Manual for calculating critical loads of heavy metals for

terrestrial ecosystems
Guidelines for critical limits, calculation methods and input data

W. de Vries
D.J. Bakker
BIBLIOTHEEK "DE HAAFF"
Drocvendaalsesteeg 3a
6708 PB Wageningen
Report 166

DLO Winand Staring Centre, Wageningen, The Netherlands, 1998
TNO Institute of Environmental Sciences, Energy Research and Process
Innovation, Den Helder, The Netherlands, 1998

CENTI

L S s

2



ABSTRACT

D¢ Vries, W. and D.J. Bakker, 1998. Manual for calculating critical loads of heavy metals for
terrestrial  ecosystems. Guidelines for critical limits, calculation methods and inpu! data.
Wageningen, (The Netherlands), DLO Winand Staring Centre. Report 166. 144pp; 14 Figs; 35
Tables; 145 Refs; 6 Annexes. ’

Methodologics are described for calculating critical loads of the heavy metals lead, cadmium, copper,
zinc, nickel, chromium and mercury for soils. The various aspects which are discussed are (i)
selection a receptor of concem, (ii} assessment of critical limits for the various metals in plants, soil,
soil solution and ground water, {iii) description and applicability of computation models in relation
to the critical limits used, (iv) collection of input data and (v) assessment of the various sources of
uncertainty. The computation methods described are steady-state and simple dynamic mass balance
models, based on the concept of equilibrium partioning between dissolved and adsorbed phases in
the soil compartment.
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Preface

In order to make adequate environmental policies concerning the reduction of the load of
Heavy Metals (HM) to the environment, efforts for an assessment of the effects of such
pollutants and the identification of those loads of HM below which harmful effects no longer
occur, the so-called "critical loads”, is needed. In this context the Dutch Ministry of Housing,
Spatial Planning and the Environment has sponsored a number of activities in this field which
- over the years - have resulted in the compilation of relevant methods in two handbooks: this
manual for calculating critical loads for HM in soils and another one for calculating critical
loads for HM in surface waters. The manuals have been developed in accordance with the
results and recommendations of the recently held “International Workshop on Critical Limits
and Effect-Based Approaches for Heavy Metals and POPs” in Bad Harzburg, Germany, in
1997, within the framework of the United Nations Economic Commission for Europe’s
Convention on Long-range Transboundary Air Pollution (UN/ECE CLRTAP).

The development towards these manuals started in 1994. In 1995 and 1996, first drafts were
presented at the sixth and seventh workshop of the Coordination Centre for Effects (CCE)
under the auspices of the Convention. Taking the recommendations from these workshops
into account the first preliminary manuals were published in 1996. After thorough discussions
at the ninth CCE workshop in 1997 and at the “International Workshop on Critical Limits and
Effect-Based Approaches for Heavy Metals and POPs” the preliminary manuals have been
further developed. Proposals for future application of the experience gathered so far were also
discussed at the 14™ meeting of the Task Force on Mapping Critical Loads and Levels in
1998. It was concluded that the recommendations of the 1997 International Workshop were
satisfactorily considered. Here scientists had agreed that for lead and cadmium a "classical”
critical loads approach seemed to be appropriate, while in other cases other methods of risk
assessment, usually not including mapping procedures, were to be constdered. Because of still
limited experience it was suggested that only in the case of mercury should both approaches
be investigated before a decision was made.

The manuals as they now appear show how critical limits can be derived and how and critical
loads can be calculated for the above mentioned and other selected HM in ecosystems
according to present scientific understanding. Through careful reviews methods were selected
and presented. Where needed new methodologies were developed. Hopefully, this manuals
will provide a valuable tool for those who wish to derive critical limits and calculate critical
loads for HM in terrestrial ecosystems. Eventually, as critical limits are derived, critical loads
are calculated and actual loads are used to calculate the exceedance, internationally adjusted
cost effective reduction of the load of HM to the environment could be achieved.

Heinz D. Gregor
Chairman of the Task Force on Mapping Critical Loads and Levels
UN/ECE CLRTAP



Summary

This manual presents different calculation methods to quantify the risk of
inputs of several heavy metals, i.e lead (Pb) cadmium (Cd) copper (Cu), Zinc
(Zn), nickel (Ni), chromium (Cr) and mercury (Hg), to terrestrial ecosystems
(soils) in relation to the critical limits to be used, while focusing on the critical
load approach. Attention is paid to (i) selection of a receptor of concern, (ii)
related critical limits, (iii) possible calculation methods, (iv) the necessary input
data and (v) the various sources of error and uncertainty.

The selection of a receptor of concern depends on what we want to protect: soil
fauna, soil vegetation, terrestrial fauna or cattle or human beings that use
ground water for drinking water and that consume either grass (cattle) or crops
(hman beings) that are grown on the soil. This choice in turn depends on
whether one considers an agricultural soil (grassland, arable land) or non-
agricultural (forest) land. Possible effects on soil life, plants (phytotoxicity) and
on ground water are of concern in all types of ecosystems. Food quality criteria
are, however, of relevance for arable land only, whereas possible secondary
poisoning effects on cattle or terrestrial fauna are relevant in grassland and non-
agricultural land, respectively.

The assessment of a critical limit is crucial is the derivation of a critical load,
which equals the deposition level that will ultimately lead to a critical metal
concentration in the soil or the soil solution or in food crops/foliage.
Information is presented on the methods that are used to derive critical limits
for soil, based on direct ecotoxicological effects on micro-organisms (and
plants). Simple complete food web models, used to derive critical limits for soil
. related to indirect effects on terrestrial fauna, are also described. Critical limits
for soil related to indirect effects are only considered for certain heavy metals
accurnulating in the food chain (specifically Cd and Hg). Critical limits for soil
thus derived for several heavy metals are summarized. Available critical Iimits
for foliar contents, related to effects on vascular plants (such as elevated uptake
and reduced growth), and for concentrations in the soil solution, related to
direct ecotoxicological effects on plants, soil organisms and aquatic organisms,
are also presented. For soils, the objectives are, however, mostly related to the
solid phase since critical concentrations for the soil solution, through which
most effects occur, are hardly known.

Apart from a decision on the choice of the critical limits used (soil, soil
solution or food crops/forest foliage) the choice of a model {e.g. use of a
steady-state or simple dynamic approach) is essential for the critical load
calculations. The soil models proposed all consist of a mass balance equation
which describes the input and output fluxes of heavy metals, combined with
rate-limited and equilibrium equations, that describe the processes in the soil
system. The proposed steady-state model contains (i) a mass balance equation
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describing the input-output fluxes of heavy metals, combined with (i) rate-
limited process descriptions for leaching, weathering, metal cycling due to
litterfall and plant uptake, surface run-off and bypass flow and (iii) equilibrium
descriptions for adsorption and complexation processes, that determine the
partitioning of heavy metals between the different soil phases. The model can
be simplified, e.g. by neglecting metal cycling in a terrestrial ecosystem and by
assuming that the effects of surface runoff and bypass flow are negligible. This
approach implies that the critical load equals the net uptake by forest growth
minus the metal weathering rate plus a critical metal leaching rate.

The steady-state model requires the inclusion of adsorption and complexation

processes to calculate a critical load, when critical limits for heavy metals are

based on criteria for total metal contents in soil, protecting soil organisms in
the top soil layer. In order to calculate a critical leaching rate, the total metal
concentration in the soil solution must be known. This background document

describes three possible options to include adsorption and complexation, i.e:

(i) A linear equilibrium partioning of heavy metals over the solid (adsorbed)
phase and the soil solution. In this simplest approach the complexation
processes are implicitly included in the linear partion coefficient.

(ii) A linear or non-linear equilibrium partioning of heavy metals over the
solid (adsorbed) phase, dissolved organic carbon (DOC) and the soil
solution. In this intermediate approach, complexation of heavy metal with
inorganic anions is considered negligible compared to complexation with
DQOC.

(iii) Non-linear equilibrium adsorption equations combined with all possible
complexation reactions with inorganic and organic anions (most detailed
approach).

The application of a steady-state model, using a critical metal content in the
soil, irnplies that the critical load increases with a decrease in adsorption
constant due to a decrease in metal accumulation. Lowest critical loads are thus
calculated for calcareous clay soils and highest for acid sandy soils. This
approach, however, ignores the adverse effects of elevated dissolved metal
concentrations on vegetation, soil fauna and ground water (the latter through
metal leaching). An alternative approach is thus presented, based on the use of
critical dissolved metal concentrations (or critical metal concentrations in
biomass, such as e.g. food quality criteria, that can be related to concentrations
in soil solution), since these criteria are better indicators for ecotoxicological
effects. Using this approach implies that adsorption and complexation
descriptions are not needed, and that the critical load mainly depends on
hydrologic data and vegetation data.

Alternative simple dynamic approaches, in which the accumulation until a
given critical metal content in the soil is accepted in a finite time period (e.g.
100 years) instead of an infinite period (steady-state approach), are also
presented. These approaches, which imply the use of present metal contents,
may be regarded as methods to derive target loads. The critical metal content
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may either be given directly, or derived from a critical metal concentration in
the soil solution or in biomass. In the latter case, calculated associated critical
metal concentrations will increase with an increase in adsorption constant.
Contrary to the steady-state model, this most likely implies that the highest
critical loads are now calculated for calcareous clay soils and lowest for acid
sandy soils. The reason for this is that for a given critical metal concentration
in the soil solution (defined directly or indirectly through critical concentrations
in biomass), the associated critical metal content in the solid phase increases
with an increase in adsorption constant. This in turn leads to an increase in the
acceptable accumulation rate during the 100 year period, since the difference
between the critical and actual metal content increases.

Regarding the collection of input data for the regional application of the soil
model, emphasis is laid on the interpretation and extrapolation of available
data, by deriving transfer functions (relationships) between model input data
and basic land and climate characteristics, such as land use type (e.g tree spe-
cies), soil type, elevation and precipitation, which are available in geographic
information systems. For all the necessary input data, a data collection
procedure is given. This includes atmospheric deposition of heavy metals,
hydrologic data namely precipitation, interception and transpiration, vegetation
data namely biomass uptake, biomass return, root uptake (forest growth) and
metal contents in various tree compartments, and soil data namely weathering
rates, adsorption and complexation constants. An overview of available data,
focused on a European scale, is included.

Finally, various sources of uncertainty in deriving critical loads are discussed,
namely critical limits, calculation methods and input data. Uncertainties due to
differences in critical limits can be very large and a standardization of the
values used is required. Uncertainties in calculation methods due to
assumptions, such as equilibrium partitioning in a homogeneously mixed
systern, may give rise to a high uncertainty in certain sitouations. The
uncertainty in data, either by spatial variability or because of lack of
knowledge, can be quantified by an uncertainty analysis. Such an analysis,
which also gives insight in which parameters mainly determine the uncertainty
in the resulting critical load, has been performed for Cd and Cu. The
uncertainty analysis was carried out for critical loads calculated with (i) a
steady-state model, using background concentrations in the soil solid phase as
critical limits (critical loads based on the precautionary principle) and (ii) a
simple dynamic model, using effect-based critical concentrations in the soil
solution including an acceptable net accumulation in the soil. Results showed
that parameters describing the adsorption are generally of importance for both
metals and both types of models and critical limits. Additionally, complexation
plays a dominant role in case of Cu, whereas hydrological parameters are
important in case of Cd, especially when using a dynamic model combined
with a critical limit for the soil solution.
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1. Introduction

1.1 Aim and Background

Aim

The present manual presents guidelines to calculate critical loads of heavy
metals for terrestrial ecosystems, based on different critical limits and
methodological approaches. The central aim of this manual is to reach
international consensus within the United Nations Economic Commission of
Europe (UN/ECE) on the methods and critical limits used to quantify the risks
of (atmospheric) inputs of several heavy metals, ie lead (Pb) cadmium (Cd)
copper {Cu), Zinc (Zn), nickel (Ni), chromium (Cr) and mercury (Hg), to sotls,
using effect-based approaches. Such risks can be determined by comparing
present loads with the calculated critical loads. The ultimate aim is to use this
information as a next step in abating heavy metal emissions under the
Convention of Long Range Transboundary Air Pollution (CLRTAP) of the
UN/ECE. The critical load approach may give a more cost-efficient benefit of
emission reductions, as compared to the use of e.g. technical abatement
measures. The general approach is based on methods described earlier (De
Vries and Bakker, 1996). Information about comparable risk assessment
approaches related to the input of persistent organic pollutants to terrestrial
ecosystems can be found in Bakker et al (1998a).

Background

In the past years several studies have been carried out to assess critical loads of
heavy metals and persistent organic pollutants (POPs) for terrestrial and aquatic
ecosystems on a national and European scale. A first attempt to establish direct
relationships between atmospheric deposition of heavy metals and persistent
organic pollutants (POPs) and the possible exceedance of critical limits on a
European scale was the (ESQUAD) project: 'The Impact of Atmospheric
Deposition of Non-Acidifying Pollutants on the Quality of European Forest
Soils and the North Sea’ (Van den Hout, 1994). In that project, critical loads of
cadmium, copper, lead, lindane and benzo(a)pyrene were calculated for
European forest soils and compared with the calculated present atmospheric
deposition. The results of that study have been described in a main report (Van
den Hout, 1994) whereas the methods and data used in the various parts of the
study (deposition modelling and impact/critical load modelling) are extensively
described in a series of background documents (Van Jaarsveld et al., 1995;
Bakker et al., 1994; Reinds et al, 1995). At the same time those relationships
were also investigated in the Netherlands (ATMODEP; Bakker, 1995) for five
heavy metals and nine POPs, including those mentioned above. From both
studies it was concluded that it is indeed possible to establish relationships
between atmospheric deposition and the possible exceedance of critical limits
and that critical loads can be calculated from these relationships,
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Effect based approaches for heavy metals (HMs) and persistent organic
pollutants (POPs) have, however, not yet been thoroughly developed, even
though concern about long-range transport and impacts of these substances is
large. Therefore, the development of protocols on heavy metals and POPs
emission abatement under the UN/ECE Convention on Long-range
Transboundary Air Pollution are going to be based on the precautionary
principle and best available abatement techniques mainly, ignoring differences
in susceptibility of receptors to the metal input.

Following to relevant decisions of the Executive Body for the "Convention on
Long-range Transboundary Air Pollution”, the Working Group on Effects is
expected to assess environmental effects of heavy metals and persistent organic
pollutants and to develop, if possible, critical limits for these substances
(EB.Air/WG.1/26) The Netherlands already contributed to this activity by
elaborating draft manuals for calculating critical loads of heavy metals (De
Vries and Bakker, 1996) and persistent organic pollutants (Bakker and de Vries,
1996) for soil and surface waters.

To further stimulate the progress in this important area, a workshop on critical
limits and effect - based approaches for both heavy metals and POPs was
organized in Bad Harzburg, Germany, from 3 to 7 November 1997. The
questions and issues addressed at the workshop included:

- What kind of methodologies would be needed for development of an

- effect based approach for heavy metals and POPs;

- What data and information would be needed for effective incorporation
and implementation of possible effect based elements in the future
approaches to control long range transboundary transport of heavy metals
and POPs.

In order to facilitate discussions during the workshop, background documents
have been prepared in relation to the two major objectives of the workshop,
namely to define effects-based approaches for:

- derivation of critical limits (concentrations) for identified substances and
receptors (v.d. Plassche et al, 1997).

- derivation of critical loads based on such limits, including related input
data and associated uncertainties. In the background documents, a
distinction was made in heavy metals in terrestrial ecosystems (De Vries
et al, 1997a) and in aquatic ecosystems (De Vries et al, 1997b) and in
POPs in terrestrial ecosystems (Bakker et al, 1997a) and tn aquatic
ecosystems (Bakker et al, 1997b).

The present manual is an update of the background document for heavy metals
in terrestrial ecosystems by including (i) the major comments given at the
workshop, (ii) an overview of approaches to derive critical limits for heavy
metals in terrestrial ecosystems and (iii) a summary of effect-based critical
limits that may be used in critical load calculation methods.
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1.2 Guidelines for the use of the manual

The possible risk of a certain contaminant load on soil quality can be estimated
by determining:

1. the difference between the actual load and the critical load (critical load
risk approach).

2. the difference between the predicted exposure concentration (that will
occur, when the actual load is allowed to continue) and the critical limit
(e.g. negligible exposure concentration) for soil or soil solution (exposure
risk approach).

In the ’critical load’ risk approach, a single critical limit is used to calculate a
critical load. The exposure risk approach allows comparison with various
critical limits. Both approaches are reverse applications of the same model. The
steps in the ’critical load’ risk approach and the exposure risk approach are
shown in Figure 1.

Select a receptor Select a receptor
(Chapter 2) (Chapter 2)
J l
Determine the critical limit Determine the actual load
(Chapter 3) (Chapter 5)
l l
Select a computation method (model) Select a computation method
(Chapter 4) (Chapter 4)
l \)
Collect input data Collect input data
(Chapter 5) (Chalitcr 5)
A}
Calculate the critical load Calculate the exposure concentration
{Chapter 4) (Cha;iter 4)
l
Compare with the actual load Compare with the critical limit
(Chapter 5) (Chapter 3)

Fig. 1 Flowchart for calculating critical loads (left) or exposure concenirations of contaminants
(right)

In this manual, both approaches are presented. The reader can use Fig. 1 as a
guidance through the manual, going from one indicated chapter to another in
the process of performing a critical load assessment. Emphasis is in this context
given to the critical load approaches. This manual does not include a
description of methods (models) to derive actual loads or data on actual loads
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of heavy metals. Nevertheless, chapter 5 does include information on possible
approaches to derive such Ioads, including data on the scavenging effects of
forests (Section 5.3.1).

As indicated in Fig. 1 the aspects which are discussed to derive critical loads
for heavy metals are: the selection of a receptor of concern (Chapter 2), critical
limits for various receptors, including methods to derive them and scale them to
field situations (Chapter 3), proposed calculation methods (models) in relation
to the chosen critical limit (Chapter 4) and the associated input data (Chapter
5). Finally the various sources of ermor and uncertainty are discussed (Chapter
6). Special aspects of the calculation methods, are further elaborated in
annexes.
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2 Relevant receptors

Selection of a receptor is the first step in the flowchart for calculating critical
loads (Fig. 1). When selecting a receptor in view of the different effects of
heavy metals, the crucial question is: What is it that we want to protect? With
respect to risks on terrestrial ecosystems , a major distinction can be made in
risks/effects on humans that use ground water for drinking water or that
consume crops that are grown on the soil (human toxicological risks) and
ecosystems (ecotoxicological risks). In order to judge the ecotoxicological risks

associated with elevated heavy metal contents on terrestrial ecosystems, a

further distinction should be made in the following receptors (Tyler et al.,

1992):

(i) Soil micro organisms and macrofungi. Effects include reduced microbial
biomass and/or species diversity, thus affecting microbial processes such
as enzyme synthesis and activity, litter decomposition, associated with C
and N mineralization, and soil respiration. A review of these effects is
given by Baith (1989).

(ti)  Soil fauna, especially invertebrates such as nematodes and earth worms.
Effects include a decrease in abundance, diversity and biomass. A
review of these effects is given by Bengtsson and Tranvik (1989)

(iii)  Vascular plants including trees. Effects include reduced development and
growth of roots and shoots (toxicity symptoms), elevated concentrations
of starch and total sugar and decreased nutrient contents in foliar tissues
(physiological symptoms) and decreased enzymatic activity (biochemical
symptoms). A review of these phytotoxic effects is given by Bahlsberg
Pahlsson (1989).

(iv)  Terrestrial fauna, such as birds, mammals, or cattle in agricultural soils.
Effects are heavy metal accumulation followed by possible effects to
essential organs. Those effects are considered important with respect to
Cd, Cu and Hg since these metals can accumulate in the food chain.

A simplified overview of major pathways of heavy metals in terrestrial
ecosystems, including the most relevant receptors is shown in Figure 2. In more
general terms, a receptor is defined as an ecosystem of interest that is
potentially polluted by a cerain load of heavy metal. With respect to soils, a
receptor is thus characterized as a specific combination of land use (e.g forest
type, agricultural crop) and soil type. This manual gives information (methods
and data) for both agricultural soils (grassland, arable land) and non-agricultural
(forest) soils, where atmospheric deposition is the only input to the system.
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Fig. 2 Simplified overview of pathways of heavy melals in various receptors and compartments
within terrestrial ecosystems.

The receptors that one may consider in both types of ecosystems are presented
in Table 1.

Table 1 Receptors of concern in three main types of terresirial ecosystems

Receptors of concem Type ol ecosystem
Arable Jand Orass land Non-agncultural land

Soil microbiota/Soil fauna + + +

Plants ,

- phytotoxicity + + +

- crop quality + - -
Terrestrial fauna - . +

Cattle - + -

Ground water + + +

Possible effects on soil life, plants (phytotoxicity) and on ground water are of
concern in all types of ecosystems. Food quality criteria are, however, of
relevance for arable land only, whereas possible secondary poisoning effects on
cattle or terrestrial fauna are relevant in grassland and non-agricultural land,
respectively. A final critical limit can be based on the most sensitive receptor.
Even though effects vary for each metal, soil microbiota/soil fauna are
generally most sensitive.
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3 Critical limits

3.1 Introduction

The assessment of a critical limit for the receptor of concern is the second step
in the flowchart for calculating critical loads (Fig. 1). A UN/ECE working
Group on Nitrogen Oxides has defined the critical load on an ecosystem as: “A
quantitative estimate of an exposure to one or more pollutants below which
significant harmful effects on specified sensitive elements of the environment do
not occur according to present knowledge” (Nilsson and Grennfelt, 1988). In
this report, the above-mentioned definition of a critical load has been adopted
for heavy metals, with the restriction that the critical load refers to single
metals only. According to this definition, the critical load equals the load
causing a concentration in a compartment (soil, soil solution, groundwater,
plant etc.), that does not exceed the critical limit set for heavy metals, thus
preventing ’significant harmful effects on specified sensitive elements of the
environment’, Consequently, the selection of critical limits is a step of major
importance in deriving a critical load. Those critical limits, which depend on
the kind of effects considered and the amount of harm accepted, constitute the
basis of the critical load calculation and determine their magnitude.

Effect-based critical limits for sotls and ground water have been derived or are
under development in several countries (BKH, 1995). The purpose of critical
limits is multiple: Criteria can be used to assess the environmental quality of a
site or area, to set priorities in control measures and to derive emission
reduction goals. Most of the values are derived from comparable starting-points
such as protecting terrestrial populations, water supplies and food quality
(human health), but methods differ in complexity and/for in state of
development. Also the legislative status of the critical limits in the various
countries differs.

The most important questions that need to be addressed with respect to critical

limits are (see also the proceedings of the Bad-Harzburg Workshop):

- What are critical limits to be considered in view of the receptors of concern.

- What is the adequacy of official critical limits for soil in view of the
methods that are used to derive them.

- What is the basis of ecotoxicological critical limits for soil.

- How should critical limits for soil based on ecotoxicological laboratory data
be scaled to the field situation.

- What are the uncertainties involved in the derivation of critical limits.

Apart from the uncertainties, which are specifically addressed in Chapter 5, this

chapter addresses those questions. The receptors that are considered most
relevant (sensitive) with respect to the assessment of critical limits are
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discussed in Section 3.2. An overview and evaluation of presently available
official critical limits for soil is presented in Section 3.3. Section 3.4 describes
the methods that are used to denve critical limits for soil, while differentiating
between direct (primary) ecotoxicological effects on soil microbiota/fauna or
plants and indirect (secondary) effects on terrestrial fauna. The possibility to
scale critical limits for soil, based on direct ecotoxicological effects in the
laboratory, to the field situation is discussed in Section 3.5. Finally, various
effect-based critical limits, available or derived for soil, crops/plants, soil
solutton and ground water are given in Section 3.6.

3.2 Relevant critical limits

Critical limits in view of the relevant receptors of concern

Regarding the heavy metals considered, it is important to realize that Cu and
Zn arc essential to all living organisms, being a co-factor in numerous
enzymes. This means that apart from toxic levels, Cu and Zn deficiencies may
also occur in terrestrial ecosystems, such as forests. There are also indications
that Ni may be essential to plants (found in urease enzyme), whereas Cr may
be involved in the sugar metabolism in mammals. With respect to Pb, Cd and
Hg, no biological function is known (McBride, 1991). Specifically Cd and Hg
and to a lesser extent Pb are thus toxic. All metals, however, can become toxic
to various living organisms in a terrestrial ecosystem.

For most of the receptors or compartments indicated in Fig. 2 in Chapter 2,
critical limits have been defined related to ecotoxicological or human-
toxicological risks, such as:

- humans: acceptable daily intake or ADI (ug.kg™.d?).
This dose is the quantity of a compound to
which man can be orally exposed, on the
basis of body weight, without experiencing
adverse effects on health.

- plants/cattle/terrestrial fauna:  critical limits in plant tissue or target organs
related to direct toxic effects, or food
critical limits related to indirect effects by
human consumption (mgkg™")

- ground water: critical limits related to direct effects on
organisms in ground (surface) water (ug.l™)
- soil: critical limits related to direct and indirect

effects on soil microbiota/soil fauna, plants,
terrestrial fauna and humans (mg.kg™)

Unlike terrestrial fauna, critical limits for soil related to human-toxicological
effects have not been considered in the calculation of a critical load. Such
limits can be derived from critical limits for humans (ADI values) with an
integrated model in which all relevant exposure pathways have been included.
An example of such a model is CSOIL (van den Berg, 1991; 1993), which
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derives a critical limit for soil from a given ADI value. This model includes
many more exposure routes to humans than those indicated in Fig. 2.
Application of the CSOIL model for several standard soils (e.g. Swartjes and
Van den Berg, 1993) showed that critical limits for the soil based on human
toxicological effects are always much higher than those related to
ecotoxicological effects. Consequently, human-toxicological effects are
considered to be adequately covered by food quality criteria and drinking water
standards.

In deriving critical loads for soil, critical limits are thus mainly limited to
ecotoxicological effects on soil organisms, terrestrial fauna and plants and on
ground water limits.

Critical limits considered in deriving critical loads

The suggested model to calculate critical loads (Chapter 4) is a mass balance
model. This calculates the critical load on the basis of an acceptable or critical
metal leaching rate, which in turn is defined by a critical metal concentration in
soil solution or ground water. The rationale behind this model is that dissolved
metal concentrations (or even free metal ion activities) strongly determine the
effects on microbiota/soil fauna and vascular plants through metal uptake, on
ground water through leaching and on terrestrial fauna through accumulation in
the food chain. In some cases (e.g. for arthropods), effects are partly due to
consumption of soil solid material. However, in most cases, toxic effects on
micro-organisms and soil fauna are mainly due to elevated bioavailable
concentrations in soil water (Belfroid, 1994; Van Straalen and Bergema, 1995).

The problem with respect to using metal concentrations in the soil solution is
that critical limits are mostly lacking with respect to direct effects on
microbiota and soil fauna and indirect effects on terrestrial fauna. Although it is
likely that effects on soil organisms are more directly related to the soil
solution concentration (activity) than to the total soil content, critical limits
based on laboratory studies with soil organisms (soil microbiota and soil
invertebrates) are mostly related to total metal contents, either in the humus
layer or the mineral soil (Biith, 1989; Bengtsson and Tranvik, 1989; Witter,
1992; Tyler, 1992). The same is true for indirect effects (secondary poisoning)
on terrestrial fauna (e.g. Jongbloed et al., 1994; Ma and Van der Voet, 1993)
The drawback of using a critical total metal content is that the toxic effects of
heavy metals depend strongly on the bioavailability of metals to soil organisms.
Furthermore, since the suggested method to calculate critical loads is based on
a mass balance equation (see before), these critical soil contents have to be
related to (critical) soil water concentrations (see Section 4.5). The impacts of
using different critical limits for either the soil solid phase or the soil solution
is further discussed in Section 4.3,
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3.3 Evaluation of ’official’ critical limits for soils

Muliifunctional soil use

In various countries within and outside Europe, critical limits for soil have been
derived to assure multifunctional use. An overview of these values for several
countries, indicated by several words such as quality values (UK), target values
(Netherlands), maximum allowable values (Switzerland), soil orientation values
(Germany) and interim assessment criteria (Canada), is given in Table 2 (After
Visser, 1993; BKH, 1995; Van de Plassche et al, 1997). Information on how
these critical limits were derived is not given in these overviews.

Table 2 Critical limits for heavy metal contents in soil in several
countries, related to multifunctional use possibilities

Country Critical limit (mgkg™)

Pt Cd Cu Zn Ni Cr Hg
Denmark” 40 03 30 160 10 50 0.1
Sweden" 3060 - - - - - 0.2-03
Finland? 38 03 32 90 40 80 02
Nethertands" 85 08 36 140 35 100 03
Germany” 40-100 04-15 20-60  60-200 15-70 30-100 0.1-1.0
Switzerland” 50 0.3 50 200 50 5 0.8
Czech Republic? 70 0.4 70 150 60 130 04
Eastern Europe” 32 2 55 100 85 90 2.1
Ireland® 50 1.0 50 150 30 100 1.0
Canada” 25 0.5 30 50 20 20 0.1

Y After Van de Plassche et al. (1997): the first value refers to sandy soils and the second value to clay

soils.

3 After BKH (1995).

3 After Visser (1993).

% Paces (pers. comm).

®  Eastern Europe includes Russia, Ukraine, Moldavia and Belarussia. Data for Pb, Cr and Hg are based
ont Van der Plassche et al. (1997) and those for Cd, Cu, Zn and Ni on Bashkin (pers. comm).

%  Lee (pers. cormm.)

Comparison of the data for the various countries in Table 2 shows a relatively
limited range in critical limits, i.e 25-100 for Pb, 0.3-2 for Cd, 30-70 for Cu,
50-200 for Zn, 10-85 for Ni, 20-130 for Cr and 0.1-1.0 for Hg (all data in
mgkgh).

Differentiations in land use

The above mentioned target values are considered to avoid harmful effects in
all land use types. Higher values are possible when this criterium of
multifunctional use is left. For example, a differentiation has been made in
critical limits for Pb, Cd, Cu and Zn in soil (so-called signal values) for several
types of agricultural use in the Netherlands, based on various criteria, such as
acceptable daily intake for humans or phytotoxic effects (arable land), or effects
on animals (grassland) or loss of production (ornamental culture). When various
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criteria apply, the lowest value has been used (LAC, 1991). Results for Pb, Cd,
Cu, and Zn (Table 3) generally indicate higher values for grassland and
ornamental culture compared to arable land. For sandy soils, the values are
comparable to the Dutch target values. It is suggested to calculate critical loads
for heavy metals using critical limits related to multifunctional use only, since
this does not preclude any use of the soil.

Table 3 Dutch critical limits for heavy metals for several types of agricultural use

Agricultural use Critical limit (mg kg") "

Pb Cd Cu Zn

Sand  Clay S8and  Clay Sand  Clay  Sand Clay

Arable land ® 100 200 05 1.0 50 200 160 350
Grassland 150 150 2 3 50 R0 200 350
Ornamental culture 500 800 5 10 50 200 160 350

" Values for clay seils are also used for peat soils
® Refers to cultivation of crops for human consumption

Apart from the Netherlands, in several other countries, such as the UK and part
of Germany critical limits for heavy metals have also been derived as a
function of land use (e.g agriculture, gardens and parks). An example of such a
differentiation suggested in Germany (Table 4) indicates a strong increase in
critical limits going from multifunctional land use to industrial areas.

Table 4 Critical limits for heavy metals suggested in Germany as a function of land use (after
Eikmann and Kloke, 1991).

Land use Critical limit (mg kg™")

Pb Cd Cu Zn Ni Cr Hg
Multifunctional 100 1 50 150 40 50 Q.5
Children’s playgrounds 200 2 50 300 40 50 0.5
Domeslic gardens 300 2 50 300 80 100 2
Agriculnral areas 500 2 50 300 100 200 10
Recreational areas 500 4 200 1000 100 150 5
Industrial areas 1000 10 300 1000 200 200 10

The adequacy of ’official’ critical limits

The problem with the data described above is that they mostly lack an
ecotoxicological basis. This can be illustrated for the Netherlands, with respect
to the data related to multifunctional soil use.

In the approach used in the Netherlands, the critical limits are in principle
based on risk limits, which are a result of scientific effect assessment.
According to this system, the Maximum Permissible Concentration (MPC),
sometimes denoted in the literature as Maximum Allowable Concentration
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(MAC,; Witter, 1992), is defined as the concentration above which the risk of
adverse effects is considered unacceptable (Section 3.4.1). The Negligible risk
Concentration (NC) is defined as the concentration at which the risk of adverse
effects is considered negligible. As in the field organisms are always exposed
to several substances at once, the NC is derived from the MPC by dividing the
MPC value by a factor 100 to account for possible combination toxicity and
uncertainties in risk assessment. After determining the scientifically based MPC
and NC values, the critical limits (target values and limit values) are defined. In
principle target values, which indicate the final goal in relation to the
environmental quality to be achieved in The Netherlands, are set at the NC
(unless background values are higher) and limit values are equal to or below
the MPC (see Fig. 3).

Ecotoxicological Critical limit
Risk limit

Maximum Permissible

T Concentration (MPC) Limit Value (LV)
Congcentration T
in the T ! factor 100
environment $

Negligible Target Value (TV)
Concentration (NC)

Fig. 3 Risk levels and critical limits in The Netherlands

In principle, the method described above is applied to derive critical limits for
both organic compounds and heavy metals. In the case of heavy metals
however, it appears that the MPC’s and especially the NC’s calculated
according to this method are often lower than ‘’natural background
concentrations’, i.e. concentrations in relatively unpolluted areas. As it seems
pointless to set critical limits at levels that can never be reached due to the
presence of a natural background concentration, it was decided to set the target
value (the long-term critical limit) for heavy metals in soil and sediment at the
background concentration in relatively unpolluted areas in the Netherlands. In
this context, the 90 percentile value of the heavy metal concentrations found in
the topsoil (upper 10 cm) of these relatively unpolluted arecas was taken. The
reason for the difference may, however, partly be due to differences in metal
availability. MPC values are based on laboratory experiments, where a certain
amount of metals is added to the soil (bioavailable contents), whereas the
background refer to hot aqua regia extractions of soil with a fraction of < 2
mm (total contents).

An inventory of approaches used in other countries learned that the basis for
the critical limits or quality objectives used in ’official’ documents is
comparable to the Netherlands and lacks a real ecotoxicological basis (Van de
Plassche et al., 1997). These values may be used as so-called precautionary
values (Bachmann et al.,, 1997). Use of such data would imply that one does
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not allow further accumulation of heavy metals in the soil. In this case it may
even be better to use the local background concentration data, instead of a 90
percentile value. It would at least be better to further distinguish between soil
types, when using critical limits based on background concentration data. The
reason for this is that the natural background concentration of heavy metals
varies with the organic matter content and clay content of the soil. In the Dutch
system the target values are given for a standard soil containing 10% organic
matter and 25% clay. At different organic matter and clay contents, the target
values are corrected.

3.4 Methods to derive effect-based critical limits

Section 2.4.1 describes the methods that are used to derive critical limits for
soil, based on direct ecotoxicological effects on micro-organisms {and plants).
Approaches (food web models) to derive critical limits for soil based on critical
limits for terrestrial fauna such as MPC wvalues for target organisms are
described in Section 2.4.2. Critical limits for soil related to indirect effects are
only considered for certain heavy metals accumulating in the food chain
(specifically Cd and Hg). Terrestrial fauna may be more sensitive than soil
microbiota/soil fauna with respect to these metals.

3.4.1 Direct effects on soil organisms and plants

General approach

As environmental contamination is often a transboundary problem, criteria are
also developed in international frameworks. One international framework in
which much work has been done on the subject of critical limits, is the
Organisation for Economic Co-operation and Development (OECD). Within
this framework a methodology has been developed for the calculation of
Maximum Permissible Concentrations (MPC’s) of substances in the aquatic
environment (OECD, 1992). This approach, which has been applied in The
Netherlands for approximately 250 compounds (metals, volatile compounds,
pesticides and persistent organic pollutants, VROM, 1991; VROM-DWG,
1992), is summarized below.

MPC’s for soils are derived using extrapolation methods that are based on
ecotoxicological information. In this context, a distinction is made in acute
toxicity data based on short-term ecotoxicological experiments (< 1 day) and
chronic toxicity data, based on long-term ecotoxicological experiments (1 day -
1 month). Acute toxicity is defined by the EC,, or LC;, value which is equal to
the concentration at which 50% of the considered organism is either affected
(ECs, with EC = effect concentration) or even dead (LCg, with LC = lethal
concentration). Chronic toxicity is defined by No Observed Effect
Concentrations (NOEC’s), sometimes referred to as No Observed Effect Levels
(NOEL’s), of several species in an ecosystem. The organisms or taxonomic
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groups that are considered in deriving I(E)C,, or NOEC data are micro
organisms or microbe-mediated soil processes (enzymatic activity), earthworms,
arthropads and plants. If only (i) acute toxicity data or a Quantitative Structure
Activity Relationships (QSAR) or (ii) chronic toxicity data for less than four
different taxonomic groups {(micro-organisms, enzymes, earth worms or
arthropods or plants) are available, the modified Environmental Protection
Agency (EPA) method is applied, in which arbitrary safety factors are used
varying from 10 to 1000 (EPA, 1995). If chronic NOEC’s for four or more
different taxonomic groups in the considered compartment are available, the
statistical extrapolation method according to Aldenberg and Slob (1991, 1993)
is used. Both methods are elaborated below.

Simple method: the modified EPA-method

The preliminary effect assessment method is a modified EPA method in which

fixed safety factors are applied to toxicity data (Van de Meent e al., 1990;

OECD, 1992). The safety factors used are based on arbitrary extrapolation

values of 10 going from (i) the laboratory (single-species) to the field (whole

ecosystem) situation and (ii) acute to chronic toxicity data. Furthermore, an

arbitrary extrapolation value of 10 is used when the acute toxicity data are

available for less than four groups of organisms, as specified above. The

various extrapolation factors are multiplied and the MPC’s for the soil

compartment are calculated as follows (Van de Meent ¢t al., 1990):

(1) If acute toxicity data are available for less than three groups of
organisms: The lowest value for the acute L(E)Cs, divided by a safety
factor of 1000.

(ii) If acute toxicity data are available for at least three groups of
organisms: The lowest L{E)C,, divided by a safety factor of 100,

(iii) If chronic toxicity data are available for less than four groups of
organisms: The lowest value for the NOEC divided by a safety factor
of 10.

A similar approach is used to derive critical limits for surface water (De Vries
et al., 1998), which are generally used for ground water, since toxicity data for
organisms in ground water are generally lacking (Crommentuijn et al., 1997).
More information on the uncertainties related to extrapolation of NOEC or
LOEC data is given in Section 6.1.

More detailed method: statistical extrapolation

Statistical extrapolation methods are based on the assumption that the
distribution of species sensitivities in natural ecosystems approximates a
postulated statistical frequency distribution (e.g. log-normal or log-logistic).
From the estimated distribution, a concentration can be derived which is
assumed to protect a predefined number of species in the ecosystem. The
method of Aldenberg and Slob (1991, 1993) assumes a log-logistic distribution
of the available NOEC toxicity data. A concentration of a certain compound is
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considered hazardous when the probability of selecting a species with a NOEC
below this concentration equals 5 %. This implies that theoretically 95 % of the
species within an ecosystem are protected. Using this method, the 95%
protection level calculated with 50% confidence is regarded as the MPC.

A log-logistic distribution implies that the fraction (or percentage) of
unprotected (or potentially affected) species (denoted as the percentage
unprotected species, p, or the potentially affected fraction, PAF), can be
approximated from the logarithmic concentration value of a certain heavy
metal. The latter concentration is denoted as HC,, being the Hazardous
Concentration for p% of the species. The relation between p and HC, can be
described according to (Aldenberg and Slob, 1991) as:

) 100
p= (1 + e—ﬂ (logHC, —u)) (1)

where:

= percentage of unprotected or potentially affected species at a given
logarithmic concentration value of a certain compound.
mean value of the log-logistic distribution (the value where p = 50%).
scale parameter, which determines the width or shape of the log-
logistic distribution.

Rl
L
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Using the comparable PAF concept, cumulative frequency distributions are
plotted on a relative scale from O to 1 instead of 0 - 100. The logarithmic
Hazardous Concentration, log HC,, corresponding with a certain percentage of
potentially affected or unprotected species, p, can be derived by rewriting Eq.
(1) according to:

logHC, = u - ,é_ 1n (1907, 2)

As an example, Fig. 4 presents results of NOEC data for Pb, Cd, Cu and Zn
from at least four taxonomic groups (mostly micro organisms, microbe-
mediated processes such as mineralisation, nitrification and respiration,
earthworms and plants), together with a fitted log-logistic distribution. The data
are based on Klepper and Van de Meent (1997), which in turn based their data
on various literature compilations, such as Crommentuijn et al. (1997) for Cd
and Cu.

Results of the fits were very good, as shown by the adjusted coefficient of
variation of the fit, which varied between 0.97 and 0.99 (Table 3).
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