in the lysimeters water
balance. The main focus of the translocation concept in SOILCan
is to observe changes in water and matter fluxes in the same soil
under different climate conditions. The artifacts from the current
bottom boundary control (S0) will lead to a nonclimate change–
related alteration of the water balance in the considered transferred
terrestrial ecosystem. A better option seems to use pressure heads
that are measured at the sites where the lysimeters originate from.
This bottom boundary control setup for transferred lysimeters
allows a direct comparison of changes in soil processes and soil
functions under different climate regimes with identical bottom
boundary conditions.
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The important role of the groundwater table on the soil water balance
is further discussed in the following sections, where the sensitivity of
drainage or upward flux to the groundwater table depth and feedbacks
between drainage and groundwater table are evaluated.

Sensitivity of Water Fluxes Toward a
Changing Water Table Depth
Figure 6 illustrates the actual evapotranspiration (ETa) and
drainage–upward flux as a function of depth to groundwater
table for all soils under the climatic conditions of both central
test sites (Se and BL). The drainage generally increases, whereas
the evapotranspiration decreases with increasing groundwater
table depth. The ETa and drainage or upward flux simulations
were sensitive to groundwater table depth changes. The sensitivity
vanishes for a deep groundwater table when ETa becomes water
limited and in the silt loam soils (all except Dd) and also for
shallow groundwater tables when ETa becomes energy limited.
It should be noted that we did not consider groundwater table
depths above 1 m. In these cases, simulated ETa decreased with
decreasing water table depth because too wet soil conditions also

induce a transpiration reduction. Kollet and Maxwell (2008)
named the region with strong correlations between water table
depth and land surface energy fluxes as the “critical zone.” The
lower boundary of the critical zone represents the point where the
water table is disconnected from the land surface (Maxwell and
Kollet, 2008). In their study, this zone was defined for the Little
Washita watershed in central Oklahoma (soil: loam–loamy sand)
and ranged between 1 and 5 m. Following the concept of a critical
zone from Kollet and Maxwell (2008), we defined the upper and
lower limits of the sensitive ground water table (GWT) region
(critical zone) as the depth where |dETa/dGWT| > 5 mm m−1 yr−1.
The threshold value for |dETa/dGWT| was chosen arbitrarily but
represents the region where drainage–upward flux was sensitive to
the groundwater table depth and enables an estimation of a soilspecific critical zone.
The thickness of the critical zone from Fig. 6 (colored bars at the
subplot bottom) showed a strong dependence on soil texture as
well as on climatic conditions. Soils with a finer texture showed a
significantly thicker and deeper located critical zone than coarser

Fig. 6. Yearly water flux across the lower (drainage–upward flux) and upper boundary (evapotranspiration) of a soil profile, which represents the
corresponding soil texture class from BL, Dd, Sb, and Se, averaged over 30 yr under the respective climatic conditions at the central test sites Se and BL.
Horizontal colored bars at the bottom of each subplot represent the thickness of the soil texture specific critical zone. Vertical colored lines represent
the water table depth at the sites where the lysimeters were taken from.

VZJ | Advancing Critical Zone Science

p. 12 of 15

textured soils. The simulation was in a good agreement with studies by Soylu et al. (2011), who showed that soil properties (texture)
affect the depth and the thickness of critical zone. A change in
climate regime from wetter to drier conditions, with a smaller
precipitation-to-ET P ratio, resulted for the soils with the silt and
the sandy loam texture in a thicker critical zone. Finer textured
soils showed a much larger increased thickness of the critical
zone by a change in climate regime than the coarser textured soil.
Additionally, we can see from Fig. 6 the effect of changing the
water table at one site to the water table at the corresponding central test site. All soils, where a change of the two water tables was
within the soil-specific critical zone (horizontal colored bars at the
bottom), showed a considerable change in the drainage or upward
flux and evapotranspiration in the soil profile.
When the water table change was not in the critical zone (soil
Dd in Se) there was no effect of the groundwater table depth on
the change or drainage–upward flux due to a change of the net
precipitation. This explains the low sensitivity of water balance
components toward a water table change in the scenarios of a
coarser soil (Dd) in Fig. 3. The larger change of drainage–upward
flux and evapotranspiration due to changing groundwater tables in
BL indicates a higher sensitivity of water table changes on the water
fluxes in the soil profiles under drier climatic conditions. But the
question that needs to be answered is how the groundwater levels
will change when the net precipitation changes.

Feedback between Groundwater Change,
Climate Change, and Drainage
In our scenario S3, we used a fixed and preset drop of the groundwater table of 2 m to evaluate the potential effect
of the climate change (wet to drier conditions) on
groundwater table depths and its feedback on drainage. This drop was arbitrarily chosen but could, as we
demonstrate in this section, be estimated if the hydrogeological settings of the site are considered.
The averaged water table depth, drainage, and water
table drop as a function of the drain depth are shown
for two different climate conditions: BL and Se (Fig. 7).
The water table depth was under wetter conditions (Se)
generally higher and showed until 14 m larger seasonal
fluctuations than under drier conditions (BL). Under
the BL climate, drainage emerged for drain depths (or
impermeable layer depths) deeper than 6 m. It should
be noted that this threshold depth corresponds with
the groundwater table depth in Fig. 7 where the drainage becomes zero. Drier climate conditions prevented
the buildup of a water table and the generation of drainage for drain depths or impermeable layer boundaries
shallower than 6 m. Under these conditions, water that
perched on the impermeable layer could be completely
consumed by evapotranspiration without saturating
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the soil and generating drainage. Additionally, we have to remark
that with simulations under wetter conditions (Se) runoff occurred
when drain depth distance between the impervious layer and the
soil surface was smaller than 8 m.
The calculated drop of the water table, when the climate shifts
from wet to drier conditions, was maximal (around 2.9 m) for the
threshold drain depth of 8 m when a groundwater table emerged
under the BL conditions. For deeper drain depths, the groundwater table drop decreased to about 2 m for a drain depth of 20 m.
The simulation results for a defined fixed hydrogeological setting
indicate that a change in climate conditions will affect the average
position and the seasonal behavior of water table depth. A change
in water table depth and the seasonal variability goes along with
a modified pressure head in the soil at 1.4 m, which impacts the
water flux across the boundaries of transferred lysimeters. As an
example from simulations with drain spacing of 200 m, considering a groundwater table of 7 m under wet climate conditions and
assuming that it remains constant when the conditions change
to drier conditions, the simulated drainage under dry conditions
(S2, Fig. 7 red dashed line) would be 9 mm yr−1. When a drop in
the groundwater table due to changing climate conditions from
7 to 9 m is considered (S3, Fig. 7 red dashed line), the drainage
under dry conditions would be 34 mm yr−1. Also, the effect of the
change of the groundwater table depth when the climate changes
from drier to wetter conditions could be evaluated from Fig. 7. If
the groundwater table is at 7 m under dry conditions and assumed
to be the same under wet conditions (S2, Fig. 7 black dashed line),
the drainage under wet conditions would be 151 mm yr−1. When
the groundwater table rise due to the wetter conditions on 6 m is

Fig. 7. Sensitivity of mean water table depth, standard deviation, and mean drainage
(lateral flow) on top of an impervious layer for the soil from Se with a fixed
hydrogeological setting under different climate conditions (Se, triangles; BL, circles).
The green line represents the water table drop by a shift from a wetter to a drier and
hotter climate.
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considered (S3, Fig. 7 black dashed line), the drainage under wet
conditions would be 136 mm yr−1. The relevance of these changes
on the boundary conditions will alter the water flux and cause
significant changes on the measured water balance components
in the transferred lysimeter.

66Conclusions

and Outlook

We used tension-controlled lysimeter systems to study the effect of
climate change on soil hydrology. Lysimeters with a similar soil texture were transferred to other locations to simulate the soil water
balance under different climatic regimes. With the transfer of
lysimeters and/or soils in the simulation setup, not only the atmospheric but also the surrounding subsurface conditions changed
and influenced the measured pressure heads that are used to control the bottom boundary of transferred lysimeters. We found that
the use of nonappropriate pressure heads, which do not correspond
with water table depths and soil textural properties from the site
where the lysimeters originated from, can lead to large biases in
soil water fluxes and seasonal water flux dynamics across the lysimeter bottom and lead to nonclimate change–related alteration of
water availability and fluxes in the considered terrestrial ecosystem. Feedback mechanisms between changing climate conditions
(principle weather parameters and net precipitation), groundwater
dynamics, and bottom boundary conditions, which are used to control the bottom boundary of transferred lysimeters, can lead to an
additional amplification or diminishing of climate change effects
on the terms of the water balance in lysimeters. We found that the
effect of a changing water table in the field under a different climate
regime was rather small in comparison with the difference between
the current control approach (S0), which is based on water table
depths at the sites where lysimeters are transferred to and which
may differ considerably from the conditions at the sites where the
lysimeters originate from, and the approach which used measured
pressure heads at the site where the lysimeter was taken from (S1).
However, the effects from water table change on the water flux in
lysimeters were noticeable when the water table was located within
a specific critical water table depth range. This region, where land
surface and subsurface processes are coupled, was called the critical zone. A sensitivity analysis investigating the impact of different
water table depths on the water flux in lysimeters showed a strong
dependence of the thickness and depth of the critical zone on soil
textural properties and climatic conditions.
The simulation results confirm that not only are aboveground
conditions relevant for lysimeter measurements but, moreover,
surrounding subsurface conditions are highly important for lysimeters with a tension-controlled bottom boundary. We found that
local field conditions led to considerable artifacts on the water
balance of transferred and tension-controlled lysimeters when
they do not match the conditions of the sites where the lysimeters
were extracted from. These findings are also relevant for future
lysimeter installations with a tension-controlled bottom boundary
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system. Changes in soil textural properties and water table depth
between the location of excavation and installation can lead to a
strong bias in water fluxes across the lysimeter boundaries.
Theoretically, the control of the bottom boundary that includes
the effect of changing climate conditions on the pressure heads
that are used to control the bottom of the lysimeter (S2 or S3)
would be better for studying the effect of climate change on
flow and transport processes in transferred soils. However, these
bottom boundary conditions can only be derived by simulations
which imply uncertainties. In contrast, the bottom boundary control from S1 can be based on actual measurements and shows to
be a reliable representative of the bottom boundary control from
S2 and S3, unless the change in climate and water table depth are
substantial. Therefore, we suggest, for studies with a transfer of
soil, managing the bottom boundary by pressure heads that are
measured at the place where the lysimeter was taken from (S1).
This control setup allows a direct comparison of changes in soil
processes and soil functions between soils under rainfall and temperature regimes with identical bottom boundaries conditions.
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