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16.1 INTRODUCTION
Soil solution is the matrix mediating between the solid soil and the roots of
trees and ground vegetation. In addition, the chemical composition of soil
water provides information about the passage of elements and compounds in
the soil and their leaching from the soil profile. Therefore, soil solution chemistry is a valuable indicator of soil-mediated effects of stress factors on both
forests and the surrounding water ecosystems (Nieminen, 2011). The chemical
composition of soil solution depends on complex interactions and is governed
Developments in Environmental Science, Vol. 12. http://dx.doi.org/10.1016/B978-0-08-098222-9.00016-9
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by a range of biogeochemical processes. These comprise the input of atmospheric deposition into the soil, chemical interactions between the soil solid,
solution, and gas phases, as well as soil biological activities, including rhizosphere processes.
The continuous harmonized monitoring of soil solution provides a direct
insight into the relationships between forest condition and environmental stress
factors, specifically air pollution (e.g., acidifying and eutrophying deposition)
and short-term climatic events, and facilitates the prediction of future trends in
soil condition. In addition, soil solution composition, 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 (Nieminen,
2011). A Europe-wide overview on relative frequencies of temporal and spatial
trends in critical limit exceedances of nitrogen (N) and base cations to aluminum
(Al) ratios based on intensive monitoring plots of the International Co-operative
Programme on Assessment and Monitoring of Air Pollution Effects on Forests
(ICP Forests) has recently been provided by Iost et al. (2012). Other panEuropean evaluations of soil solution chemistry and leaching fluxes have been
published by Kristensen et al. (2004), van der Salm et al. (2007), De Vries
et al. (2007), and Dise et al. (2009.) In addition, several national long-term trends
in soil solution concentrations and fluxes have been published (e.g., Borken and
Matzner, 2004; Brumme et al., 2009; Graf Pannatier et al., 2011; Hansen et al.,
2007; Moffat et al., 2002; Vanguelova et al., 2010; Wu et al., 2010a,b).
Together with the assessment of other element fluxes (e.g., litterfall,
throughfall), soil solution fluxes offer the possibility to determine input–output
budgets for forest ecosystems in relation to deposition, climate change, and
forestry management practices (Nieminen, 2011). National soil solution results
related to N cycling in the intensive monitoring sites have been reported in
numerous studies (Gundersen et al., 2009; Hansen et al., 2007; Mustajärvi
et al., 2008; Thimonier et al., 2010; Wu et al., 2010b), while publications
related to other elements are more rare, such as papers by Lindroos et al.
(2008) and Wu et al. (2010a) which concentrate exclusively on dissolved
organic carbon (DOC) leaching.
The critical limits, thresholds below which damage is expected to occur,
have a central role since the beginning of systematic forest condition monitoring. In the 1990s, Sverdrup and Warfvinge (1993) reported species-specific
critical (Ca þ Mg þ K)/Al molar concentrations, below which negative impacts
on tree growth would arise. The defined limits for concentration ratios, ranging
from 0.3 for Douglas fir (Pseudotsuga menziesii) to 2.0 for Abies species, were
established on the basis of both laboratory experiments and literature values
compiled from several field studies. Several critical limit approaches, dealing
not only with base-cation to aluminum ratios but also with N and sulfur S limit
exceedances, have been reported in publications based on soil solution data
from national intensive monitoring networks (Augustin et al., 2005; Graf
Pannatier et al., 2004; Hansen et al., 2007; Thimonier et al., 2010).
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As plants access nutrients and toxic elements in the soil primarily through
the soil solution, the soil solution concentration of a specific element appears
to be a good indicator of its availability. However, there are numerous limitations to assume that the phytoavailable amount of an element would be precisely that occurring in the soil solution. The relationship between the soil
solution element concentration and its uptake is regulated by many factors,
such as interactions with other ions in solution, plant uptake rate, root exudation, and other rhizosphere processes. In addition, the element supply from the
solid matrix in soil strongly affects element availability, and the distribution
between the solid and solution phases is not constant but varies with time
(Allen, 2002; Sauvé, 2002).
In the early 1990s, during the initiation of the systematic ICP Forests condition monitoring program, studies on the link between element concentrations in soil solution and element uptake were rare (Sauvé et al., 1996).
Later, especially trace element speciation and uptake kinetics have been subjected to several experimental approaches studying soil solution composition
in relation to element availability to plants (e.g., Abedin et al., 2002;
Kamewada and Nakayama, 2009; Weggler et al., 2004). However, only few
forest-focused papers can be found. Nutrient composition between Douglas-fir
rhizosphere and bulk soil solutions has been compared by Wang and
Zabowski (1998), while Derome et al. (2001) studied soil solution acidity parameters and Norway spruce defoliation degree, and Merilä and Derome (2008)
studied the relationship between the conifer needle nutrient composition and
the respective concentrations in percolation water in Finnish intensive monitoring sites. Hence, clearly more studies are needed to fully understand the value of
soil solution composition as an indicator of element phytoavailability. As the
soil solution collection and analysis is part of the integrated ICP Forests ecosystem monitoring approach in a Europe-wide network, it offers unique data for
such studies.

16.2 OBJECTIVES
The objectives adopted within this program are a good example to show the
potential of harmonized collection and analysis of soil solution on a large
scale (Nieminen, 2011). They aim
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;
3. to quantify the temporal and spatial variability of soil solution variables
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.
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16.3 SOIL SOLUTION SAMPLING TECHNIQUES
Soil solution sampling methods applicable in larger monitoring programs can
be divided into nondestructive and “semidestructive” methods. Nondestructive
methods involve the installation of a soil solution collector (tension lysimeters)
that samples the soil solution at the same location over time. Semidestructive
sampling 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 in use within the ICP Forests is tension lysimetry. In
2006, 72% of all samplers were tension lysimeters and the remaining 28%,
zero-tension lysimeters (Iost et al., 2012). The sampling techniques differ considerably with respect to the soil solution fraction sampled. It is generally
assumed that soil solution sampled by tension lysimeters gives a better idea
of phytoavailable element concentrations, whereas percolation water collected
by zero-tension lysimeters provides better information about the movement of
elements between the soil horizons (Derome et al., 2002; Lajtha et al., 1999).
Soil solution chemistry between tension lysimeter and zero-tension lysimetercollected samples has been compared by, for example, Haines et al. (1982),
Hendershot and Courchesne (1991), Marques et al. (1996), and Derome and
Lindroos (1997). Although the chemistry of solutions obtained was found to
differ between the techniques in all of the studies, no general outcome can
be drawn. The effect of the lysimeter type appears to be site-specific, and
no systematic differences between these techniques can be established.
Tension lysimeter systems usually consist of a porous body, that is, a suction
cup or suction plate, which is connected via tubing to a collection vessel and a
vacuum system (Figure 16.1). Tension lysimetry utilizes vacuum to draw soil
solution, via capillary connections, into the lysimeter. 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 5–20 kPa). Three types
of material are mainly used for the construction of suction cups and plates:
ceramic (e.g., P80 and Aluoxide), plastic, or sintered glass. It is important that
the material does not interfere with the solutes of interest.

FIGURE 16.1 Examples of different types of tension lysimeters. Source: Nieminen (2011).
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Plate lysimeter

Funnel lysimeter
FIGURE 16.2 Examples of different types of zero-tension lysimeters. Source: Nieminen (2011).

There are two types of zero-tension lysimeters currently in use in the
Europe-wide forest monitoring plots: plate lysimeters and funnel lysimeters
(Figure 16.2). 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. One type of funnel lysimeters 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 into a funnel. Funnel
lysimeters have been successfully installed using special large-diameter soil
augers on relatively stony soils down to depths of 40 cm (Nieminen, 2011).

16.3.1 Installation of the Soil Solution Samplers
All disturbance to the soil profile has to be minimized during installation. 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.
Plate lysimeters can be best installed from the wall of a pit or a 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 (Nieminen, 2011).
To install zero-tension plate lysimeters, a pit has to be dug and the lysimeter installed into the wall. This should be done immediately next to the
selected location of the lysimeter so that it can be installed with as little disturbance to the overlying soil as possible. Plate lysimeters can also be installed
directly below the humus layer by cutting at one or two sides of a square of
humus larger than the plate, and then carefully lifting the intact humus
“mat.” Part of the underlying mineral soil is then removed so that the lysimeter plate slopes toward the collector tube on the side of the plate. The humus
mat is then carefully replaced. It is important to cut as few as possible roots of
the trees and ground vegetation in order to reduce the disturbance of the
humus layer to a minimum (Nieminen, 2011).
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The funnel lysimeters are installed by first removing an intact soil core
(larger than the diameter of the funnel) down to the required depth using a
special auger, and the lysimeters are then placed in a shaft sunk below the
removed soil core. The soil core is then carefully replaced. Soil solution is
removed from the lysimeters by means of a plastic tube leading down into
the collection bottle (for details of the construction, see Derome et al., 1991).
One problem with the “semidestructive” zero-tension 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. On Finnish spruce plots, the average annual calcium concentrations in the first monitoring year, that is, the year following installation
of zero-tension lysimeters, still appear to reflect the disturbed soil chemistry
caused by installation of the funnel type zero-tension lysimeters (Figure 16.3).
Furthermore, caution should be taken also when interpreting soil solution
data from recently installed tension lysimeters as chemical reactions with
the porous cup or disturbance of the soil due to installation may affect the
results. At least the samples from the first two or three sampling events after
installation of tension lysimeters should therefore be discarded. In the case of
funnel lysimeters, a period of 1 year for the roots to grow back is required
(Nieminen, 2011).

16.3.2 Location of the Samplers
Soil solution sampling should be spatially integrated with throughfall and
litterfall sampling, as well as with soil moisture measurements, that is, implemented as much as possible on the same location. Together with the other
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FIGURE 16.3 Average annual calcium (mg L1) concentrations in percolation water sampled
using zero-tension lysimeters at five Norway spruce sites in Finland. The first-year averages
appear to reflect the soil disturbance caused by installation of the lysimeters. Data derived from
national soil solution database.
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sampling equipment, the lysimeters are either randomly or systematically
located on the plot or situated in the buffer zone in order to obtain a representative sample (Figure 16.4). Sampling is carried out at fixed depths (Table 16.1),
and the genetic horizon(s) in which the lysimeters have been installed is
reported.

16.3.3 Number of Replicate Samples
The number of samples required to obtain a representative plot mean varies
according to the element in question and heterogeneity of the site. Three replicates per depth are regarded as minimum, but it is strongly advised to have
two extra lysimeters at each depth in order to ensure that at least three samples
are obtained at each sampling event. Three replicate samples are considered to
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FIGURE 16.4 Schematic layout of systematically located lysimeters on a plot where both tension and zero-tension lysimeters are installed. All lysimeters must be numbered uniquely and permanently and then be described by assigning sample depth and sampler type. At this plot, the
zero-tension lysimeter numbers run from 1 to 15, while the range for tension lysimeters is from
50 to 62.
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TABLE 16.1 Sampling Depths for Soil Moisture and Soil Solution
Measurements in Centimeter
Soil moisture

Soil solution

Layer depth (cm)

Moisture probe

Zero-tension lysimeter

Tension lysimeter

OL, OF, OH

>5 cm thick

–

–

0–5/5–10
0–10

0–20

0–5

0–10

a

10–20

–

20–40

20–40

20–40

20–40

40–80

40–80

40–80

40–80

a

The same fixed depths are applied for both solid soil and soil solution sampling.
Modified from Nieminen (2011).

provide information on the trends in soil solution chemistry at specific points
of the plot, rather than to give a fully representative estimate of the site
(Nieminen, 2011).
If soil solution monitoring is being used in input–output budget studies,
it is recommended that the number of replicates would be much higher, preferably 10 (Nieminen, 2011). But on the other hand, the increasing number of
replicates may affect soil processes linked to the hydrology of the site. Therefore, the number of lysimeters should remain at a level where the effects on
soil compaction and erosion are minimal, and where no apparent changes in
spatial distribution of tree roots, ground vegetation, or site microtopography
could take place (Halme, 2006).
It is recommended to analyze samples separately from each sampling
depth on each sampling occasion in order to get information of both spatial
and temporal variations. If pooling has been carried out in order to obtain sufficient volume for the chemical analyses, then it is done by combining the
whole samples during sampling or by volume weighing in the laboratory.

16.3.4 Sampling Frequency
Ideally, the sampling period should be short, in order to minimize artifacts due
to microbial activity in the collection vessels. It is recommended to use
weekly sampling. If weekly sampling is not practical, sampling may be carried out monthly or at a time interval of every 2 or 3 weeks, depending mainly
on climate, access to the plot, and method used. On plots with other intensive
monitoring activities, for example, deposition, litterfall, and soil moisture
measurements, soil solution sampling should be synchronized as far as possible with these measurements (Nieminen, 2011).
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The collection vessels used in tension lysimetry should be located close to
the ground surface in dark and dry containers. In the case of zero-tension lysimeters, the collection vessels are usually located in a pit below the depth of
the lysimeter to allow the soil solution to flow freely into the vessels. The collection vessels should be stored in isolated containers to prevent the samples
from freezing and warming up. Keeping the soil solution in a cool (<þ4  C),
dark location within the lysimeter system is recommended to minimize
biological activity. Protecting the samples in collection vessels in the field
from spoilage caused by microbial activity is one of the most important and
challenging aspects of soil solution sampling.
It is recommended to determine the volume of each soil solution sample in
the field using graded collection vessels, graded cylinders, or a portable balance (mass determination). The volume of the soil solution sample has
recently become a mandatory variable within the ICP Forests, and it is submitted to the database since 2010. If soil solution samples are to be pooled
in the field, then the samples from the same sampling depth should be mixed
in a suitable clean plastic container. Transport of the samples to the laboratory
should be carried out preferably with laboratory bottles made of polyethylene.
Transportation to the laboratory should be carried out as quickly as possible
using closed boxes containing cold packs.

16.4 STORAGE, PREPARATION, AND CHEMICAL ANALYSES
The samples have to be stored (protected from light at max. þ4  C) in such a
manner that there will be minimal changes in the water chemistry before the
samples are analyzed. Subsamples taken for pH and conductivity measurements prior to filtration are stored in the same way (Nieminen, 2011).
The samples should be filtered through a 0.45-mm membrane filter in order
to remove any solid material and to stabilize the sample for the subsequent
analyses. After filtration, subsamples should be taken for the determination
of metals by, for example, atomic absorption or inductively coupled plasma
emission (ICP) spectrometry. These subsamples should be acidified, for
example, with suprapure 65% HNO3, to pH < 2 in order to avoid the absorption of metal cations on the inside surface of plastic bottles (if used), as well
as possible changes caused by microbial activity. The preserved samples can
be stored for several weeks prior to analysis. Another subsample should be
stored at þ4  C and analyzed as soon as possible for all other variables.
The maximum storage times for subsamples for the individual analyses should
be determined by the individual laboratories. The subsamples should not be
frozen, as the freezing–thawing-induced reactions have effects on the samples
and analysis results, for example, by precipitation of humic acids (Rausch
et al., 2005) or lowered recovery of silicic acid (Zhang and Ortner, 1998).
Measurement of pH should also be repeated at this stage if it is required for
determining the ion balance of the sample.
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It is recommended to at least determine the following variables: pH,
conductivity, calcium (Ca), magnesium (Mg), sodium (Na), potassium (K),
ammonium (NH4-N), nitrate (NO3-N), total-nitrogen (Ntotal), sulfate (SO4-S),
chlorine (Cl), and DOC. Iron (Fe), manganese (Mn), and aluminum (Altotal)
should be determined in cases where the pH of soil solution is less than 5
and alkalinity in cases where pH is more than 5. Additional variables that might
be determined in more intensive studies depending on the aims are phosphorus
(Ptotal), zinc (Zn), copper (Cu), chromium (Cr), nickel (Ni), lead (Pb), cadmium
(Cd), silicon (Si), and labile aluminum (Allabil).
Despite the selection of variables to be determined, all the cations and anions
that are present in significant amounts in the samples are required for calculating
ion balances, which is a valuable tool also for Quality Assurance (QA) (Chapter
22). The measurement of labile aluminum can give an idea of the distribution
between the more harmful labile fractions and presumably less toxic nonlabile
fractions of aluminum in soil solution. Internationally, standardized analytical
methods and procedures should be used, preferably applying ISO or EN/CEN
methods. A full account is given in Clarke et al. (2010) and Nieminen (2011).
In large-scale programs, each country or partner should develop its own
plausible ranges by determining the 2.5–97.5 percentile range for each chemical
variable under study. In order to get useful values for data validation and laboratory quality checking, the ranges have to be calculated on the basis of region- or
country-specific data. Data validation and QA are applied in accordance with
the guidelines for QA/QC procedures in the laboratory (Chapter 22).

16.5 EXAMPLES OF PUBLISHED LEACHING FLUXES
AND CRITICAL LIMIT EXCEEDANCES
Soil water fluxes are required for determining input–output budgets of ions in
the monitoring plots. As soil water fluxes usually cannot be measured
directly, they have to be estimated indirectly using models (e.g., Kutı́lek
and Nielsen, 1994; Chapters 17 and 18). For any substance, the leaching flux
is calculated by multiplying its concentration in soil solution with the soil
water flux estimated at the same depth and time interval.
As an example of leaching fluxes, fluxes of N compounds in soil percolation
water at spruce and pine sites of Finnish intensive monitoring network are presented for the period 1998–2004 in Figure 16.5. Bulk deposition fluxes of inorganic N (input) were higher than the leaching fluxes, indicating the retention
of inorganic N in the ecosystem. However, dissolved organic N was increased
while passing through the canopy, and organic N was found to be an important
part of Ntotal leaching through the soil profile (Mustajärvi et al., 2008). Lindroos
et al. (2008) report output fluxes of DOC ranging from 1 to 10 g C m2 year1
for the same sites and the same period. In these studies, water fluxes were calculated by an anion budget method using SO4 as a conservative anion (e.g.,
Nilsson et al., 1998).
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FIGURE 16.5 The mean annual inorganic (NO3, NH4) and dissolved organic nitrogen fluxes in
bulk deposition, stand throughfall (top), and percolation water (bottom) during 1998–2004 on eight
Scots pine and six Norway spruce plots in Finland. The general decreasing trend in nitrogen deposition toward the north is not reflected in percolation water fluxes, which indicates that nitrogen is
retained in the upper soil horizons even in southern Finland. Adapted from Mustajärvi et al. (2008).

Vanguelova et al. (2010) report coherent trends indicating recovery from
sulfur deposition and acidification at 10 intensive monitoring sites in the
United Kingdom. Soil solution pH and concentrations of DOC increased,
while concentrations of sulfate and aluminum decreased at most sites during
1994–2006. In contrast to these trends, Swiss results obtained from seven
intensive monitoring sites did mostly not reveal any trend in base cations,
SO4-S, or inorganic N concentrations and fluxes in soil solution over the
period 1998–2005 despite a decreasing trend observed in acid deposition
(Graf Pannatier et al., 2011).
In a study of critical limit exceedances of inorganic N and base cations to
aluminum ratios in soil solution collected from the Europe-wide intensive
monitoring network, no clear increase or decrease in the frequency of exceedances from the early 1990s to 2006 was detected (Iost et al., 2012). However,
regular exceedances of critical limits were found for N concentrations in soil
solution on the majority of the sites (Figure 16.6). Since there is an apparent
risk for N saturation and leaching to deeper soil layers in parts of Europe, the
authors conclude that a reduction of N deposition would be urgently needed in
these areas.

16.6 CONCLUSIONS
Soil solution is an important indicator of forest ecosystem functioning, as its
chemical composition reveals both the status of soil nutrients and the harmful
substances at the site, as well as the potential impact of soil solutes on the
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FIGURE 16.6 Frequency of critical limit exceedances (%) from the early 1990s to 2006 for
N in mineral topsoil. (A) Limit for nutrient imbalances (>0.2 mg N L1 for coniferous, and
>0.4 mg N L1 for deciduous forests), (B) limit for N saturation or elevated leaching
(>1 mg N L1), (C) limit for reduced fine root growth (>3 mg N L1), and (D) limit for enhanced
sensitivity for frost and fungi (>5 mg N L1). Modified from Iost et al., (2012).

Author's personal copy
Chapter

16

Soil Solution

313

surrounding ecosystems. However, as the chemical content of soil solution is
varying in time and space and dependent on the sampling and measurement
techniques in use, the harmonization of the methodology for soil solution collection and analysis is of ultimate importance. The high-quality data produced
by the standardized methodology of ICP Forests have proved to be a viable tool
in planning mitigation actions against the adverse effects of current environmental threats, and the continuity of monitoring will help to meet the challenges
of the future.
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Sauvé, S., Cook, N., Hendershot, W.H., McBride, M., 1996. Linking plant tissue concentration
and soil copper pools in urban contaminated soils. Environ. Pollut. 94, 154–157.
Sverdrup, H., Warfvinge, P., 1993. Soil acidification effect on growth of trees, grasses and herbs
expressed by the CaþMgþK/Al ratio. Technical report. Chemical Engineering II, Lund
University.
Thimonier, A., Graf Pannatier, E., Schmitt, M., et al., 2010. Does exceeding the critical loads for
nitrogen alter nitrate leaching, the nutrient status of trees and their crown condition at Swiss
long-term Forest Ecosystem Research (LWF) sites? Eur. J. Forest Res. 129, 443–461.
van der Salm, C., De Vries, W., Reinds, G.J., Dise, N.B., 2007. N leaching across European forests: derivation and validation of empirical relationships using data from intensive monitoring
plots. Forest Ecol. Manag. 238, 81–91.
Vanguelova, E.I., Benham, S., Pitman, R., et al., 2010. Chemical fluxes in time through forest
ecosystems in the UK—Soil response to pollution recovery. Environ. Pollut. 158, 1857–1869.
Wang, X., Zabowski, D., 1998. Nutrient composition of Douglas-fir rhizosphere and bulk soil
solutions. Plant and Soil 200 (1), 13–20.
Weggler, K., McLaughlin, M.J., Graham, R.D., 2004. Effect of chloride in soil solution on the
plant availability of biosolid-borne cadmium. J. Environ. Qual. 33, 496–504.
Wu, Y., Clarke, N., Mulder, J., 2010a. Dissolved organic carbon concentrations in throughfall and
soil waters at Level II monitoring plots in Norway: short- and long-term variations. Water Air
Soil Pollut. 205, 273–288.
Wu, Y., Clarke, N., Mulder, J., 2010b. Dissolved organic nitrogen concentrations and ratios of
dissolved organic carbon to dissolved organic nitrogen in throughfall and soil waters in
Norway spruce and Scots pine forest stands throughout Norway. Water Air Soil Pollut.
210, 171–186.
Zhang, J.-Z., Ortner, P.B., 1998. Effect of thawing condition on the recovery of reactive silicic
acid from frozen natural water samples. Water Res. 32, 2553–2555.

