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Soil Solution Collection and Analysis Part XI

1. Introduction

In addition to the direct effects of stress factors on the forest canopy, forest condition is also
influenced by soil-mediated effects via the tree root system. In this respect, soil solution is the
matrix mediating between the solid soil and the roots because all nutrients, as well as toxic
compounds, pass into the roots via the soil solution. Thus, soil solution chemistry is a valuable
indicator for monitoring the effects of air pollution and other stress factors on forest ecosystems.
The chemical composition of the soil solution is governed by a range of biogeochemical
processes that comprise the input of atmospheric deposition into the soil, interactions between
the soil solid and liquid phases and the soil gas phase, soil biological processes, and chemical
equilibrium reactions. Determination of the chemical composition of the soil solution provides
real-time, continuous information about nutrient availability and the possible inhibition of
nutrient uptake caused by the effects of toxic elements (e.g. AF*) on plant roots and mycorrhizas.
The continuous monitoring of soil solution also provides a direct insight into the relationships
between forest condition and environmental stress factors, specifically air pollution (e.g.
acidifying deposition) and short-term climatic events, and facilitates the prediction of future
trends in soil condition. In addition, determination of the composition of the soil solution,
together with the estimation of soil water fluxes, can be used to calculate element fluxes through
the soil and the output of compounds from the soil into the groundwater and other ecosystems.
Together with the assessment of other element fluxes (e.g. litterfall), it is possible to determine
input-output budgets of forest ecosystems in relation to deposition, climate change, as well as of
forestry management practices.

2. Scope and application

This part of the Manual aims at providing a consistent methodology for collecting high quality,
harmonized and comparable forest soil solution data at selected ICP Forests Level Il intensive
monitoring plots. Soil solution is assessed at level Il and level Il core plots, but not at level I.
Harmonization of the procedures employed in the collection of soil solution samples and in the
chemical analyses is essential to ensure full comparability of the chemical soil solution data. In
order to ensure that the national data is acceptable in the international database, as well as for
use in evaluations, the National Focal Centers and their scientific partners participating in the ICP
Forests programme should follow the methods and procedures outlined in this manual.

3. Objectives
The harmonised collection and analysis of soil solution at the Level Il plots across Europe have the
following objectives:

1. to determine and monitor long-term trends in soil solution chemistry in response to
natural and anthropogenic stress factors (e.g. acidifying deposition, climate change).

2. to determine input-output budgets of elements from forest ecosystems in relation to
deposition and forestry management practices.

version 5/2011 5



Part XI Soil Solution Collection and Analysis

3. to quantify the temporal and spatial variability of soil solution parameters for the major
forest soil types in order to improve the adequacy and precision of soil solution
assessment and to understand its dynamics and spatial patterns.

The third objective can be obtained only by using a limited selection of intensive monitoring plots
equipped with an adequate number of lysimeters. The overall sampling design (e.g. number of
replicate samples and sampling depths) should enable the estimation of plot-based averages of
element concentrations, variation and precision level required for the statistical verification of
differences between plots and of changes over time.

4. Location of measurements and sampling

4.1 Soil solution sampling techniques

Soil solution can be collected by 1) non-destructive or 2) “semi-destructive” methods. Non-
destructive methods involve the installation of a soil solution collector (tension lysimeters) that
samples the soil solution at the same point over time. Disturbance to the soil/site associated with
the installation of this type of lysimeter is normally relatively minimal and of only short duration.
Semi-destructive sampling mainly concerns zero-tension lysimeters, the installation of which can
cause major, long-term changes to the soil hydrology and aeration of the sampling point.

The standard method to be used in the ICP Forests soil solution monitoring programme is tension
lysimetry. In 2006, 72% of all samplers were tension lysimeters. The sampling techniques differ
considerably with respect to the soil solution fraction sampled, the effects of sampling on the site,
as well as the extent to which they provide information about temporal and spatial variation in
the properties of soil solution (Haines et al., 1982; Hendershot and Courchesne, 1991; Marques et
al. 1996). The different soil solution fractions sampled by the four techniques are shown in
Annex 1.

4.2 Sampling design at plot scale

4.2.1 Location of the soil solution sampling points

Soil solution sampling with non-destructive and semi-destructive methods (lysimetry) should be
carried out on the plots so that soil solution sampling can be integrated with throughfall and
litterfall sampling, as well as with soil moisture measurements, i.e. implemented on the same
location. If it is not possible to install the lysimeters on the plot they can be placed in the buffer
zone surrounding the plot.

4.2.2 Sampling depths

It is mandatory to sample soil solution at fixed depths because the evaluations to be carried out
on soil solution and other ecosystem components will primarily be based on fixed depths (e.g.
water and element fluxes and budgets). In addition to the fixed depth interval, the genetic
horizon(s) in which the lysimeters have been installed, should also be reported. The same horizon
designations should be used as in the profile description of the plot (see submanual X).

The reference point for depth determination is the center (mid-point) of the active sampling zone
of the soil solution collector, whatever its type. Tension lysimeters should be installed at three
depths (Table 1) at least: 1) in the midpoint of the 0-20 cm mineral soil layer (0 cm line = interface
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Soil Solution Collection and Analysis Part XI

between the organic layer and underlying mineral soil) in order to sample the soil solution
passing through the organic layer, 2) within the rooting zone (mid-point of the lysimeter at 20-40
c¢m in order to be able to monitor the concentrations of nutrients and toxic elements near the fine
roots, and 3) below the rooting zone (mid-point of the lysimeter 40- 80 cm layer) in order to be
able to estimate the output of elements. Note that the sample obtained from these fixed depths
represents soil solution from both above and below the fixed depth; during dry periods the
volume of soil sampled will be much greater than that during wet periods, i.e. the actual layer of
soil sampled can vary considerably.

Zero-tension lysimeters should be installed immediately below the organic layer at 0 cm depth, at
20-40 cm and at 40-80 cm. The reason why lysimeters should be installed at fixed depths is
because these are the depths of the mandatory soil sampling procedure and the soil moisture
probes. In order to sample all relevant pedogenetic horizons, soil solution may be sampled
optionally below 80 cm in addition to the mandatory depth intervals.

Table 1: Depth agreements of soil solution measurements with other soil assessments

Layer type Soil Soil Solution
) ) ) Zero- . .
Soil properties Moisture probe ) Tension lysimeter
tension
OFH, Forest floorj] OL, OF, OH > 5 cm thick - -

(M05, M51, 0-5/5-10
0-5cm 0-20 cm

MO01, HO1) 0-10 0-20 cm

(M12, H12) 10-20 -

(M24, H24) 20-40 20-40 cm 20-40 cm 20-40 cm

(M48, H48) 40-80 40-80 cm 40-80 cm 40-80 cm

4.2.3 Location and number of replicates

4.2.3.1 Number of replicates

The number of samples at the same sampling depth required to obtain a plot mean that is within
+ 20% of the population mean, with a confidence level of 95%, is at least 10 for most elements
(Grossmann and Kloss, 1994, de Vries and Leeters, 1994, Manderscheid and Matzner, 1995).
However, the number of samples required to meet this criterion also varies according to the
element/ion in question. The spatial variation of element/ion concentrations in soil solution
collected by 20 replicate tension lysimeters and expressed by coefficients of variance as
percentages have been reported to range from 12% to 79% (Grossmann and Kloss, 1994) and
from 5% to 128% (Manderscheid and Matzner, 1995). Folster et al. ( 2003) were able to achieve
statistically reliable temporal trends for sulphate and base cations by the use of 3 to 7 replicate
lysimeters.

Three replicates per depth are mandatory. It is also strongly advised that two extra lysimeters are
installed at each depth in order to ensure that at least 3 samples are obtained at each sampling. It
should be noted that 3 replicate samples provide information on the trends in soil solution
chemistry at specific points of the plot, rather than a fully representative estimate of the site. If soil
solution monitoring is being used in input-output budget studies, then it is strongly advised to
install at least 10 replicates (see also Bille-Hansen, 2002).

It is strongly recommended to analyze at least three samples separately from each sampling
depth on each sampling occasion. The soil solution samples have to be stored in a
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refrigerator/cold room (+5°C). Pooling of soil solution samples from one depth should be avoided
because otherwise no information is obtained about the spatial variation (variance) of the results
for the depth in question. This information is essential when investigating time trends at the
national or European level. The volume of the soil solution sample should always be recorded.

If pooling has to be carried out in order to obtain sufficient volume for the chemical analyses, then
this should be done by combining the whole samples or by volume weighting in the laboratory.
Pooling to only one sample precludes the estimation of spatial variation and missing values can
result in biased means if the spatial variation between the individual lysimeters is high. This
problem can be avoided to some extent if the spatial variation between the lysimeters has been
quantified in a pilot study or for single sampling periods during the soil solution monitoring. The
values of missing samples can then be estimated using regression equations. In that case these
‘estimated’ values should be flagged as such in the database.

42.3.2 Selection of sites for replicates

The lysimeters should be randomly or systematically located on the plot or buffer zone in order to
obtain a representative sample, although this may be limited by the presence of stones or tree
stems. It is advisable to keep a minimum distance of 1 m from the tree base. Lysimeters should be
installed in a way to prevent interference with replicate lysimeters, or lysimeters installed in other
soil depths, or other assessments. Lysimeters that have already been installed can be maintained,
but new lysimeters should be installed in accordance with the above.

4.2.3.3 Numbering of samplers

On each plot, each lysimeter must be given an identification number (ID), i.e. all lysimeters at one
plot must be numbered uniquely and permanently. Only such a numbering of samplers
guarantees consistency of plot information and data. That means that all samplers at one plot
should be first given an (running) ID and then be described by assigning sampler type, sampled
horizon and sampled depth (midpoint of lysimeter). For each sampler these attributes must
remain the same for all monitoring years. If soil solution from samplers with the same attributes
(sampled layer, sampled depth and sampler type) is pooled before analysis the numbering of
these bulked samples must also remain the same over the years. Table 2 gives an example of
correct sampler numbering

Table 2: An example of sampler numbering .

county [ piov | Sarmer e [ SR | Layer | Sameins | vear | pnaner

X 1 1 M 0.20 2003 Single
X X 2 1 M 0.20 2003 Single
X X 3 2 ] 0.05 2003 Bulked
X X 4 1 M 0.80 2003 Bulked
X X 1 1 M 0.20 2004 Single
X X 2 1 M 0.20 2004 Single
X X 3 2 O 0.05 2004 Bulked
X X 4 1 M 0.80 2004 Bulked

If a lysimeter needs replacement there are two options. If the sampler is replaced at the same
spot, sampling depth, horizon and if the lysimeter is of the same type as before, the sampler ID
should be kept to allow for time trend analysis.
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If the sampler is removed and another sampler is placed at another spot within the same plot, soil
depth, horizon (for example in the case of big disturbances) or if the sampler even is of another
type, it must be given a new number (ID) that has not yet been used at this plot.

Replacement of samplers can be reported using the field “Other Observations” in the reduced
plot file (PSS). Further information on data reporting is given in subchapter 6.1.

4.3 Sampling equipment and installation

4.3.1 Tension lysimetry

Tension lysimeter systems usually consist of a porous body, i.e. a suction cup or suction plate,
which is connected via tubing to a collection vessel and a vacuum system (Fig. 1). Suction cups
may be mounted to a shaft of the same diameter, which reaches to the soil surface or into a pit
used for the installation of the lysimeters. Tension lysimeters can be installed at depths up to ca. 3
m. However, their use in the organic layer is restricted because it is usually difficult to maintain
capillary contact with the humus material during dry periods. Plate lysimeters can usually only be
installed close to the soil surface because insertion at greater depths results in considerable
disturbance to the soil profile.

Tension lysimetry utilizes vacuum to draw soil solution, via capillary connections, into the
lysimeter. The vacuum is also used to lift the soil solution samples up into collection vessels
located at or close to the ground surface. Vacuum may be generated by means of a hanging
water column or a vacuum pump. The vacuum can be applied to the lysimeter with constant,
decreasing or variable tension. A continuous vacuum system with a constant tension is the
recommended method. Normally 30 - 60 kPa vacuum are used for soil solution sampling (Beier et
al. 1989). A decreasing tension is applied, when the collection vessel is evacuated using a pump.
Soil solution is extracted from the soil until the tension rises above the soil water tension. In a
variable tension lysimeter system, the tension is continuously regulated to a level that is slightly
lower than soil water tension (approximately 5 to 20 kPa). In each case the height difference
between porous body and collection vessel has to be considered when the necessary vacuum is
calculated (0.1 kPa per cm height difference).

Sample Sample Sample
......... ) §<""""' .........} < “' ‘:f %
P80 cup Prenart cup Aluoxide plate

Figure 1: Examples of different types of tension lysimeters.

The suction cups and plates are mainly based on three types of material: ceramic (e.g. P80 and
Aluoxide), plastic and sintered glass (Fig. 1). Most plastic materials are hydrophobic, which would
make it difficult to obtain soil solution after dry periods. However, the hydrophobic property of
plastic can be overcome if mixing the plastic material with silica flour or stainless steel powder.
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4.3.2 Zero-tension lysimetry

There are two types of zero-tension lysimeter currently in use in the ICP Forests:
1 plate lysimeters

1 funnel lysimeters.

Zero-tension lysimeter systems consist of a plate or funnel, which is connected to a collection
vessel (Fig. 2). A plate lysimeter usually has three vertical walls and an outlet port, which is placed
at the roof of a tunnel, which is dug into the wall of a pit or trench. The installation of zero-tension
lysimeters in stony soils can be difficult. Plate lysimeters can be easily installed under the organic
layer on any type of soil, but successful installation in e.qg. till soils can be problematic and cause
considerable changes in the overlying soil (e.g. aeration and hydrological changes caused by
trench excavation).

One type of funnel lysimeter consists of a 20-cm-diameter plastic funnel containing acid-washed,
fine quartz fitted to the top of a plastic collector bottle. For funnel lysimeters, a soil core is taken
and placed onto a funnel. Funnel lysimeters have been successfully installed using special large-
diameter soil augers on relatively stony soils down to depths of 40 cm. One problem with funnel
lysimeters is that the roots leading into the overlying soil profile are always cut during installation.
This means that soil solution chemistry will be altered until the roots have grown back into the
soil core. For instance, there is frequently a flush of DOC and macronutrients in the soil solution
following installation owing to the cessation of nutrient uptake by the roots and an increase in
mineralization of organic material.

\\
r_

ﬁ

\e-|

Plate lysimeter

Funnel lysimeter

Figure 2: Examples of different types of zero-tension lysimeters.

4.3.3 Materials suitable for use in lysimeter systems

All materials used in lysimeter systems (e.g. suction cups, tubing, collection vessels) should not
interfere (contamination or adsorption) with the solutes of interest. If the properties of materials
used are unknown, they should be tested for possible interference before use. A summary of the
materials used in lysimeter systems is given in Annex 2. The materials considered to be sufficiently
free of contaminants are as follows: ceramic material, aluminium oxide, glass sinter, silica flour,
stainless steel powder, polyamide (PA), polyethylene (PE), polytetrafluoroethylene (PTFE; e.g.
Teflon), polyvinylidene fluoride (PVDF) and polypropylene (PP).

As the properties of the materials listed differ from each other, their suitability in relation to
prevailing climatic and edaphic conditions should be taken into account. Due to its hydrophobic
nature, teflon has proven to be unsuitable for soils susceptible to long drought periods
interrupted by stormy events. These repeated drying and wetting processes of soil are typical in
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Mediterranean climate zone. When sampling for heavy metals, plastic materials are more
appropriate than ceramic or aluminium oxide. Ceramic and aluminium oxide lysimeters have
been reported to adsorb significant amounts of heavy metals (except Pb) from soil solutions with
a pH > 4.0 (Grossmann et al. 1990). The cation exchange capacity of these materials also affects
the soil solution sample. However, suction cups made from plastics may also absorb heavy metals
at low concentrations (Andersen et al. 2002).

A number of plastic materials are available for the tubing used in lysimeter systems (e.g. PE, PVC).
However, PA tubing should be avoided because the softener (benzene sulphonamide) added to
certain grades of PA tubing is water soluble and will result in elevated DOC, total N and total S
concentrations in the soil solution samples.

The collection vessels used in collecting water samples from tension lysimeters are invariably
made of glass owing to the relatively high vacuum applied. Glass bottles should have a plastic
coating as an implosion protection. Glass bottles should be made of clear borosilicate glass, and
preferably of laboratory grade. The volume of the sampling vessel has to be adjusted to the
amount of soil solution expected. An overflow protector prevents the sample to flow into the
vacuum system or to contaminate other samples.

Transport of the samples to the laboratory should be carried out preferably with laboratory
bottles made of polyethylene (PE).

All parts of the lysimeter system that will be in contact with the soil solution sample should be
acid washed (1 N HCI), followed by rinsing 5 times with deionized water (see Beier et al. 1989),
prior to installation in the field.

4.3.4 Installation

All circumstances, which may have an influence on soil solution composition have to be recorded
during the installation process and documented in the sampling layout and equipment section of
the Data Accompanying Report Form (DAR). These include (if applicable):

9 Materials of the equipment used (porous bodies, tubing, collection vessels, connectors, glue
etc.)

i Dimensions of the equipment used (length, diameter of tubing, inner volume of porous
body, volume of collection vessels etc.)

9 Drilling angle
1 Backfilling of augered holes

43.4.1 Tension lysimeters

Care should be taken during installation of the lysimeters in order to minimize disturbance to the
soil profile. For the installation of a suction cup a hole is drilled with an auger having a diameter
slightly larger than that of the cup. The hole can be made vertically or at an angle (e.g. 45°) to the
ground surface, or horizontally from the wall of a soil pit. Installing the lysimeter at an angle from
vertical has the advantage that the soil layer above the lysimeter is not disturbed. To avoid
contamination, it is necessary to prevent material from the overlying horizons to fall into the hole,
especially if the soil is very loose. Horizontal installation from a pit will minimize this problem.

Plate lysimeters can be best installed from the wall of a pit or trench by digging a horizontal
tunnel and pressing the plate to the roof of the tunnel. The tunnel will then be backfilled. For
installation at the interface humus layer/mineral soil the humus layer should be lifted up and
material from the mineral soil corresponding to the height of the lysimeter plate must be
removed. The lysimeter plate can then be inserted into the cavity.
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It is recommended to install the lysimeters without slurrying. Only if a good hydraulic contact
between the suction cup and the soil cannot be achieved (e.g. in stony or sandy soils), a slurry of
the material taken by the auger from the bottom of the hole can be used. If this material is not
very fine-textured, hydraulic contact can be improved by sieving soil taken at a corresponding
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