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ABSTRACT
Biosolids such as sewage sludges, composts and manure contain valuable nutrients and essential minerals, including copper.  They can be used beneficially in a wide range of applications, such as on forage crops, pasture lands, arable lands, parks, forests, silviculture (pine forests), and land reclamation projects.  

A literature survey was performed to assess potential benefits and risks related to copper containing biosolid applications to agricultural lands and to derive a safe and sustainable copper threshold level.  The literature investigation showed that a biosolid application rate of 4 kg Cu/ha.yr can be considered as a safe and sustainable load limit for copper on soils. This value is comparable to the limit value proposed under the draft proposal for a revision of the sewage sludge directive (86/278/EEC), currently under discussion (3 kg Cu/ha.yr).

Ongoing research will allow for refinement of this analysis and its applicability to a wide range of EU soil types.
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INTRODUCTION

The importance of soil protection is increasingly recognised internationally.  In Europe, by 2004, the European Commission intends to develop a thematic strategy to ensure soil protection.  A series of environmental measures designed to prevent soil contamination and soil degradation will be proposed including legislation related to sewage sludge and compost.

In fact, a revision is ongoing of the existing sewage sludge directive (EU directive 86/278/EEC).  Objective of the revision is to improve the present rate of recycling of nutrients and organic matter contained in sludge by broadening the scope of the directive and by including the management of sludge in outlets such as silviculture, green areas and reclaimed lands.
The existing EU sewage sludge directive (86/278/EEC) includes limits for metals and organic compounds. 

The current directives allows for an annual application rate of 12 kg Cu/ha.yr with a limit value for copper concentration in sludge of 1700 mg Cu/kg.yr and a limit copper value in soils of 50-140 mg Cu/kg dry matter. 

The revision of this directive has initiated considerable debate in Europe and elsewhere regarding the acceptable quality of these biosolids when applied to agricultural land.  It is recognised that sludge should be used when there is an agronomic interest for the crops and/or soils.  To ensure that the use of sludge is carried out in such a way as to minimise the risks of negative effects on humans and the environment, the EU is at present discussing concentration limits for metals and organic compounds.  The Third draft Working Document on the Revision to the Sewage Sludge Directive includes a limit value for the amount of copper of 3 kg Cu/ha.yr (based on a ten-year average).   Additionally, medium and long term objectives of 2.4 kg Cu/ha.yr and 1.8 kg Cu/ha.yr, to be reached by 2015 and 2025 respectively, have been proposed.

This paper summarises an extensive literature review assessing the application of copper containing sludge to agricultural land 1. It is the basis of an initial analysis of acceptable copper loadings to agricultural land.  Additionally, information from an ongoing research program 2, evaluating the long term effects of metals in sewage sludge on soil fertility and microbial activity, will be assessed in view of setting acceptable limits for copper to soils and copper containing soil applications.   

RISK BASED ACCEPTABLE COPPER APPLICATION RATES

Copper is a naturally occurring element and an important micronutrient, needed for optimal growth and development of microorganisms, plants, animals and humans. Copper is notably a component of the photosynthetic pigment plastocyanin, the respiratory enzyme cytochrome oxidase and the anti-oxidant superoxide dismutase. 

Considering the fact that copper is an essential nutrient, that may become toxic at elevated levels, limits need to be based on a scientific evaluation of potential short and long term risks, both with regard to deficiencies and toxicities. 

Copper background levels in Europe and copper deficiency

Natural copper levels, available for plants, micro-organisms and animals living in a specific terrestrial environment, depend on the natural geological and physico-chemical characteristics of the soils.  Typical copper concentrations in various rock types and earth's crust vary between <1 and 200 mg/kg.  Similarly, typical total copper levels in soils on varient parent material vary between 1 and 150 mg/kg dry matter 1,3,4.  Therefore, all organisms have developed homeostatic mechanisms that allow them to regulate their internal copper levels, under varying external conditions: at low copper exposure levels, intake rates may be increased while at high copper levels elimination rates may be enhanced.  These well known homeostasis mechanisms are functional within a specific optimal concentration range and as a consequence copper deficiencies and/or copper toxicities may be observed (Figure 1a, 1b, 1c).  Considering the wide range of natural copper levels, different living organisms have developed different specific copper requirements as well as different optimal concentration ranges.  

In agricultural practices, the natural environment is modified.  Large biomasses of crops are cultivated and sufficient bioavailable concentrations of copper in soils are needed to sustain agricultural yields.  Copper deficiency has indeed been noted in a wide variety of agricultural soils world-wide 5.  In Europe, at least 30 million hectares of agricultural land are cultivated with crops, especially wheat and other small grains, whose growth and yields are known to be highly susceptible to copper deficiency.  Eighteen million hectares of cultivated soils in Western Europe (equivalent to 19% of arable land) are believed to be deficient in bioavailable copper 6.  Copper deficiencies are more common in alkaline soils, but are also found in acidic sandy and gravelly soils and in organic soils 7.  To compensate for decreased crop yields due to copper deficiencies, it is therefore a common and necessary practice in agriculture to replenish the copper content of soils with copper-enriched fertilisers or copper sulphate amendments.  In Sweden, for example, the Swedish Board of agriculture (1998), recommends an application of 1.7 to 3.2 kg Cu/ha.yr on soils where copper deficiency has been diagnosed.  The recommendation implies that slightly less than 10,000 ha are treated each year with copper sulphate 1.  Indeed, 34 tonnes/year of copper are added to Swedish agricultural soils via copper-enriched fertiliser to avoid copper deficiencies.  Additionally, 28 tonnes of copper are added through sewage sludge applications and 46 tonnes through manure application 8.  Copper supplements are also added in animal feeds (cattle, pigs, poultry) in order to avoid copper deficiency for livestock. 

Sewage Sludge applications versus copper toxicity

A key factor for assessing the risks of copper deficiency/toxicity is copper’s bioavailability.  Copper binds to organic and inorganic matter present in biosolids and soils.  These processes leave only a limited part of the total copper, present in sewage sludge, manure, biosolids and soils, available for uptake by the organisms 9,10,11.  Only the bioavailable copper has the potential to elicit effects (beneficial or adverse) on the organisms.  As a consequence, in order to adequately evaluate the risks of copper for soil organisms, bioavailability of copper in sewage sludge (compared to copper sulphate for instance) and soils (compared to hydroponic cultures for instance) need to be considered.  To be consistent with the literature review 1, data related to the possible risks of copper, administered to soils - as a sewage sludge biosolid -, for crops, domestic animals and humans, were considered as the most important information sources.

· Evaluation of the impact of copper in sewage sludge on crop yields

Plants have the capacity to regulate the uptake and metabolism of copper, whether the copper is applied as fertiliser, as a copper amendment, or as sewage sludge.  Several studies, considering copper's application through sewage sludge to agricultural land, did not observe reduction in crop yield nor any adverse phytotoxic effects, except at applications containing very high quantities of copper. Royle et al. noted for example, decreased growth of clover after application of up to 3000 kg Cu/ha to a sandy loam soil of pH 6.2 at Gleadthorps.  Clover crop yields were increased with additions of copper up to 22 mg Cu/kg soil and were reduced at soil levels above 100 mg Cu/kg soil 12.  

In Sweden, a field study demonstrated that a cumulative application of 1630 kg Cu/ha (more than 100 times above the currently allowed loading rate) did not show any adverse toxicity effects nor yield reductions in the crop rotation 13  (Figure 2).

· Evaluation of the impact of copper in sewage sludge on human and animal health

Humans and animals have the ability to regulate the uptake and metabolism of copper.  At least under usual agricultural practices (at annual loading rates up to 12 kg Cu/ha.yr) there is no evidence of copper accumulation in the edible parts of crops to levels that are harmful for human consumption, or to levels in whole crops that are harmful to livestock, with the well-known possible exception of some sheep.  It has, on the contrary, long been known that copper deficiency is common in animals. This often occurs because plant-based diets are insufficient to fulfil the Cu requirements of animals. For example, 10 mg Cu/kg is required for healthy cattle, but due to the homeostatic regulation of Cu in herbage, it was not possible to raise the concentration in herbage to this level, even by adding 28.5 kg/ha of Cu 14. In fact, copper supplements are added to the feed for sheep, cattle, pigs as well as poultry to ensure their optimal health and growth.  Furthermore, it is fully acknowledged that in Europe and the US there is a greater health risk caused by copper deficiencies than by excessive intakes of copper 5. 

A recent field study in a copper mineralised district in Chile 15 has indicated that copper levels in fruits (14.99 mg Cu/kg dry matter) were only slightly higher than the USDA’s mean copper content in fruits (11.9 mg Cu/kg dry matter), despite the very high levels of copper in the soils (161-654 mg Cu/kg soil dry matter).  Copper levels in the bulbs of onions (7.7 mg Cu/kg dry matter) were also similar to USDA mean bulb concentrations (5.8 mg Cu/kg dry matter).  These results support the evidence that plants control their uptake of copper from soil.

· Evaluation of the impact of copper in sewage sludge on ecosystem functions

Experimental data in field and laboratory studies have shown in several cases the relative high sensitivity of soil microbial populations to copper exposure, as compared to other organisms 1.  Figure 3 shows that long term sludge applications, corresponding to a cumulative copper input of up to 40 kg Cu/ha, had no negative effects on the growth of earthworms (Allobophora chlorotica).  On the contrary, when effects on reproduction were measured, sludge application appeared to be beneficial 16.

With regard to microbial functions, a copper loading of 12 kg/ha, applied as copper sulphate (a bioavailable copper salt), had an adverse effect on the microbial de-nitrification activity (Figure 4).  At lower copper loadings (between 3 to 10 kg Cu/ha) no such effects were observed.  Other microbial activities were unaffected even at copper loading rates of up to 1200 kg Cu/ha 17.

Another study, conducted by Bacon 2, investigated the effects of metal-rich sludge cakes on microbial activity and soil fertility during four years of applications at nine sites throughout Britain.  The sites cover a range of soil properties, in particular pH and clay and organic matter contents, and different land uses (arable and grassland). For copper, sludge concentrations, ranging between 450 and 5000 mg Cu/kg DS, were applied on nine sites for four years at different application rates  (all above 7.5 kg Cu/ha.yr - the UK maximum permissible application rate).  The sludge applications aimed for a target concentration of copper in soil between 50 and 200 mg Cu/kg dry soil.  For all nine sites, the results with regard to the copper treatments showed that soil microbial biomass, soil respiration and the nitrogen-fixing rhizobia biomasses were unchanged or increased on copper containing sludge treatments compared with the untreated control 2.

SOIL COPPER ACCUMULATION AFTER LONG TERM APPLICATIONS

In order to recommend a sustainable copper loading rate, regulations also intend to ensure the long term quality of the soil.  The accumulation of copper in soils, up to levels that may pose future threats to crop cultivation or ecosystem functioning, therefore need to be avoided.  Several investigations have indeed reported substantial accumulations of copper in soils at elevated copper loading rates (e.g. from Ohlsson et al., 1997 13).  Andersson & Nilsson 18 investigated long-term (14 year) field data from two farms in Sweden (between 1981 and 1994), where copper was loaded as sludge at a rate of up to 4.2 kg Cu/ha.yr for 14 years.  The Swedish researchers determined that after 14 years, there were no significant increases in copper levels in crops (in fact, some copper levels even decreased shortly after application) and that there were no detrimental effects on crop yields.  Additionally, copper accumulations in these soils (pH 6-7) were only marginal.   During the application period, copper soil levels increased with about 11 to 15 mg Cu/g dry soil, without clear evidence for a continued increasing trend in these copper soil levels.   After 14 years of application, the final copper soil levels were between 21 & 27 mg Cu/kg soil dry matter, and thus well below the 50 – 140 mg/kg dry matter soil used in the current EU directive (86/278/EEC), or the 50 mg/kg dry matter proposed in the Third draft Working Document on the Revision to the Sewage Sludge Directive.  This acceptable level of copper accumulation, plus the absence of any detrimental effects over the short-term or long-term, allows us to conclude that sludge application at 4 kg Cu/ha.yr is sustainable for agricultural soils and will not have any adverse effects on crops, animals, humans, or ecosystem functions. 

ONGOING/FUTURE RESEARCH - SOIL SPECIFIC QUALITY CRITERIA

A literature review showed that copper sensitivities within one species can differ often by more than a factor of 100; differences in copper bioavailability in the different test soils is most likely the crucial factor causing this variability 7.  Recognising the importance of bioavailability of metals in soils, several EU countries have already set soil quality criteria as a function of pH.  Scientific evidence indicated however that pH, Eh, organic matter, clay and iron content alter the bioavailability and so the toxicity responses of plants, invertebrates, and soil microorganisms. The ongoing research 2, 19 on sewage sludge amendments, containing copper, to nine soils in UK, indicated the relation between ammonium extractable copper levels  (considered as an indicator of bioavailability) and iron levels in soil. 

In order to better understand the quantitative relationship between total copper levels in soil, soil chemistry and copper bioavailability and toxicity, a research program was recently started by ECI to develop a terrestrial model that will integrate existing and new information on copper availability and toxicity for soil organisms into a model that allows to predict the toxicity of copper to soil organisms.  The information will provide useful data for the setting of precise soil type specific quality criteria. 

Moreover, the information generated under the sewage sludge and soil fertility project 2 will provide additional information, applicable to risk based biosolid regulations.

conclusion
In the context of the upcoming Soil Framework Directive and the recent EU initiative intending to improve the present rate of recycling of nutrients and organic matter from sludge, manure and biosolids, it is crucial to ensure the long-term soil quality by setting limits to the potential pollutants associated with soil amendments.  For a number of substances, including metals, acceptable concentration limits for soils as well as acceptable long-term soil application rates for soil amendments (sewage sludges, manure, biosolids, fertilisers) are therefore under discussion.

For copper, the results from a literature survey 1 on copper in sewage sludge and soils, have reiterated the importance of copper as a micronutrient for crops, animals and man.  On the other hand, laboratory studies indicate that elevated copper levels may potentially cause adverse effects, especially when administered as bioavailable copper salts.  Research clearly indicates that, due to the high levels of organic matter present in biosolids, copper bioavailability when applied as biosolids (sludge, compost, manure) is much lower than the copper availability of a copper salt.  Use of field data or extrapolation of laboratory to field situations (using biosolids) with careful interpretation are therefore important for establishing safe threshold values. 

Laboratory and field investigations both showed nitrogen fixing micro-organisms to be the most sensitive copper endpoint.  Field investigations on nitrogen fixing micro-organisms, the most sensitive endpoint for copper, allowed a threshold copper loading level for soluble copper salt of 12 kg Cu/ha.yr to be established 1.  An ongoing investigation 2, performed in nine UK soils, with varying physico-chemical characteristics additionally showed that long term sludge applications with copper levels up to 5000 mg Cu/kg DS resulting in soil concentrations of up to 200 mg Cu/kg dry soil, had no effect or even a beneficial effect on the soil fertility, including the nitrogen fixing Rhizobia population, compared with the untreated control. 

The literature investigation additionally demonstrated that a sludge application rate of 4 kg Cu/ha.yr (close to the limit proposed under the draft sewage sludge directive, currently under discussion) can be considered as a safe and sustainable load limit for copper on soils.  Field evidence indicated that such a loading rate will lead to an acceptable level of copper accumulation, and will not have any detrimental effects over the short-term or long-term on crops, animals, humans, or ecosystem functions.  Setting lower objectives, as proposed in the third draft document on the revision of the EU sewage sludge directive, appear to be overly conservative and not supported by the available scientific literature.

Ongoing research, sponsored by ECI, at several research institutions will provide data to refine the analysis and its applicability to a wide range of EU soil types. 
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Figure 1a.: Roses grown under copper deficient  (right) versus optimal copper  (left) conditions.

Figure 1b.: Copper deficiency in barley causes symptoms similar to herbicide injury (three plants on the right).

Figure 1c.: Left - normal wheat. Right - wheat with severe copper deficiency symptoms. 
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Figure 2: The influence of sludge applications (respectively 100 ton dry matter/ha and 200 ton dry matter/ha) with a six-year cumulative copper loading of respectively 960 and 1630 kg Cu/ha on crop yield.  The yields on the sludge-treatment plots are compared with yields on plots fertilized with commercial fertilizer  (from Ohlsson et al., 1997).


Figure 3: The influence of sludge on the growth of juvenile earthworms. Sludge applications of 0, 4 and 12 tonnes of sludge respectively were applied at two different farms per hectare every fourth year during a 14 years period corresponding to total additions respectively of 0, 15 and 40 kg Cu/ha. Results for Igelősa are shown, the results/conclusions for the other farm are similar)  (from Anderson & Nilsson, 1993).


Figure 4: The influence of copper sulphate applications on the denitrification activity of soils (from Torstensson & Johansson, 1997).
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