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Summary

Regional mass flux balancing provides essential information to assess the sustainability

of current land use in agroecosystems and supports suitable preventive strategies against

accumulation of contaminants in agricultural soils. To undertake preventive measures,

however, reliability and accuracy of the flux balances have to be known. Consequently,

realistic modelling of contaminant fluxes requires development of reliable mass flux

assessment methods and simulation procedures that account for parameter uncertainty.

The main subject of this thesis was to develop a stochastic framework for modelling

heavy-metal balances in agricultural soils, to quantify the influence of uncertain

variables to the total variation of model results.

We developed an stochastic balance model, PROTERRA-S that is based on the

empirical model PROTERRA developed for the assessment of P, Cd, Zn, Cu, and Pb

balances in regional agroecosystems of about 100 km2. The stochastic model considers

metal inputs by atmospheric deposition, inputs through animal manure, sewage sludge,

commercial fertilizer and pesticides, and metal outputs by crop harvest and leaching.

The basic units of the balances are user-classified land use systems defined by farm

types, and cultivated crops. To consider fertilization characteristics, metal inputs

through fertilizer are coupled with the P fertilization plans of the land use systems. The

model can make use of available regional agricultural databases, and estimates temporal

average balances for five-year periods. Uncertain model input parameters can be treated

as random variables, quantified with probability distributions and propagated to model

outputs using a Latin Hypercube sampling scheme considering correlations among

variables. All model components were programmed in MATLAB, version 5.3.

In a case study, we tested the model and assessed the P, Cd and Zn balances and

their uncertainties for the Sundgau, a rural region in northwestern Switzerland covering

36 km agricultural land distributed among 201 farms. The data used are valid for the

period 1992-97. P characteristics varied largely between the farm types, primarily in

response to different manure quantities. Balance estimates show an accumulation of

metals in soils of arable farm types (Cd: 1.0 - 2.3 g ha"1 yr"1, Zn: 101 - 260 g ha"1 yr"1),

of dairy and mixed farm types (Cd: 0.6 - 2.0 g ha"1 yr"1, Zn: 349 - 3360 g ha"1 yr"1), and



of animal husbandry farm types (Cd: 9.1 - 17.8 g ha"1 yr"1 ,
Zn: 17.9 - 39.8 kg ha"1 yrl ),

although metal concentrations of atmospheric deposition and fertilizers have been

reduced significantly in the last decade in Switzerland. Comparison of model results for

the farm types with reported metal balances of experimental farms shows, that

identification of agricultural land with high risks of heavy-metal accumulation benefits

from stratification of heavy-metal balances according to land use systems while

accounting for their P fertilization plans.

Propagation of uncertainty in model input parameters led to large variations of

the calculated net element fluxes, where the standard deviations were in the same order

of magnitude as their average values. Informational uncertainties were large for the

cadmium and zinc balances, indicating that significant reduction could be achieved by

further detailed investigations. Uncertainty analysis for different correlation structures

among random variables revealed that the analysis will lead to delusive results, when

dependencies among random variables are neglected.

To sum up, PROTERRA-S provides an efficient tool to design and monitor

preventive strategies as it takes sufficiently account of regional agricultural

characteristics, soil conditions and P fertilization management. It is particularly suited to

be used as a regional consulting tool (i) to identify the areas with the highest metal

accumulation risk; (ii) to assess the uncertainty in metal balances and to reduce the

uncertainty in balances by further investigations determining highly sensitive

parameters more accurately; (iii) to evaluate the effect of preventive strategies against

metal enrichment in soil, i.e. calculation of scenarios, such as the influence of

improving fertilization management or changes in crop and livestock production on the

heavy-metal cycles, for example, and (iv) to derive critical metal inputs to prevent

harmful effects on soil fertility and crop quality. Consequently, the model may support

sustainable management of regional heavy-metal cycles in agricultural soils.



Zusammenfassung

Regionale Stoffbilanzierungen liefern grundlegende Erkenntnisse zur Beurteilung der

Nachhaltigkeit gegenwärtiger Landnutzung in Agrar-Ökosystemen, und unterstützen die

Umsetzung geeigneter Massnahmen zur Vermeidung von Schadstoffakkumulationen in

landwirtschaftlichen Böden. Für die Planung und Durchführung solcher Massnahmen

muss jedoch die Zuverlässigkeit und Genauigkeit der Schadstoffbilanzen bekannt sein.

Folglich erfordert eine realistische Modellierung von Stoffflüssen die Entwicklung von

zuverlässigen Berechnungsmethoden und Simulationsverfahren, welche Unsicherheiten

in Modellparameter berücksichtigen. Die vorliegende Dissertation hatte zum Ziel, die

Modellierung von Schwermetallbilanzen in landwirtschaftlichen Böden mit einem

stochastischen Ansatz zu verknüpfen, der es erlaubt, den Einfluss unsicherer

Modellparameter auf die Varianz der Modellergebnisse zu quantifizieren.

Zu diesem Zweck wurde die bestehende empirische Stoffbilanzierungsmethode

PROTERRA, welche konzipiert wurde für P, Cd, Zn, Cu und Pb Bilanzen in regionalen

Agrar-Ökosystemen von etwa 100 km2, konzeptionell zum stochastischen

Bilanzierungsmodell PROTERRA-S weiterentwickelt. Dieses Modell berücksichtigt

Schwermetalleinträge durch atmosphärische Deposition, Hofdüngerausbringung,

Klärschlamm, mineralischen Dünger und Pestizide, sowie Austräge durch Erntegut und

Verlagerung von Schwermetallen aus dem Oberboden. Grundlegende Bilanzierungs¬

einheiten sind benutzerspezifische Landnutzungsklassen, welche durch landwirt¬

schaftliche Betriebstypen und Kulturtypen charakterisiert werden. Die Schwermetall¬

einträge durch Düngemittel sind gekoppelt an die P Düngungspläne der Betriebstypen,

um die Charakteristik der Düngung in diesen Betriebstypen mit einzubeziehen. Das

Modell nutzt landwirtschaftliche Daten aus regional verfügbaren Datenbanken, und

schätzt zeitlich gemittelte Bilanzen für die Zeitdauer von fünf Jahren. Unsichere

Modellparameter können als Zufallsvariable betrachtet und mit einer

Wahrscheinlichkeitsverteilung definiert werden. Die Inputdaten der Zufallsvariablen zur

Modellberechnung werden mit der Methode "Latin Hypercube" simuliert, wobei

Korrelationen zwischen den Zufallsvariablen mit einbezogen werden. Die



Komponenten dieser stochastischen Methode wurden implementiert in MATLAB,

version 5.3.

Das Bilanzierungsmodell wurde im Sundgau getestet, einer ländlichen Region in der

nordwestlichen Schweiz. Die landwirtschaftliche Fläche der Region beträgt 36 km und

umfasst 201 landwirtschaftliche Betriebe. Die Bilanzierungsdaten beziehen sich auf die

Zeitdauer 1992-97.

Die geschätzten P Bilanzen variierten stark zwischen den Betriebstypen,

vorwiegend aufgrund unterschiedlichem Hofdüngeranfall. Es wurde eine Netto-

Akkumulation von Schwermetallen in den Böden von Ackerbaubetrieben (Cd: 1.0 - 2.3

g ha"1 yr"1, Zn: 101 - 260 g ha"1 yr"1 ), von Milchvieh- und gemischten Betriebstypen

(Cd: 0.6 - 2.0 g ha"1 yr"1, Zn: 349 - 3360 g ha"1 yr"1), und von Tierzucht-betrieben (Cd:

9.1 - 17.8 g ha"1 yr"1 ,
Zn: 17.9 - 39.8 kg ha"1 yr"1 ) geschätzt, obwohl im letzten

Jahrzehnt in der Schweiz die Schwermetalleinträge durch die atmosphärische

Deposition und die Schwermetallkonzentrationen in Düngern signifikant reduziert

worden sind. Der Vergleich der Modellergebnisse der Landnutzungsklassen mit

Bilanzen von landwirtschaftlichen Betrieben aus der Literatur verdeutlicht, dass die

Stratifizierung der Schwermetallbilanzen in Landnutzungsklassen und die Einbindung

der P Düngungs-pläne dieser Klassen in die Bilanzen, ein geeigneter Ansatz zur

Identifizierung von Risikoflächen mit hoher Akkumulation darstellt. Differenzen

zwischen den berechneten Schwermetallbilanzen der Landnutzungsklassen waren vor

allem auf die P Düngungspläne der Betriebstypen zurückzuführen.

Die Unsicherheiten in den Zufallsvariablen führten zu grossen Streuungen der

berechneten Netto-Stofffluxe der Landnutzungsklassen. Da die "informational"

Unsicherheiten in den Cd und Zn Bilanzen bedeutend waren, könnten diese signifikant

mit weiteren detaillierten Untersuchungen reduziert werden. Die geschätzten

Unsicherheitsquellen der Cd Bilanzen zeigten beträchtliche Unterschiede, wenn die

Unsicherheitsanalyse für Zufallsvariablen mit unterschiedlicher Korrelationstruktur

durchgeführt wurde. Dieses Resultat der Korrelations-Szenarien verdeutlicht, dass

Abhängigkeiten zwischen Zufallsvariablen in Unsicherheitsanalysen nicht

vernachlässigt werden dürfen.

Mit dem stochastischen Stoffbilanzierungsmodell PROTERRA-S steht ein

effizientes Instrument zur Planung und Überwachung von präventiven Massnahmen zur



Verfügung, welches regionale landwirtschaftliche Charakteristiken, Bodeneigenschaften

und P Düngungpläne suffizient berücksichtigt. Insbesondere eignet sich das Modell als

regionales Instrumentarium, um (i) Landwirtschaftsflächen mit hohem Risiko zur

Schadstoffakkumulation zu identifizieren; (ii) die Unsicherheiten der Bilanzierungen zu

quantifizieren und diese durch weitere Untersuchungen, in denen vor allem die stark

sensitiven Modellparameter genauer bestimmt werden, zu reduzieren; (iii) Massnahmen

zur Vermeidung von Schadstoffakkumulationen zu evaluieren, d.h. Szenarien

berechnen, wie z.B. den Einfluss optimierter Düngungspläne oder Änderungen

bezüglich des Tierbestandes und des Kulturanbaus auf die Schwermetall-Kreisläufe,

und (iv) kritische Schwermetalleinträgen zur Vermeidung schädlicher Einwirkungen auf

die Bodenfruchtbarkeit und Qualität der Kulturpflanzen herzuleiten. Das Stoff¬

bilanzierungsmodell kann somit die nachhaltige Bewirtschaftung von Schwermetall-

Kreisläufen in landwirtschaftlichen Böden unterstützen.



Chapter 1

Introduction

A central issue in the Swiss soil protection legislation is to ascertain soil fertility in the

long-term based on preventive strategies (USG, 1995; VBBo, 1998). Soil is considered

to be fertile, if among others soil functions such as biological functioning, plant growth

and crop production functioning and filtering functioning are ascertained. In response,

at the one hand soil quality standards for soil contaminants (guide values) were

established to assess soil fertility, accompanied with preventive regulations to control

the inputs of contaminants to soil, e.g. emission standards, quality standards of

fertilizers, sewage sludge, compost, and agrochemicals. On the other hand, trigger and

clean up values were introduced in this concept to evaluate the hazard to crops, animal

and human health followed from polluted soils (VBBo, 1998; Hämmann et al. 1998).

To evaluate whether or not a certain land use type may affect soil quality

negatively, monitoring instruments are required. With regard to heavy-metal

accumulation in agricultural soils, in general soil surveys are performed for this

purpose. However, soil surveys detect soil pollution only after it occurred and are not

pollution source oriented. Thus, soil surveys discover the soil contaminant status with

respect to soil quality standards, but cannot provide preventive strategies against

accumulation of contaminants in soil. Moreover, accumulation of soil pollutants may

take place at rather slow rates but on large areas. Hence, it may take decades to detect

accumulation trends in soil by repeated sampling with statistical significance as

indicated by the Swiss Soil Monitoring Network (BUWAL, 1993; Desaules, 1993;

BUWAL, 2000).
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Yet, the large scale accumulation of heavy metals in agricultural soils followed

by increasing flows of these contaminants through the soil system may cause serious

problems for soil fertility, groundwater and food chains. Therefore, the only adequate

strategy to deal with this problem is to prevent such soil contamination. The assessment

of soil quality standards can be extended by mass flux balances of soil pollutants. This

instrument is essential to achieve sustainable land use in the long term as it provides the

anticipation of contaminant enrichment in soil and the basis for preventive strategies

(Schulin, 1993; von Steiger and Obrist, 1993).

In this respect, the balance approach is useful to derive indicators for

sustainable land use (Gilbert et al., 1996; Moolenaar et al., 1997; van der Zee and de

Haan, 1998) alternatively to the current soil quality standards. Thus, mass flux balances

as a criteria of assessing sustainable land use complement soil quality criteria

investigated by soil surveys (Figure 1.1).

accumulation

soil quality

m unpolluted soil

Irenes towards

unsustainable

situation of farmland

in CH Mittelland

[unsustainable |

-\\ \n

trend towards

sustainable

^C

metal flux

.^balances:
depletion

polluted soil

Figure 1.1: The assessment of sustainable land use in the space of mass flux balance criteria

and soil quality criteria, Source: Gilbert et al. (1996), adapted.



In the plane of these two criteria, sustainability is marked by a zero or negative net loss

(i.e. depletion) of contaminants in soil, whereas positive net accumulation rates

correspond to an unsustainable land use. In Swiss agricultural soils, such a situation has

been shown by heavy-metal balance studies and simple book-keeping of agricultural

fertilizers containing metals (Furrer, 1984; von Steiger and Baccini, 1990; BUWAL,

1993; Lingg et al. 1996; Menzi and Kessler, 1998; Keller andDesaules, 1999; Candinas

et al, 1999).

1.1 Outline ofthe problem

In order to assess the sustainability of agricultural land use and to provide preventive

strategies against heavy-metal accumulation in soils, various (static) heavy-metal

balance studies have been carried out in European agroecosystems. An overview of

these studies have been given in Moolenaar (1998). Further metal-balance

investigations were recently presented by Schütze and Nagel (1998) and LBP (1998) for

Germany, by Chamber et al., (1998) and Nicholson et al. (1998) for England and Wales

and by Tiktak et al. (1998) for the Netherlands.

Additionally, dynamic models have been developed to predict the long-term

behaviour of heavy-metals in soil (van der Zee et al., 1990; Boekhold and van der Zee,

1991; Harmsen, 1992; Palm, 1994; Moolenaar et al., 1998; Tiktak et al., 1998; de Vries

and Bakker, 1998). As a consequence of the purpose of these balance approaches, they

differ primarily with respect to the processes involved, the spatial and temporal scale of

interest and with regard to their combination with available model databases. In

particular, models based on mechanistic descriptions of soil processes can usually only

be applied on field scale, whereas simplified empirical models have the advantage to be

applicable on larger scales such as the regional scale depending on the available data on

that spatial scale. Hence, finding the compromise between model complexity and

identification of model input data is probably one of the most important challenges in

model development (Tiktak, 1999; Heuvelink andPebesma, 1999).

Regarding the target scale of preventive strategies against heavy-metal

accumulation in soil, we presume that the regional scale is particularly appropriate for

monitoring and controlling metal fluxes in agroecosystems, because this spatial scale

corresponds with the socio-economic scale of communities and farms, i.e. regional
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policies regarding arable management systems (Fresco, 1995). Mass flux balancing of

arable systems integrates agricultural characteristics such as crop and livestock

production as well as management characteristics, i.e. fertilization plans of farms

(Stomph et.al., 1994). Therefore, the regional scale appears to be an appropriate target

scale for translating model results into sustainable management of heavy-metal cycles

by farmers and other land-managers. However, to provide meaningful information for

taking preventive strategies also the reliability and accuracy of the heavy-metal balances

have to be known. Uncertainties in metal balances may arise primarily from:

• measurement errors, limited and unreliable data,

• uncertainty in regression functions to estimate model input parameters,

• spatial and temporal variation of parameters, and from

• coupling balance data which refer to different spatial and temporal scales.

Yet, only a few authors studied the sensitivity and uncertainty of estimated heavy-metal

balances on parameter uncertainty (Boekhold and van der Zee, 1991; Palm, 1994;

Moolenaar and Lexmond, 1998; Tiktak et al. 1999), but agricultural characteristics and

the uncertainties resulting from metal inputs through agricultural activities and

atmospheric deposition have not been taken into account in these studies.

Starting with the regional empirical model PROTERRA, developed by von

Steiger and Obrist (1993) for assessing phosphorus, cadmium, zinc, and copper

balances of agricultural land for regions of some 100 km2, the main task of this thesis is

to assess the reliability and accuracy of the model estimates. Thus, the subjects of this

thesis are:

• further development of the model PROTERRA with regard to processes and

suitable model simplifications under the prerequisite, that the model takes into

account different agricultural land use types and is linked to available databases

in Switzerland,

• development of a flexible stochastic framework that provides to assess the

uncertainty in model results,

• development of a procedure to identify and quantify the uncertainty sources of

the heavy-metal balances, and

• test of the stochastic model using a case study region.



1.2 Conceptual approach

To assess uncertainties in modelling regional heavy-metal accumulation in

agroecosystems, we conceived a stochastic framework considering the concept of

hierarchy and the related aspects of data availability, spatial and temporal variation of

variables, and data aggregation/disaggregation.

Hierarchy

Agroecosystems can be regarded as open systems, which are hierarchically organised.

Each level of organisation in this nested hierarchy is linked to a specific spatial scale

(McBratney, 1998; Wagenet, 1998). In our study, we defined the following scale

hierarchy: (i) the plot or field scale, (ii) the farm scale, i.e. individual farms or group of

farms with similar characteristics, and (iii) the regional scale (Figure 2.1). These scales

correspond to the socio-economic organisation levels of (i) farmer, (ii) farmers and

agricultural cooperatives, and (iii) regional environmental administration and politics.

Data availability and model simplifications

Because different processes are important at different scales and availability of model

input parameters is usually reduced at higher scales, models are scale specific

(Heuvelink and Pebesma, 1999). A requirement for a regional mass flux balance model

is that all model input data can be derived from general information sources, e.g.

agricultural statistics, soil maps, or from regression functions to estimate model input

parameters. For this reason, soil erosion and inputs by compost were not considered in

model development, simply because such data are currently not available at regional

scale. Furthermore, mass flux assessment methods to estimate leaching had to be

evaluated given the available information sources.

Spatial and temporal variation ofvariables

Each level refer to specific bio-physical properties and characteristics. For instance, at

field level flux balance refer to a specific crop type and soil type, at farm scale flux

balances refer to agricultural characteristics such as livestock composition and crop

production. At each level estimation of flux balances is concerned with spatial and

temporal variation of these properties and characteristics. And so, variation of flux

balances between fields belonging to the same farm, may primarily result from spatial
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variation of soil parameters and seasonal crop rotation, whereas variation of fluxes

between farms may be also influenced by agricultural management, e.g. livestock

composition and the associated cropping systems and fertilization plans (see

Figure 2.1). On the temporal scale, flux balances may be mainly sensitive to seasonal

differences in crop yield and crop cultivation. Therefore, mass flux balance may result

in large errors if observed time period is too short.

Variation factors between

farm in g systems:
- fertilization management
- atmospheric deposition
- family of soil types
- Soil metal concentrations

Variation factors between
fields of the same farm type:
- soil type
-crop type
- fertilization pians

Variation factors

vuitiin fields:
- metal concentration in soil

- metaJ concentration of crops

field level (< 103 m2)

Figure 2.1 .-Possible factors that influence variation of mass flux balances at different
levels.



Aggregation and Disaggregation

Calculation of mass flux balances requires to couple data that refer to different spatial

scales. Given the hierarchy in Figure 2.1, mass flux data have to be aggregated and

disaggregated to the desired balance level. For example, data of animal production and

sewage sludge quantities have to be disaggregated from regional databases to the farm

level by using land information systems, empirical assumptions about fertilization

strategy in combination with the principle of mass preservation. On the other hand,

leaching and metal export by crop harvest, for example, may be aggregated according to

their area fractions, obtained from soil maps and agricultural statistics respectively, to

the farm level.

1.3 Contents ofthis thesis

The following chapters of this thesis have been written in paper form and submitted for

publication in scientific journals. In Chapter 2 we present the model structure of

PROTERRA-S, i.e. the basic model equations and the aggregation levels of the heavy-

metal balances, and the assessed cadmium and zinc balances for the Sundgau region as

a case study as well. Because the model input data are too extensive, only the most

relevant regional characteristics and model input parameter are presented in this chapter.

The complete data set as well as the data sources are given in Appendix A, and are also

available at http://.ito.umnw.ethz.ch/ SoilProt/staff/kellera.

Chapter 3 deals with the stochastic framework of the model. The main

components of the developed uncertainty analysis procedure are presented and

illustrated by the regional aggregated heavy-metal balances for the case study. In

chapter 4, we focus on the relationship between phosphorus fertilization management

and heavy-metal balances of different land use systems, and on the uncertainties of

these estimated balances. In addition, we calculate some phosphorus fertilization

scenarios and study the influence on the cadmium and zinc balances of the land use

systems. Finally, in chapter 5 we define three correlation scenarios for uncertain model

input parameters, because typically the information of correlation among random

variables is either unknown or highly uncertain. We analyse the influence of

dependencies among random variables on the model results and on the uncertainty

analysis of these estimates.



Chapter 1

1.4 References

Boekhold, A E
,
and S E A T M van der Zee 1991 Long-term effects of soil heterogeneity on cadmium

behavior m soil J Contam Hydrol 7 371-390

BUWAL 1993 Nationales Bodenbeobachtungsnetz Messresultate 1985-1991 Schriftenreihe Umwelt

Nr 200 Bundesamt fur Umwelt, Wald und Landschaft (BUWAL) Bern Switzerland

BUWAL 2000 Nationales Bodenbeobachtungsnetz Veränderungen von Schadstoffgehalten nach 5 und

10 Jahren Schriftenreihe Umwelt Nr 320 Bundesamt fur Umwelt, Wald und Landschaft

(BUWAL) Bern Switzerland

Candmas, T ,
Chassot, G M , Kupper, T , Menzi, H , Spiess, E ,

and J M Besson 1999 Contamination of

soil by sewage sludge and other fertilizers Agrarforschung 6 309-312

Chambers, B J
,
Nicholson, F A ,

Soloman, D R
,
and R Unwin 1998 Heavy-Metal Loadings from

Animal Manures to Agricultural Land in England and Wales In J Martinez (ed ) "Proc of the

FAO-Network on Recycling Agricultural, Municipal and Industrial Residues m Agriculture

(RAMIRAN 98)" Rennes, France May 1998

De 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 input data Report 166, DLO

Wmand Staring Centre, Wagenmgen, The Netherlands

Desaules, A 1993 Soil monitoring m Switzerland by the NABO-Network objectives, experiences and

problems p 7-23 In R Schulm, A Desaules, R Webster and B v Steiger (eds ) Soil Monitoring

Early Detection and Surveying of Soil Contamination and Degradation Birkhauser Verlag Basel,

Switzerland

Fresco, LO 1995 Agro-ecological knowledge at different scales p 133-141 In J Boumaetal (ed)

Eco-Regional Approaches for Sustainable Land Use and Food Production Kluwer Academic Publ

The Netherlands

Furrer, O J 1984 Konzept zur Festlegung von Grenzwerten fur Schwermetallimmissionen in den Boden

Schweiz Landw Fo 23 195-199

Gilbert, A , Harger, R ,
and F M Meyer 1996 Criteria for sustainability m the development of indicators

for sustainable development Chemosphere 33 1739-1748

Hammann, M , Gupta S K
,
and J Zihler 1998 Protection of soils from contamination m Swiss

legislation Adv GeoEcology 31 629 636

Harmsen, K 1992 Long-Term Behaviour of Heavy Metals in Agricultural Soils - A Simple Analytical
Model p 217-247 /«DC Adnano (ed ) Biochemistry of Trace Metals Lewis Publishers,

London, UK

Heuvelink G B M
,
and E J Pebesma 1999 Spatial aggregation and soil process modelling Geoderma

89 47-65

Keller, T ,
and A Desaules 1999 Schadstoffgehalte und Hintergrundwerte m Boden der Schweiz 1990

bis 1996 Umweltmaterialien Federal Office of Environment, Forests and Landscape (FOEFL),

3003 - Berne, Switzerland

LBP 1997 Boden Dauerbeobachtungsflachen - Bericht nach lOjahriger Laufzeit 1985-1995

Schriftenreihe der LBP 5/97 Bayerische Landesanstalt fur Bodenkultur und Pflanzenbau (LBP),

Munich, Germany

Lmgg, K ,
Meuli R

,
and R Schulin 1996 Schwermetallemtrage m Landwirtschaftsboden

Agrarforschung 3 105-108

McBratney, A B 1998 Some considerations on methods for spatially aggregating and disaggregating soil

information Nutrient Cycling Agroecosyst 50 51 62

Menzi, H ,
and J Kessler 1998 Heavy Metal Content of Manure m Switzerland In J Martinez (ed )

"Proc of the FAO-Network on Recycling Agricultural, Municipal and Industrial Residues m

Agriculture (RAMIRAN 98)" Rennes, France May 1998

Moolenaar, S W 1998 Sustainable Management of Heavy Metals m Agro-ecosystems PhD Thesis

Agricultural University of Wagenmgen Wagenmgen The Netherlands



Moolenaar, S.W., and T.M. Lexmond. 1998. Heavy-metal balances of agro-ecosystems in the

Netherlands. Netherlands J. Agnc. Sei. 46:171-192.

Moolenaar, S.W., Temminghoff, E.J.M., and F.A.M. de Haan. 1998. Modeling dynamic copper balances

for a contaminated sandy soil following land use change from agriculture to forestry. Environ.

Pollut. 103:117-125.

Moolenaar, S.W., van der Zee, S.E.A.T M., and Th.M. Lexmond. 1997. Indicators of the sustainability of

heavy-metal management in agro-ecosystems Sei. Total Environ. 201:155-169.

Nicholson, F.A., Chambers B., Alloway B ,
Hird A., Smith S., and C. Carlton-Smith. 1998. An inventory

of heavy metal inputs to agricultural soils m England and Wales. Conference Proceedings of the

16th World Congress of Soil Science. Montpellier, France.

Palm, V. 1994. A model for sorption, flux and plant uptake of cadmium in a soil profile: model structure

and sensitivity analysis. Water Air Soil Pollut. 77:169-190.

Schulm, R. 1993. Contaminant Mass Balances in Soil Monitoring, p. 55-71. In R. Schulm, A. Desaules,

R. Webster and B. v. Steiger (eds.) Soil Monitoring - Early Detection and Surveying of Soil

Contamination and Degradation. Birkhauser Verlag Basel, Switzerland.

Schutze, G., and H.D. Nagel. 1998. Kriterien fur die Erarbeitung von Immssionsmmderungszielen zum
Schutz der Boden und Abschätzung der langfristigen raumlichen Auswirkungen anthropogener
Stoffeintrage UBA Texte 19/98, Forschungsbericht 204 02 825. Umweltbundesamt Berlin.

Germany.

Stomph, T.J., Fresco, L.O., and H. van Keulen 1994. Land use systems evaluation: concepts and

methology. Agnc. Syst 44:243-255

Tiktak, A., Alkemade, R., van Grmsven, H ,
and K. Makaske. 1998. Modelling cadmium accumulation on

a regional scale in the Netherlands. Nutrient Cycling Agroecosyst. 50:209-222.

Tiktak, A., Leynse, A., and H Vissenberg. 1999. Uncertainty m a regional-scale assessment of cadmium

accumulation in the Netherlands. J. Environ. Qual. 28:461-470.

USG. 1995. Umweltschutzgesetz (USG) - Änderung vom 21. Dezember 1995. SR 814.01. Bern,
Switzerland.

Van der Zee, S.E.A.T.M., and F.A.M de Haan. 1998 Monitoring, control and remediation of soil

degradation by agrochemicals, sewage sludge and composed municipal wastes. Adv. GeoEcology
31:607-614.

Van der Zee, S.E.A.T.M., Ferdmandus H.N.M., and A.E. Boekhold. 1990. Long-term effects of

fertilization and diffuse deposition of heavy metals on soil and crop quality, p. 323-326 In M.L. van

Beusichem (ed.) Plant Nutrition - Physiology and Applications. Proceedings of the Eleventh

International Plant Nutrition Colloquium, August 1989. Wagenmgen, The Netherlands.

VBBo, 1998 Swiss Ordinance on the Pollution of Soils. Swiss Government. Berne. 1. July 1998.

Von Steiger, B., and J. Obnst. 1993. Available databases for regional mass balances in agricultural land.

p. 35-46. In: R Schulm, A. Desaules, R. Webster and B. v. Steiger (eds.) Soil Monitoring - Early
Detection and Surveying of Soil Contamination and Degradation Birkhauser Verlag Basel,
Switzerland.

Von Steiger, B., and P. Baccim. 1990. Regionale Stoffbilanzierung von landwirtschaftlichen Boden mit

messbarem Em- und Austrag Nationales Forschungsprogramm "Boden". Report No 38. 3097

Liebefeld-Beme. Switzerland.

Wagenet, R.J. 1998. Scale issues in agroecological research chains. Nutrient Cycling Agroecosyst. 50.23-

34.



Seite Leer /

Blank leaf



Chapter 2

A Stochastic Empirical Model for Regional Heavy-

Metal Balances in Agroecosystems

Journal ofEnvironmental Quality (accepted)

A. Keller, B. von Steiger, S.E.A.T.M. van der Zee andR. Schulin

ABSTRACT

Mass flux balancing provides essential information for preventive strategies against

heavy-metal accumulation in agricultural soils which may result from atmospheric

deposition and application of fertilizers and pesticides. In this paper we present the

empirical stochastic balance model, PROTERRA-S, that estimates heavy-metal and

phosphorus accumulation in agricultural soils on the regional level. The basic units of

these balances are land use systems defined by livestock production and cultivated

crops. The model is designed to use available databases, such as regional agricultural

statistics and soil information systems.

In a case study, we assessed the phosphorus, cadmium, and zinc balances for

the Sundgau region, Switzerland. The regional P requirements of crops were mainly

supplied by animal manure (56%) and commercial fertilizers (40%). Net cadmium

fluxes of the land use systems ranged from 1.0 g ha"1 yr"1 (dairy and mixed farm types)

to 17.8 g ha" yr" (animal husbandry systems), whereas the regional net cadmium flux

was only 1.4 g ha"1 yr"1. The regional net zinc flux was 605 g ha"1 yr"1, the smallest net

zinc flux of 101 g ha"1 yr"1 was found for an arable farm type, whereas for animal

husbandry systems fluxes up to 39.8 kg ha"1 yr"1 were estimated. Comparison of model
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results with reported metal balances of experimental farms shows that identification of

agricultural land with high risks of heavy-metal accumulation benefits from

stratification of heavy-metal balances according to land use systems, while accounting

for their P fertilization plans. Consequently, the model may support sustainable

management of heavy-metal cycles in agricultural soils.

2.1 Introduction

Soil surveys assess pollution only after it occurred. They cannot provide preventive

strategies against metal accumulation in soil. Heavy-metal inputs into agricultural soils

due to atmospheric deposition and application of commercial fertilizers, animal manure,

sewage sludge and pesticides take place at a rather slow rate but on large areas. Hence,

it may take decades to detect accumulation trends in soil by repeated sampling with

statistical significance. Such contamination may not be of concern in terms of

immediate toxicity effects as in the case of hot spot pollution of hazardous waste and

industrial sites.

Yet, it is the ubiquitous character and the increase of heavy-metal flows through

the soil system that may cause serious problems for soil fertility, ground water quality

and food chains. The only adequate strategy to deal with slow large-scale accumulation

of heavy-metals in soils is to prevent such contamination. The instrument of mass flux

balancing is essential to achieve sustainable management of the metal regime of

agricultural soils in the long term as it enables the anticipation of metal enrichment in

soil (Schulin, 1993). In this respect, the balance approach is useful to derive indicators

for sustainable soil quality as well as for other environmental compartments (Gilbert,

1996; Moolenaar et al., 1997, van der Zee and de Haan, 1998).

Various methods have been proposed to assess metal balances for agricultural

soils. A general purpose of (static) mass balance studies is to identify important metal

input and output fluxes in order to detect soil pollution risks (von Steiger and Obrist,

1993; Moolenaar and Lexmond, 1998; de Vries and Bakker, 1998). Additionally,

dynamic models have been developed to predict long-term behaviour of heavy-metals in

soil (van der Zee et al., 1990; Boekhold and van der Zee, 1991; Harmsen, 1992; Palm,

1994; Moolenaar et al., 1998; Tiktak et al., 1998).



Apart from the degree of process modeling involved, these balance approaches differ

primarily with respect to the spatial scale (field, farm, region, nation), their temporal

scale of interest (static or dynamic approach), and with regard to their combination with

available model databases. Models based on mechanistic descriptions of soil processes

(Boekhold and van der Zee, 1991; Palm, 1994) have been restricted to applications on

the field scale, because of the large input data requirements. Empirical models, with

simplifications related to data availability are commonly developed for the farm scale

(e.g. Moolenaar and Lexmond, 1998) or the regional scale (e.g. von Steiger et al., 1998;

Tiktak et al., 1998). The regional scale is particularly appropriate for monitoring and

controlling metal fluxes in agroecosystems because this spatial scale corresponds with

the socio-economic scale of communities and farms, i.e. for decision making and

regional policies regarding arable management systems (Fresco, 1995). Therefore, the

regional scale appears to be an appropriate target scale for translating model results into

sustainable management of heavy-metal cycles by farmers and other land-managers.

However, model development for regional agroecosystems requires that

agricultural data are coupled with soil characteristics, taking into account reliability and

accuracy of input data that may influence model results considerably. Soil

characteristics can usually be obtained from geo-referenced soil maps (site-specific

data) representing interpolated soil data on gridcell maps using geostatistical methods.

The agricultural metal inputs however, can not always be derived for a comparable

resolution. The spatial pattern of these inputs depends on the spatial distribution of

agricultural characteristics such as livestock production, crop types and fertilization

management.

Typically, this information is not available at field level (non-site specific data).

Thus, these non-site specific metal inputs resulting from agricultural activities can not

directly be linked to the site-specific soil information maps. For instance, the dynamic

balance model for the long-term response of heavy-metal contents to regional inputs

developed by Tiktak et al. (1998), uses average agricultural metal inputs. The main

advantages of this model is that regional differences in metal accumulation can be

identified and trends of future metal contents can be predicted. The influence of

different agricultural land use however, is averaged out.
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To take into account agricultural characteristics in balances and to provide

preventive strategies against heavy-metal accumulation in regional agroecosystems, von

Steiger and Obrist (1993) developed the empirical model PROTERRA for the

assessment of phosphorus, cadmium, zinc, copper, and lead balances in regional

agroecosystems of about 100 km2. We extended this model incorporating leaching of

heavy-metals and set the empirical model in a stochastic framework to account for

parameter uncertainty. This stochastic empirical model, PROTERRA-S, considers each

possible combination of site-specific soil characteristics and non-site specific

fertilization management. The basic units of the balances are land use systems defined

by livestock composition and cultivated crops. The balance model is linked to available

regional databases, such as agricultural statistics and soil information systems. Since the

agricultural database is updated every five years in Switzerland, the model estimates

temporal average balances for five-year periods to consider changes in regional

boundary conditions such as increasing use of waste fertilizers or change in agricultural

land-use characteristics.

The objective of this paper is to present the empirical stochastic balance model

for regional agroecosystems and to assess the magnitude of cadmium and zinc fluxes for

a case study in Switzerland. Other heavy metals can be assessed by the balance model

as well. In addition, key assumptions of the model are discussed and the model results

are compared to other heavy-metal balance studies.

2.2 Theory

2.2.1 Model structure

Figure 2.1(a) presents the input, internal and output flows that are in general considered

in heavy-metal balances on a farm scale. While some mass flow data can be obtained

from bookkeeping sheets of the farms, most of the data necessary to calculate the

indicated heavy-metal flows directly are usually not available or very time consuming to

obtain (von Steiger and Obrist, 1993). Based on available databases PROTERRA-S uses

the balance scheme delineated in Figure 2.1(b), separating the mass flows determined

from non-site specific agricultural management data and mass flows determined from

site-specific soil data. The balance of the agricultural management gives the net input of

metals into the soils by agricultural land-use, here referred to as crop production.
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The model relates the metal fluxes associated with fertilizer inputs to the management

of the soil P balance, making empirically based assumptions about the farmers

fertilization strategies (Table 2.1). We chose P as the key element of the nutrient

management because (i) metals are primarily present in P and NP fertilizers and hardly

in N fertilizers and (ii) P fertilization plans of the farmers depend primarily on the P

requirements of crops. On the basis of the relationship between the metal fluxes and the

P fertilization plans, the model can make use of available regional agricultural statistics,

e.g. livestock production, crop type areas, amounts of sewage sludge used (Table 2.2).

Moreover, the model takes regional characteristics of fertilization management into

account, that can be obtained from agricultural consultants and guide-lines.

Table 2.1: Massflux assessment and modelling approaches used in PROTERRRA-S.

metal input fluxes symbol mass flux

assessment

modelling

approach

atm. deposition lAtm

manure J-Man

sewage sludge Ise

commercial fertilizer Icf

pesticides iPes

mass flux on regional scale -

mass flow on farm scale distribution assumption for

mass flow on crop types
within farm types

mass flow on regional scale distribution assumption for

mass flow according to the

P requirements for crops.

(P balance) and a preference
factor,

metal concentration for distribution assumption for

various fertilizer types mass flow according to P

requirements for crops,

mass flux according to

guidelines

metal output fluxes and sorption

crop production

leaching

sorption

Ocrop mass flux for each crop type
Or

Ct

mass flux estimation using
Freundlich regr. functions

total metal cone, in soil



Table 2.2: Available databases f used in PROTERRA-S.

metal inputs symbol unit reference

scaled

data

source §

manure (luan)

livestock type 1 - si qi
livestock ni number si qi

farm type i - si qi
P prod, per animal fp,i kgDM yr"1 s2/s3 q3

P-concentration Cp,Man gp kgDM-1 s2/s3 q2
M/P-conc. ratio X-Man gM kgp"1 s2/s3 q2

sewage sludge (Ise)

amount per region qse kgDM s2 qi

M/P-conc. ratio XSe gM kg?"1 s2/s3 q2

commercialfertilizer (Icf)

amount qcF kgDM ha"1 si q3

M/P-conc. ratio XCF gM kg?"1 s3 q2

pesticides (Ipes) kgM ha"1 yr"1 s3 q3

atmospheric deposition (lAtm) gM ha"1 yr"1 s2 q2

metal outputs

crop production (Ocwp)

crop area A, ha si qi

specific crop type k - si qi

yield Yk kgDM ha"1 yr"1 si q2/q3
P-concentration Cp.Crop gp kgDM-1 si q2
M-concentration cM,Crop gM kgp"1 si q2

leaching (Or)

total M-conc. in soil Ct mg kgDM-1 si q2
Soil types (Soil map) - si qi
Soil pH - si ql/q2
CEC mmolc kg"1 si ql/q2
Soil water flux qw mmyr"1 s2 qi

fertilizer distribution parameter

oCman manure between cropping systems s2 q4

ocse area where sewag;e sludge is accepted s2 q4

t P: phosphorus, M: heavy metals: Cd, Cu and Zn.

| si - field, farm; s2 - community, region; s3 - nation.

§ ql - agricultural databases, soil information systems; q2 - quality and soil surveys,

investigations of experimental farms; q3 - agricultural guide-lines; q4 - agricultural
consultants.
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2.2.2 Levels offlux balances

According to Swiss agricultural statistics, farms are grouped by predominant livestock

type and density (per unit area of farm land) into "farm types", which are denoted here

by the index i (Table 2.3). For each farm type the statistics also provides the total

numbers of different kinds of livestock. The area of agricultural land, A,-, belonging to

each farm type is grouped by cropping systems, i.e. into three crop classes (denoted by

index j, see Table 2.3). Using k as the index for individual crops, Aik denotes the total

agricultural area of the region on which crop type k is produced within the ith farm type.

This databasis is available for each region in Switzerland, where a region refers here to

an administration unit comprising several communities. Typically a region has an area

in the order of some 100 km
.

Table 2.3: Land use systems (LUS) as the basic units of the PROTERRA-S model. All

combinations offarm type i and cropping systemj are considered.

land-use systemy (LUSij)_

farm types, f cropping systemsj

i = 1..10 j = 1..3

[CMU ha1 $] [ha]

1. < 0.2 (no livestock) 1. pastures and

2. 0.2 -1 poultry meadows:

3. 0.2 -1 pig

4. 0.2 -1 cattle

5. 1-2 poultry 2. agricultural crops

6. 1-2 pig

7. 1-2 cattle

8. > 2 poultry 3. special crops:

9. >2pig

10. > 2 cattle

crop typesk

k = 1..16

[ha]

1. intensive used meadows

2. less intens, used meadows

3. pastures 4. fallow and peat land

5. coppice

6. bread cereals 7.fodder cereals

8. potatoes 9. sugar beet 10. legumes

11. rape 12. tobacco 13. maize silage

14. vineyards

15. orchards

16. vegetables

t defined by predominant livestock type and livestock density. Livestock types are: cattle (dairy

cow, fattening calf, breeding cattle, fattening cattle), pig (breeding pig, fattening pig), poultry

(layer units, fattening units, turkey), other (sheep, goat, horse).

$ CMU is the cattle manure unit that is based on the nutrient quantities for a dairy cow weighing
600 kg (105 kg N yr"1, 15 kg P yr"1). The livestock number for all types is converted to CMU. In

Switzerland maximum livestock density is limited to 3 CMU ha"1, corresponding to 315 kg N

hal and 45 kg P ha"1 (FOEFL, 1994).



Given these databases, so called "land use systems" (LUS) were defined as the basic

balance units. A LUSy is defined as the agricultural land of a region belonging to the

same farm type i and the same cropping system j. It should be noted, that metal transfer

between farms of the same LUS, e.g. by exchanging feed crops, livestock or manure,

has no influence on the balance set-up by the model because they remain internal. In

other words, PROTERRA-S treats the farms grouped in the same LUS together as a

larger composite farm in terms of the schemes depicted in Figure 2.1(b).

The model disaggregates balances from the level of the LUSy to the level of

specific crop types k within a farm type i as well as aggregates the LUSXJ balances

according to their area fraction Ay to the regional level. It is obvious that such an

aggregation of the input and output fluxes of the LUS results in loss of details. The

specific livestock and crop production characteristics are averaged out and therefore, the

aggregated heavy-metal balances indicate only a general trend of the region.

2.2.3 Model equations at level ofthe LUS

The change of a heavy-metal content M (g ha"1) in a completely mixed soil layer, i.e. the

topsoil or plough layer in the case of arable soils, during a time period At (yr) is given

for each LUSy by

AM«

-^L = (lAtm) + lASr,ij-(0L) [2.1]

where <lAtm> (g ha^yr"1) is the regional aggregated metal input flux by atmospheric

deposition, I^m (g ha^yr"1) is the net input flux of the LUSy from agricultural activities

and <Ol> (g ha'Vr"1) is the metal loss by leaching that is evaluated for the predominant

soil types of the region and aggregated according to their area fraction. Fluxes such as

metal transfer by soil erosion are not considered here, but might be also included

(Harmsen, 1992). Because the databases do not provide site-specific cross information

between the basic agricultural balance units, LUSy, and the soil type units, we used a

stochastic balance approach considering each possible combination of soil type and

agricultural management of the LUS.
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Leaching

The total heavy-metal content M (g ha"1) in a plough layer is the sum of sorbed metal

amount to the solid phase and (truly) dissolved amount in the soil solution,

M = pzct+6csz [2.2]

where p is the dry soil bulk density (kg m"3), z is the depth of the plough layer (m), 6 is

_n _1 1

the volumetric water content (L m" ), ct (mg kg" ) and cs (mg L" ) are the sorbed and

dissolved metal concentrations of the soil, respectively. Partitioning between adsorbed

and dissolved metal phase is described by a Freundlich type isotherm given by

loge, -logKp +nlogcs [2.3]

,-h
where Kf (L kg" ) and n (-) are constants. KF is related to soil properties (van der Zee

and van Riemsdijk, 1987; Buchter et al., 1989; Elzinga et al., 1999), and can be

expressed by a regression function of the form

logKF = logbKf + YJbg logJcg
8=1

[2.4]

where b&j is the adjusted Freundlich coefficient, bg are the empirical coefficients of g

basic soil properties xg that are considered in an appropriate regression function, e.g.

involving soil pH and cation exchange capacity. The dissolved metal concentration cs is

approximately given by

/ \l/n

cs~
PzKF

[2.5]

and considering only convective transport, the leaching flux can be written as

0L~kLM
Un

[2.6]

where kL (yr"1) is the leaching rate coefficient, given by

K = qH

f
j

\1/n

pzKF
[2.7]

-2 -K
and where qw (L m" yr" ) is the (Darcy) water flux at the lower boundary of the plough

layer.



Crop production

The net metal input from the crop production process in each LUS is given by

lAgr,ij = TMan,iJ+ ^CF,iJ + he,i]+ LPes,ij
~ Ocrop,ij [2 ^]

where luan is the input flux by animal manure application, Icp is the input flux with

commercial fertilizer, Ise is the input flux with sewage sludge, Ipes is the input flux by

pesticides and Ocrop is the output flux by crop removal, which are all expressed in (g ha

1

yr *). Metal inputs with fertilizer application, IMan, Icf and he, are determined on the

basis of the following P balance:

Op,Crop,ij + JP,tol = LP,Man,i] + lP,Se,iJ + h,CF,iJ & 9]

Here, Op crop (gp hal yrl) is the P uptake of crops (only harvested parts), IP toi

(gp ha"1 yr"1) is an additional P input, that accounts for present P surpluses m

agroecosystems. IpMan, Ip se, Ipcf, are the P input fluxes through manure, sewage sludge

and commercial fertilizers respectively (all in gp ha1 yr!). P losses by surface runoff

and leaching are not considered here separately, these processes are assumed to be

accounted for by updating the P fertilization plans for every balance period.

The P demand of crops in Eq. [2.9] can be specified based on available

statistical data for each LUS, whereas the data for fertilizer refer to larger units Manure

production can be inferred from livestock statistics for farm types. Book-keeping of

waste water treatments plants allow to determine the metal and P fluxes entering the

environment by sewage sludge disposal for communities. Likewise, trade statistics may

give information about the amounts and types of commercial fertilizers sold in a region.

How fertilizers are distnbuted across the agricultural land depends on the decisions of

the farmers.

In order to estimate the distribution of fertilizers between the LUS,

PROTERRA-S assumes that farmers in average use the following fertilization strategy,

that is recommended by the Swiss Guidelines for Water Protection (FOEFL, 1994): (1)

All the manure produced by a specific farm type is applied to the cropping area

belonging to that farm type. On agricultural land, where sufficient nutrients can be

supplied with animal manure alone, other fertilizers are avoided; (u) If the produced

manure is insufficient to supply the P demands of crops, waste fertilizer such as sewage
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sludge is used (quantity is restricted to 5 tonsDM every 3 years); (iii) Commercial

fertilizer is used to provide the P demands for crops that is still required after manure

and sewage sludge have been distributed.

P balance

Average P removal for cropping systems j is calculated for each farm type i as

O^^t^c^ [2.10]

where AlJ]c (ha) is the area of the crop type k within LUSy, Av (ha) the total area of LUSy,

Yk (kgDM ha"1 yr"1) and cP:t (mgP kg"1) are the yield and P-concentration of the crop type

k. It should be noted that averaging the P removals of crop types for cropping systems

may lead to small errors in the P balance, and consequently in the metal balances of the

LUS. Partitioning of manure quantity between the cropping systems j is determined by

the P demand of the cropping systems, Op^mp.ij, and a preference factor, otM<m,} (%) A

weighting matrix AMan,ij can therefore be defined as

1
_

Man,] P,Crop,i] TO 1 11^Man.u
~

n
tz-lljyMan,i]

2*1 Man,] ^P,Crop,l]

The total quantity of P to be distributed with manure, Qp^uan (kgp yr"1), for each farm

type i may be calculated from

s

Qp,Man,i =

Zjnh fp,l [2.12]
1=1

where ni (unit) is the number of livestock type I andjfp,/ (kgP unit"1 yr"1) is the amount of

P produced per unit of livestock type I that is assumed to be independent of the farm

type. Applying the fraction ÄManjj of this amount to LUSy, the P input flux by manure is

then given by

j Man,,] 0
„ n1

lP,Man,l] . >£P,Man,i t-^-1JJ

A,



In case within a farm type lptM<m is larger than Optcrop, it is assumed that manure is not

distributed on areas of other farm types. Thus, manure application may lead to excessive

P input on some LUS. If the manure produced is insufficient to cover the P demands of

the crops, the quantity Ip,need-(gv ha"1 yr"1), that is given by

^P,need,ij =@P,Crop,ij + JP,tol~ ^P,Man,ij [2-14]

is positive. In this case, the given sewage sludge quantity of the region is distnbuted

proportionally to the remaining demand lpiTieed across the area on which sewage sludge is

accepted, cxsej (%) This empincal factor accounts for the fact that sewage sludge is not

accepted by all farmers and is assumed to be independent of the farm type. The fraction

of sewage sludge entering the LUSy, Ase^, is then given by

; _

lP,need,i] A] aSe,j m 1 <1

ÀSe,ij—^-^ [2.15]

Zj2jlp,need,ij A] aSe,j
i=l ]=1

with the constraint that for LUSy with negative Ip,need,ij values the weight AS6:lJ are set to

zero, and that for all LUSy ÄSe,ij sum up to one (mass conservation). The P supply

provided by sewage sludge, IP>Se (gp ha"1 yr"1), is then given by

Ip,Se,ij=— l Qse cP,Se [2.16]
A; «Se, j

where QSe (tonsDM yr" ) is the regional sewage sludge quantity and cPise (kgp tons"1) is

the P concentration of the sewage sludge. Following the fertilization strategy,

commercial fertilizer provide the remaining P requirement for crops that is given by

TP,CF,ij ~ Ip,need,ij ~ lP,Se,i] ^ h,need,ij ~ 7P,Se,ij > 0 and [2.17]

lP,CF,i] = ° if lP,need,i] ~ LP,Se,i] - ° [2.18]

for the areas where sewage sludge is applied. On agricultural areas where sewage sludge

is not accepted, Al} (l-aSeJ, IPjcf,ij is calculated likewise except that Ip>Se,ij in Eq. [2.17]

and [2.18] is set to zero.
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Heavy-metal inputs

Once the fertilizer inputs have been partitioned between the LUS, the metal inputs

through fertilization are determined from the P fertilizer inputs and from the ratios

between metal and P concentrations of the fertilizers. Thus, the metal input through

manure is calculated according to

À s

JMan,i] = T^~^Qp,Man,il XM ,Man,l [2.19]

Ay l=\

where xM,Man,i (mgM gp ) is the ratio between metal M and P concentrations in manure of

livestock type I. Likewise the metal input with sewage sludge on the fraction of land

where this is accepted, is calculated according to

TSe,i]
~

h,Se,ij xM,Se [2.20]

where XM,se (mgM kgP" ) is the ratio between metal and P concentration in sewage

sludge. The metal input with commercial fertilizer equals to

Im,cf,ij - Ip,CF,y xm,cf [2.21]

where xm>cf (gM kgp" ) is the ratio between metal and P concentration in commercial

fertilizer. Finally, the metal input with pesticides, Ipes (g ha"1 yr"1), is estimated as

1 r

*Pes,i] ~~7~ 2-1 A]k Qpes.L CPes,k \1.l1\
A; *=1

where qpei (L ha" yr" ) is the quantity of pesticide for the crop type k recommended by

agricultural guidelines, and cPei (gM L"1) is the metal concentration in pesticide obtained

from product information.

Crop uptake and harvest

Metal outputs with harvest (including grazing) is calculated as

r A

"crop,,] = 2-l~A~ k CCrop,k [2.23]
k=l A;



if data of the metal concentration of the crop type k, cCr0p,k (mg kg_1Dw), are available. In

a general form, with regard to the total metal concentration in soil, Ocmp can be written

as (Boekhold and van der Zee, 1991)

Ocrop = kc M1/m [2.24]

where kc is the crop-uptake rate coefficient and m is an empirical parameter. Under the

assumption of a linear relationship between ccrop and ct, that might be valid for non-

polluted soils, the crop-uptake rate coefficient for the specific crop type k is according

to

k =
*k Crop,k

[225]
pz ct

and the parameter m becomes 1. Alternatively, cCrop can be derived by a (non-linear)

regression function of the form

log<W = log^o* + K loêcr [2-26]

that might be advisable for polluted soils. Here bok and bik are regression coefficients. In

this case, the crop-uptake rate coefficient is given by

K,k =^7 K [2-27]

and the parameter m becomes bik- The regression approach can be extended by other

basic soil properties, such as the soil pH, clay content or organic matter content of the

soil (e.g. Eriksson, 1990).

Model extension

Based on the availability of regional agricultural statistics the PROTERRA-S balance

approach is used to calculate the change of a heavy-metal content in soil during a time

period At (yr). Therefore, characteristics of the regional agricultural land use are

assumed to be constant for that time step. Temporal variation of metal fluxes during that

period is averaged out and not considered in the model. Such variation may result

among others from seasonal variability of crop yield or from variation of annual
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atmospheric metal deposition. Substituting Eq. [2.7], [2.8], [2.25] in Eq. [2.1], the

PROTERRA-S model can be extended for assessing continuous temporal changes in

heavy-metal balances in the form (Boekhold and van der Zee, 1991)

^. = IM-kcMm-kLM« [2.28]

where Itot (g ha_1yr_1) is the sum of the metal input fluxes considered in the model.

Boekhold and van der Zee (1991), Moolenaar et al. (1997) and Tiktak et al. (1999)

derived analytical solutions for such a dynamic balance approach for certain values of m

and n. Harmsen (1992) presented analytical solutions regarding various chemical

reactions that determine the relationship between the solubility of heavy metals and

their accumulated contents in soil.

2.3 Materials and Methods

As a case study, we applied the model to the Sundgau, a rural region south of Basel in

northwestern Switzerland (Figure 2.2). This region extends between the Swiss Jura in

the Southeast with hills up to 800 m altitude and the Rhine valley in the Northwest. The

region covers 95 km and comprises 16 communities of the Cantons Basel-Land and

Solothurn.

2.3.1 Agricultural statistics

The agricultural land of the region covers about 36 km2, distributed among 201 farms.

Pastures and meadows accounted for 49%, agricultural crops, dominated by bread and

fodder cereals, for 46% and special crops for 6% of this area. The average farm area of

18 ha was slightly larger than the national average of 13.8 ha (1995). 39% of the farms

were smaller than 10 ha, and about equal fractions of 20 % of the farms fell into the

classes of 10-20 ha, of 20-30 ha and of > 30 ha. The average livestock density of the

region was about 0.93 CMU ha"1 which is only slightly smaller than the Swiss average

of 1.2 CMU ha"1 (1995). Thus, with respect to livestock production and farm

characteristics the Sundgau region is quite typical for Switzerland.
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Figure 2.2: Distribution of agricultural land (1 ha gndcells) in the Sundgau region,

Switzerland (total area: 95 km ).
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Table 2.4 presents the agricultural statistics of the LUS in our case study for the period

1992-97. Dairy farms (0.2 - 1 CMU ha"1, cattle; 1 - 2 CMU ha'1, cattle) and arable

farms (< 0.2 CMU ha"1 and 0.2-1 CMU ha"1, poultry) covered about 88% of the total

agricultural area. Dairy farms are characterised by the combination of plant and animal

production (meat, milk). Besides pastures and meadows the land of these farms was

mainly used for growing bread and fodder cereals, silo and green maize in crop rotation.

Arable farms were characterized by the dominance of crop rotation land on which

mainly bread and fodder cereals, potatoes, and rape is produced, while grassland and

special crops (vegetables and vineyards) played a minor role. On a few farms,

comprising 2% of the total area, livestock density was > 2 CMU ha"1. These intensive

husbandry systems are characterized by animal breeding. Crops grown on these farms

were primarily fodder cereals, silo maize and green maize.

Assumptions used to model the farmers fertilization strategies were as follows.

The tolerable P surplus, lpitou was set equal to the Swiss average of 13 kgp ha^yr"1,

estimated by Spiess (1999). Assuming that manure was preferably distributed on

pastures and meadows and only marginally on special crops, the weights for a,lian were

set 2 for pasture and meadows, 1 for agricultural crops and 0.2 for special crops (aMan -

[2,1,0.2]). Sewage sludge was assumed to be accepted on 50% of the grassland area and

on 30% of the crop totation area (äse = [0-5, 0.3,0]). The complete data set of the model

input parameters used in this case study, e.g. metal and phosphorus concentrations in

crops and fertilizers, crop yield, is available at http://www.ito.umnw.ethz.ch/

SoilProt/staff/kellera.

2.3.2 Soil data and Freundlich regressionfunction

Soil types and soil pH, organic matter (OM), clay content, carbon content and cation

exchange capacity (CEC) of the Sundgau region were derived from 1:5000 GIS-based

soil maps. Predominant soil types in the area of the Swiss Jura are Humic Cambisols,

Calcaric Cambisols and Rendzic Leptosols, while in the nordwestern part of the region

Haplic Luvisols, Stagnic Luvisols as well as Humic Cambisols and Calcaric Cambisols

are the most frequent soil types.



Table 2.4: Agricultural statistics of the Sundgau case study (3560 ha total area).

farm type i

(CMU ha1)
farms

total units

livestock production (number)
cattle pig poultry

farms units farms units farms

others

units farms

crop type j (ha)_

pastures agricultural
meadows crops

special

crops

arable farms

<0.2 9 0 0 0 0 222 9 0 0 177.4 235.3 74.9

0.2-1 poultry 42 0 0 0 0 2960 24 598 42 200.4 197.2 56.9

dairy and mixed farms

0.2-1 pig 5 0 0 116 4 60 1 64 3 30.7 89.0 11.7

0.2-1 cattle 72 2931 52 200 9 3017 29 200 17 757.0 758.7 25.4

1-2 poultry 7 0 0 0 0 0 0 232 7 17.5 0.3 0.9

1-2 pig 6 48 1 268 3 233 2 67 3 18.1 13.3 1.2

1-2 cattle 49 2371 30 481 6 1625 19 219 26 524.2 296.3 21.6

animal husbandry farms

>2 poultry 4 0 0 0 0 1223 2 104 4 5.6 0.2 0.3

>2pig 5 22 1 3054 4 35 1 2 1 9.6 29.4 4.8

>2 cattle 2 9 1 0 0 0 0 2 1 0.0 2.0 0.0

sum 201 5381 4119 9375 1488 1740.5 1621.4 197.6

% total area 48.9 45.5 5.5
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Measured metal concentrations in soil and additional soil properties were

available from regional soil surveys of the cantonal EPA (Table 2.5). Additional

measurements were available from plots of the Swiss National Soil Monitoring Network

(Keller and Desaules, 1999).

Table 2.5: Sample statisticsfor measured soil properties and metal concentrations (Bono,

1993; Bono 1999) in agricultural soils of the case study area.

min mean imedian max std number

pH (CaCl2) 5.4 6.6 6.8 7.8 0.34 148

CEC (mmolc kg"1) 54 152 160 320 32 54

Clay (kg kg"1) 0.14 0.25 0.43 54

OM(gkg"1) 24 45 78 54

Carbonate cont.(g kg"1) <1 88 8 485 54

CCd_NaN03 t (P-g kg"1) <1 2 1 8 0.86 40

Ccd_iiN03,t t (mg kg"1) 0.12 0.5 0.47 1.4 0.22 148

CZiLNaN03 t (mg kg"1) <0.13i 0.13 0.13 0.19 0.01 40

CZn_HN03,t f (mg kg"1) 32 65 60 170 21 148

z plough layer ( m ) 0.2 $

p soil bulk density (kg m"3) 1300

qw water flux (L m"2 yr"1) 315 §

t HN03 - resp. NaN03 - extractable concentrations (SAEFL, 2001)
£ for pastures 0.1 m

§ annual rainfall 900 L m"2
, evaporation 65%;

Following the approach proposed by Elzinga et al. (1999), we calculated Freundlich

distribution coefficients Kf from the mapped soil properties using linear regression of

Kf on soil pH and CEC values. For cadmium we applied the regression function given

by Elzinga et al. (1999) and Tiktak et al. (1999)

log^ = -1.846 + 0.407 pH + 0.656 log CEC [2.29]

and estimated the cadmium concentration in soil solution using Eq. [2.5]. These soluble

cadmium estimates were in the same range as the NaN03-extractable concentrations

(SAEFL, 2001) measured by the cantonal EPA (see Table 2.5). For zinc, however, the

regression function given by Elzinga et al. (1999) overestimated the respective

measured values in average by a factor of five. Therefore, we adjusted the intercept of



the regression function to fit the average of these measurements. This resulted in the

following modified equation

logi^ = - 0.605 + 0.282 pH + 0.675 log CEC [2.30]

The exponent n of the Freundlich equation was estimated using the following regression

equation given by Buchter et al. (1989) for both metals

n = 1.24-0.0831 pH [2.31]

2.3.3 Parameter uncertainty

To estimate the uncertainty in model predictions, designated input parameter were

treated as random variables described by normal or log-normal probability distributions

(Keller et al., 2001). Using a Latin Hypercube sampling scheme with correlated

variables a large number of equally probable realizations of the model input data were

generated. The PROTERRA-S model was run for each set of realizations, which yields

model outputs that are also random variables. In this study, we applied the program

UNCSAM (Janssen et al., 1994), which is a package for efficient Monte Carlo sampling

in combination with regression and correlation analysis to perform sensitivity and

uncertainty analyses on a large variety of simulation models. The balance model is

programmed using MATLAB, version.5.3 (Mathworks, 1999).

2.4 Results

2.4.1 Phosphorus balances

On LUS with livestock densities larger than 2 CMU ha"1 P requirements of crops were

met by animal manure alone. For these animal husbandry farm types large P surpluses

ranging from 108 to 580 kgp ha" yr" were found. For dairy and arable farm types,

additional P inputs through sewage sludge (3.2-8.8 kgp ha^yr"1 ) and commercial

fertilizer (5.5-20.8 kgP ha'Vr"1) were required to meet the crop demands. On arable

farms the P inputs through these fertilizers were largest. P uptake of the cropping

systems ranged between 17.3 and 26.9 kgp ha^yr"1, while the regional crop uptake was



Chapter 2

19.6 kgp ha^yr"1. In total, 56% of the regional P input was supplied by animal manure,

40% by commercial fertilizers, whereas sewage sludge contributed only about 5%.

2.4.2 Cadmium balances

Net cadmium fluxes varied between 1.0 g ha^yr"1 for agricultural crops on farms with a

livestock density of 1-2 CMU ha"1 (poultry) and 17.8 g ha"1 yr"1 for pastures and

meadows on farms with a livestock density of >2 CMU ha"1 (pig). Excluding the LUS

with predominant pig breeding, the range of the net cadmium flux in the LUS decreased

considerably (median 1.0 - 3.4 g ha"1 yr"1) and was close to the regional net cadmium

flux of 1.4 g haV1 (Table 2.6).

Differences between the LUS were large. On arable farm types, atmospheric

deposition and commercial fertilizers were the dominant cadmium sources. For

example, on LUSi2 (< 0.2 CMU ha"1, agricultural crops) the total cadmium input, i.e.

the sum of the input sources, was caused to 62 % from atmospheric deposition and to 26

% from commercial fertilizer (Figure 2.3). Of this total cadmium input, 16 % was

exported again by crop removal and 21 % lost by leaching according to our estimates.

The remainder of 63% of the total cadmium input accumulated in the plough layer or

top soil.

Regarding the cadmium outputs, removal by crops was larger on pastures and

meadows (1.4-2.2 g ha"1 yr"1) than on crop rotation land (0.6-1.6 g ha"1 yr"1). Model

simulations yield on average uptake-rate coefficients of 4.7xl0"4 yr"1 for bread cereals,

2.3xl0"4 yr"1 for fodder cereals, 33.9xl0"4 yr"1 for sugar beet and 40.3xl0"4 yr"1 for

maize. For intensive fertilized meadows, average uptake rate coefficients were 22.7x10"

4 yr"1 for extensive meadows and 17.5xl0"4 yr"1 for pastures. Thus, the average flux of

cadmium uptake varies strongly between crops.

On dairy farms and animal husbandry farms, cadmium inputs through

commercial fertilizers were less important than inputs through manure. As on arable

farms, cadmium balances were governed by atmospheric deposition and harvest export

(Figure 2.3). The regional cadmium balance was dominated by atmospheric deposition

and crop removal, while leaching, commercial fertilizer, and manure were less

important. Cadmium imports by disposal of sewage sludge were rather small in the case

study.
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(a) net flux LUS12 (b) net flux LUSy1 (c) regional net flux

60 r

[9 ha"1 yr"1] [g ha"1 yr"1] [gha"1yr"1]

(a) Input and output fluxes LUS,,

l-Man l-Se l-CF l-Pes l-Atm O-Crop O-L

(b) Input and output fluxes LUS71

l-Man l-Se l-CF l-Pes l-Atm O-Crop O-L

(c) Regional input and output fluxes

l-Man l:Se l-CF l-Pes l-Atm O-Crop O-L

Figure 2.3: Distributions of the simulated cadmium balances for (a) an arable farm type

(LUS12: livestock density < 0.2 CMU ha'1, agricultural crops), (b) dairyfarm type (LUS71: cattle

livestock density 1-2 CMU hd
, pastures) and (c) for the regional scale. xmed: median flux. The

boxes give the inter-quartile range, IQR, the horizontal bar in each box indicates the median.

The length of the whiskers are 1.5 x IQR, values outside these limits are plotted as points.



Model estimates for leaching showed that most of the cadmium entered the soil is

accumulating due to the large sorption capacity and almost neutral soil pH values across

the region. Using regression equations [2.30] and [2.32], estimated Freundlich

parameters KF and n were 207 ± 122 L kg"1 and 0.68 ± 0.05 respectively, that resulted

in an average leaching rate, kL, of 1.4xl0"5 ± 2.5x10" yr" .

Input parameter uncertainty led to standard deviations in the range of one-third

to one-half of the corresponding median values for the cadmium sources manure,

sewage sludge and atmospheric deposition as well as for crop removal (see Table 2.6).

The largest coefficients of variation (CV) were found for cadmium input through

commercial fertilizer application (90-230 %) and output by leaching (300 %). As a

consequence, standard deviations of the resulting net cadmium fluxes were in general in

the same order of magnitude as their median values and for some LUS nearly twice as

high. The CV of the regional balance (120 %) was slightly lower than of the indivdual

LUS due to the averaging effect.

On 56% of the total agricultural area cadmium accumulation in soil as indicated

by the LUS balances was smaller than the regional average of 1.4 g ha"1 yr"1

(Figure 2.4). However, net cadmium fluxes for some LUS representing 2.5% of the total

area (about 90 ha) revealed large cadmium inputs. Extrapolating the current regional

accumulation trend linearly into the future, we defined a critical accumulation rate as

the tolerable cadmium accumulation during 200 years that would lead to a concentration

of 0.8 mg kg" of HN03-extractable cadmium in the plough layer (Swiss guide value;

SAEFL, 2001). On the basis of our simulations this guide value would be exceeded on

about 1.1% of the total area (ca. 40 ha) in 200 years. However, comparing the 80%

confidence intervals (10 and 90 percentiles) of the net cadmium flux of the LUS with

the critical rate (Figure 2.4), inputs may have been unacceptably high on 8% of the

agricultural area of the Sundgau region.
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Figure 2.4: Area-cumulated cadmium net fluxes of the land-use systems and the regional
balance. The estimated 90% confidence intervals for the land use systems (C.I.) are also given.

2.4.3 Zinc balances

Net zinc fluxes varied by three order of magnitudes. The smallest net zinc fluxes were

found for an arable farm type (101 g ha"1 yr"1 on pastures and meadows), whereas

largest net zinc fluxes up to 39.8 kg ha"1 yr"1 were discovered for animal husbandry

farms (Table 2.7). Dairy farm types showed net zinc fluxes in the range of 349 - 614 g

ha"1 yr"1, which is in the magnitude of the regional average of 605 g ha"1 yr"1.

Ratios between net fluxes of indivudual LUS and the regional average varied

from 0.1 up to 67. This large variation was mainly a result of differences in livestock

production with the associated zinc input through manure. This input was particularly

important on farms with intensive husbandry of the livestock types pig, calf and cattle.

On arable farming systems, atmospheric deposition and sewage sludge were the

dominant inputs (Figure 2.5). On the regional level, about two third of the total zinc

inputs entered the agricultural land through manure application and about one third with

atmospheric deposition.



Table 2.7: Median and standard deviation ofsimulated zinc input and outputfluxesfor selected land use systems (LUS).

Zn fluxes (gha'yr1)
land use systems regional average

farm types: < 0.2 (i=l) l-2pig(i=6) 1-2 cattle (i=7) > 2 poultry (i=8) > 2 pig (i =9)

pastures and meadows (j=l)

Ay (% total area) 5.0 0.5 14.7 0.2 0.3

J-Man 3 ± 0 3576 + 2142 821 + 176 3058 + 340 39992 ± 26938

Ise 198 ± 69 <1 39 ± 13 < 1 <1

IcF 23 ± 18 <1 10 + 6 < 1 <1

Mlm 305 ± 140 305 + 140 305 + 140 305 + 140 305 ± 140

Ocrop 314 + 61 396 + 95 408 + 84 345 + 67 402 ± 114

oL 115 ± 96 115 + 96 115 + 96 115 + 96 115 + 96

dM/dt 101 + 179 3359 ± 2137 614 + 239 2889 ± 230 39799 ± 26925

agricultural crops (j=2)

Ay (% total area) 6.6 0.4 8.3 0.1 0.8 3560 ha

^Man 2 + 0 1985 + 1189 426 + 91 2276 + 271 18056 ± 12162 637 + 241

ISe 199 + 69 <1 91 + 28 <1 <1 34 ± 10

IcF 23 ± 18 <1 25 ± 21 <1 <1 14 ± 13

Iauu 305 + 140 305 + 140 305 + 140 305 ± 140 305 ± 140 305 ± 140

Ocrop 202 ± 28 281 + 61 274 + 55 176 + 45 207 ± 26 306 ± 45

oL 115 + 96 115 + 96 115 + 96 115 + 96 115 ± 96 115 + 96

dM/dt 220 ± 169 1907 + 1186 451 + 184 2282 + 172 17990 ± 12151 605 ± 280
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Figure 2.5: Distributions of the simulated zinc balances for (a) an arable farm type (LUS12:

livestock density < 0.2 CMU hd
, agricultural crops), (b) mixedfarm type (LUSôi-' pig livestock

density 1-2 CMU hd
, pastures) and (c)for the regional scale. xmed: median flux. The boxes give

the inter-quartile range, IQR, the horizontal bar in each box indicates the median. The length of

the whiskers are 1.5 x IQR, values outside these limits are plotted as points.



Average zinc uptake by crops was usually twice as high on pastures and meadows as for

agricultural crops. Uptake rate coefficients, kc, were 37.8xl0"4 yr"1 for intensive

fertilized meadows and 28.4xl0"4 yr"1 for extensive used meadows and pastures,

whereas simulations showed lower uptake rate coefficients for bread cereals (14.3x10"

yr"1 ) and for fodder cereals (12.2xl0"4 yr"1). Leaching was of some importance for zinc

balances of arable farming systems. Simulations showed a leaching rate, ki,, of 3.5x10"

± 2.4xl0"5 yr"1, resulting from estimated Freundlich Kf values of 587 ± 219 L kg"1 and n

values of 0.68 ± 0.05.

Coefficients of variation were much lower for the zinc than for the cadmium

fluxes (cf. Keller et al., 2001). Standard deviations of the zinc uptake by crops and the

zinc input flux through sewage sludge ranged from 10 % to 30 % of the corresponding

median values of the LUS, standard deviation for atmospheric deposition about 45%.

Largest variation of zinc fluxes (30 % - 90 %) were obtained for zinc inputs through

manure and commercial fertilizer and for leaching. For arable farm types this resulted in

a CV of 70-220% for the net zinc fluxes, for dairy farm types and intensive husbandry

systems in a CV of 40-70%, while the CV of the net zinc flux of the entire region was

46%. Thus, the CV of the net cadmium flux was nearly three times as high as the CV of

the net zinc flux at the regional level.

On about 90% of the total area, zinc accumulation in the soil of the LUS was

estimated to be smaller than the regional average (Figure 2.6). If present zinc

accumulation would continue at the estimated regional rate, the critical zinc flux is

exceeded on about 4 % (143 ha) of the total area (Swiss guide value for HN03-

extractable Zn concentration: 150 mg kg"1; SAEFL, 2001).
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Figure 2.6: Area-cumulated zinc net fluxes of the land-use systems and the regional balance.

The estimated 90% confidence intervals for the land use systems (C.I.) are also given. For

graphical presentation original metal-flux values were transformed adding Ytrans.

2.5 Discussion

2.5.1 Validity ofthe model

Comparison with other heavy-metal balance studies

Our results at the regional level are in good agreement with regional and national

balance studies in European agroecosystems. An overview of these studies have been

given by Moolenaar (1998). Further metal-balance investigations on national level were

recently presented by Schütze and Nagel (1998) for Germany, and by Chambers et al.

(1998) for England and Wales. According to these studies, net cadmium accumulation

in European agricultural soils varied between 0.2 and 3.7 g ha"1 yr"1 and net zinc

accumulation between -61 and 1083 g ha"1 yr"1. The regional net cadmium and net zinc

flux found in our case study are well within these ranges, despite the differences in

balance system definitions, types of databases, and methods of flux assessment used.

Considerable variability could be expected also due to differences in agricultural and

environmental characteristics, e.g. atmospheric deposition levels, of the compared

systems.



To evaluate the model validity with respect to the LUS balances, we compared the

estimated input and output fluxes on the level of the LUS with metal balance studies on

individual farms, which determined metal fluxes experimentally (e.g. Richner and

Moos, 1989, von Steiger and Baccini, 1990; Reiner et al., 1996; LBP, 1997; Moolenaar

and Lexmond, 1998). The range of metal input and output fluxes reported by these

studies agreed well with the LUS balances of our study.

Reiner et al. (1996) studied 24 experimental farms in Austria that were different

in their farming systems as well as in their fertilization management. For farms with

manure and commercial fertilizer application they determined net fluxes between 3.1

and 6.6 g ha"1 yr"1 for cadmium, 231-2800 g ha"1 yr"1 for zinc and P net removals from -

14 kg ha"1 yr"1 up to P surpluses of 33 kg ha"1 yr"1. The smallest net metal fluxes were

obtained for arable farm types and the largest for pig and mixed farm types. Analysis of

variance of the net fluxes revealed that the classification by farm type and fertilization

management explained 55% of the total variation of the net fluxes for cadmium and

about 70% for zinc and P. These results are very similar to our case study, although in

our case classification by farm type and cropping systems explained not quite as much

variation between the LUS balances, i.e. about 60 % of the total variation for zinc but

only about 30 % for cadmium.

Also the findings of Moolenaar and Lexmond (1998) are in good agreement

with the results of our case study. They compared different farming systems in the

Netherlands, and concluded that on arable farming systems heavy-metal balances were

predominantly influenced by agricultural crops and the selection of fertilizers, whereas

for dairy farming systems feed management in combination with the amount of fodder

crop production were of main importance. On mixed farming systems fertilization

management affected metal balances significantly, larger fertilizer inputs were found on

grassland than on arable land. Similar metal-input patterns on experimental farms were

also observed by Richner and Moos (1989), Steiger and Baccini (1990) and by LBP

(1997).

Model sensitivity to fertilizer management

As heavy-metal inputs with fertilizer are coupled with P fertilization in PROTERRA-S,

influence of the assumptions about fertilization management on the metal balances have
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to be evaluated. Based on fertilization guidelines in Switzerland (FOEFL, 1994) the

model predicted a regional P flux through commercial fertilizer of 12.4 kgP ha"1 yr"1.

This is in the same magnitude as the corresponding national average value of

8.5 kg? ha"1 yr"1 for Switzerland in 1995 (Spiess, 1999).

Net zinc fluxes of the cropping systems were sensitive to the manure

distribution parameter 0CMan, in particular zinc balances for dairy, mixed and animal

husbandry farms. In contrast, net cadmium fluxes of the LUS were in general only

slightly influenced by different aMan values. Changing the sewage sludge distribution

parameter, ocse, affected only the cadmium and zinc balances of arable farming systems

substantially. The net metal fluxes at regional level were rather insensitive to varying

assumptions about manure and sewage sludge distribution between the LUS.

Model simplifications

Another aspect of model validity is the choice of the estimation methods for heavy-

metal fluxes in combination with available input data. In particular, we used simplified

flux assessment methods to estimate leaching and manure input. Leaching, depends

sensitively on the partitioning of heavy-metals between the solid and the liquid phase.

In this study, we estimated these partitioning by the Freundlich isotherms given by

Elzinga et al. (1999), which were derived by linear regression using a wide range of

different soils. The results show that these estimates were sufficient as a first guess to

start with the analyses, because the model results were rather insensitive to leaching.

Elzinga et al. (1999) reported that for cadmium and zinc their proposed regression

functions tend to overestimate the metal concentrations in soil solution. Therefore, we

recommend to calibrate these isotherms with own measurements if balance analyses

indicate that the model outputs depend very sensitively on these data. This may in

particular be the case if soils are much more acidic than in the Sundgau region.

Metal input by manure is usually determined either from balances of the animal

production process, focussing on the metal inputs by feed concentrates, or using

representative values of measured metal concentrations in manure (e.g. Menzi and

Kessler, 1998; Nicholson et al., 1999). Reiner et al. (1996) compared these two

approaches in the above mentioned study, and found deviations almost in the order of

one magnitude between the estimates for zinc fluxes. For the P fluxes, however, the



calculation approaches led to almost similar results. These findings were also confirmed

by Menzi and Kessler (1998), who reported that the concentration ratios between heavy-

metal and phosphorus in manure were found to be the most constant parameters in

manure for various livestock types in a wide variety of farms. Thus, we consider linking

metal input by manure to P input using this ratio in combination with livestock data as a

very reliable flux assessment method.

2.5.2 Using the model as a consulting tool

Most heavy-metal balance studies at regional or national level use aggregated data of

livestock and crop production, and of fertilizer and pesticide application for the study

area. Thus, these balances do not take into account the diversity of the agricultural

management within the balance area. PROTERRA-S differs from these models because

it stratifies the agricultural land of a region by farm types and cropping systems and

relates metal input fluxes through fertilizers to the P nutrient management. Another

approach for a regional balance model has been taken by Tiktak et al. (1998) as

mentioned above. Basic units of their balance model are 500x500 m2 gridcells, and

metal fluxes of land-use types are estimated by weighting average for this spatial

resolution. They found that the net cadmium fluxes were more sensitive to soil types

than to land-use types. This finding indicates that variation of heavy-metal inputs and

outputs between land use systems might be averaged out if the agricultural data are

aggregated to larger units. On the other hand, large-scale spatial distribution pattern of

metal fluxes is reproduced by their model.

In contrast, PROTERRA-S estimates balances for non-site specific LUS

considering agricultural management. Therefore, the model is particularly suited to be

used as a consulting tool: Areas with an unacceptable metal accumulation risk can be

identified, and the influence of optimized fertilization management (e.g. calculation of

scenarios to reduce P surpluses) and changes in livestock and crop production on the

heavy-metal input fluxes of specific LUS evaluated. Consequently, the model provides

information for which individual LUS further detailed investigations are desirable to

validate the estimated heavy-metal input fluxes and to assess the present soil quality. In

this respect, the fields that belong to the non-site specific LUS can be identified

according to their farm type affiliation.
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Moreover, the influence of increasing use of waste fertilizer on the metal balances can

be predicted by the model. Reiner et al. (1996) showed that related to conventional

fertilization plans, i.e. with animal manure and commercial fertilizer, application of

composts and sewage sludge doubled cadmium accumulation in soil and increased zinc

accumulation even by a factor of five. Moolenaar and Lexmond (1998) found that metal

inputs with compost can far exceed the combined input with commercial fertilizer and

manure. In our case study, a fivefold amount of the regional sewage sludge quantity

would lead to a slightly increase of the regional net zinc flux from 605 g ha" yr" to 758

g ha"1 yr"1, while the net zinc fluxes for arable farm types would increase by factors

between five and nine.

2.5.3 Calculation ofsteady-state concentrations and critical loads

Temporal alterations of heavy-metal concentrations in soil may lead to changes in the

relationship between estimated input and output fluxes until steady-state conditions are

reached, i.e. input fluxes equal the output fluxes and accumulation rate in soil becomes

zero. Constant heavy-metal input fluxes that are at present larger than the output fluxes

may result in an increasing leaching rate and increasing crop uptake rates in future,

whereas the accumulation rate may decrease in time (Boekhold and van der Zee, 1991;

Palm, 1994).

Given the estimated leaching rate coefficients, crop-uptake rate coefficients and

metal inputs, steady state metal concentrations in soil can be obtained solving Eq. [2.28]

numerically. Under the assumption, that metal input fluxes and rate coefficients kc and

kL are constant in time, crop removal is linear (m=l) and Freundlich isotherms non¬

linear (n=0.68), regional average total concentrations in the Sundgau soils towards

steady state were 0.71 mg kg"1 for cadmium and 120 mg kg"1 for zinc. These steady

state concentrations, that would be reached in about 1600 years (cadmium) and about

950 years (zinc), are below the corresponding Swiss guide values. However, while for

arable farm types, e.g. LUS12, estimated zinc concentration at steady state of 89 mg kg"1

(1430 years) would be below the guide value, on mixed farm types, e.g. LUS6i, steady

state concentration of zinc (343 mg kg"1 in 810 years) would exceed it.

Therefore, it is desirable to define such metal inputs that would lead to steady-

state concentrations in soil acceptable for soil fertility, ground water quality and food



chains, i.e. the so called critical loads (de Vries and Bakker, 1998; Paces, 1998).

PROTERRA-S approximates for individual LUS the critical input fluxes with

atmospheric deposition and/or through fertilizers, given the critical accumulation rates

defined above (see Figure 2.4 and 2.6). Alternatively, at the balance level of the crop

type k, critical metal inputs with regard to crop quality standards can be calculated.

2.6 Conclusions

Identification of the dominant factors which influence heavy-metal balances depend

primarily on the spatial resolution of the mass flux assessment and therefore, on the

aggregation process used for model input data. It is shown that metal balances varied

largely between the LUS resulting from differences in the agricultural farming systems

and their fertilization management. The estimated cadmium and zinc balances of the

LUS were in good agreement with reported metal balance studies on experimental

farms. Therefore, we concluded that stratification of heavy-metal balances according to

agricultural management systems and linking the metal inputs through fertilizers with

the P balances of these strata seems to be a useful approach to account for agricultural

characteristics in modeling metal accumulation in soil. The balances for the LUS give

more detailed insights in factors that dominate metal accumulation in agricultural soil,

whereas large-scale balances indicate an average situation and may be used for

economic analyses.

The model can be used as a regional consulting tool to identify the areas with

the highest metal accumulation risk and to evaluate the effect of preventive actions

against metal enrichment in soil, e.g. the influence of optimized fertilization

management on the heavy-metal cycles. Further detailed investigations may then be

carried out to validate the model estimates. Moreover, based on the critical

accumulation rates defined for a certain time period, critical metal inputs can be

obtained preventing harmful effects on soil fertility and crop quality.
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ABSTRACT

Present agricultural land-use and atmospheric deposition may lead to heavy metal

accumulation rates in soils that may violate soil quality standards in the future. To

undertake suitable preventive measures against heavy-metal enrichment in soil, flux

balances in agroecosystems and their uncertainties have to be assessed. For this reason

we developed an empirical stochastic model, PROTERRA-S, that considers heavy-

metal inputs through agricultural management as well as outputs by crop removal and

leaching on a regional scale. In this manuscript we describe application of PROTERRA-

S to the Sundgau region in Switzerland. Considering uncertainty in informational and

natural variability, large variations of the aggregated regional cadmium and zinc

balances were found, with standard deviations that were of the same order of magnitude

as their average values. Uncertainty in the simulated net zinc flux originated mainly

from uncertainty in the zinc concentrations of manure and crops and from uncertainty in

atmospheric deposition of zinc. For cadmium, the main contribution to the total

uncertainty came from uncertainty in crop concentration, regression functions to

estimate Freundlich parameters, atmospheric deposition, and from spatial variation of

soil pH and CEC. For both zinc and cadmium, informational uncertainty in input data
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were large and indicated that significant uncertainty reduction could be achieved by

additional data collection campaigns. A monetary risk for regional zinc accumulation

rate in Sundgau was calculated to be in the order of 22 million Euro.

3.1 Introduction

The sustainability of current land use in agroecosystems can be assessed with respect to

heavy metal accumulation in soils by balancing their input and output fluxes. Many

studies point to the fact that, at the present rate, agricultural land use may not be

sustainable because of heavy-metal accumulations. Some examples are von Steiger and

Baccini (1990), Reiner et al. (1996), and Moolenaar and Lexmond (1998) at the field

and farm scales, and Andersson (1992), and Schütze and Nagel (1998) at the regional

and national scales.

To provide meaningful information for taking suitable preventive measures

against heavy-metal accumulation in soils, the uncertainty and reliability of the inputs

and the outputs have to be known (von Steiger et al., 1998). There are two major

sources of uncertainty in a modeling study. First, the uncertainty caused by parameters

and second, the uncertainty due to model error. In this work we focus on the uncertainty

caused by input parameters. Uncertainties in heavy-metal balances for soils with

agricultural land-use may be "natural", i.e. arising from spatial and temporal variation

that is inherent in natural processes, or "informational", i.e., arise from measurement

errors, incomplete or unreliable data. In addition, a common source of informational

uncertainty in heavy-metal balance models is the uncertainty introduced by regression

functions to derive model input parameters. Consequently, realistic modeling requires

simulation procedures that account for these data characteristics (Abbaspour et al.,

1998).

Aside from the limited amount of data that is usually available for heavy-metal

balance analyses, the informational uncertainty may also arise as a result of scale

differences. Soil data and agricultural data necessary for heavy-metal balance studies

often refer to different spatial scales. Metal output fluxes by leaching, erosion or crop

uptake are generally estimated at a plot or field scale. Other data, in particular those

concerning agricultural management (e.g. livestock and crop production), are usually

only available at a regional scale (Moolenaar, 1998). These data cannot easily be



assigned to geographic co-ordinates, contrary to basic soil information that are obtained

from soil maps in a GIS system.

Various models have been developed to assess heavy-metal balances of

agricultural soils. Few attempts were made to address the sensitivity of model results on

parameter uncertainty (Boekhold and van der Zee, 1991; Palm, 1994; Moolenaar and

Lexmond, 1998). Tiktak et al. (1999) and de Vries and Bakker (1998) determined the

contribution of uncertain model input parameters to the total uncertainty of the model

results. However, these models did not consider metal inputs from land management

and their uncertainties.

Uncertainty analysis includes the following tasks: 1) determination of the

uncertainty in the model input parameters, 2) propagation of parameter uncertainty

through the model taking account of cross correlations between uncertain parameters, 3)

analysis of the contributions of each uncertain component to the total uncertainty of the

results, and 4) analyses of alternative strategies to reduce the uncertainties and

associated risks of inadequate management decisions. In general, while risk imparted by

informational uncertainties must be reduced by further detailed investigations; the

uncertainties caused by natural variation must be maintained for a realistic

representation of the reality.

To address these tasks in the assessment of heavy-metal balances at the regional

scale for agricultural land, we developed the empirical stochastic model, PROTERRA-

S. The model is an extended version of PROTERRA (von Steiger and Obrist, 1993) that

was designed for assessing phosphorus, cadmium, zinc, and copper balances of

agricultural land over regions of some 100 km2. The basic units of the balances are land-

use systems, defined by livestock composition and cropping systems. Metal balances on

the level of the land-use systems can be disaggregated to the level of individual crop

types or aggregated to the regional level. To facilitate the performance of

PROTERRA-S, the model could be linked to regional databases, such as agricultural

statistics and soil information systems. The agricultural statistics of the land-use

systems are coupled with the soil characteristics by a stochastic approach, considering

each possible combination of soil type and fertilization management, both of which are

related to livestock production and cultivated crops. Uncertain model input parameters

can be treated as random variables, quantified with probability distributions and
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propagated to model outputs using a Latin hypercube sampling scheme with correlated

variables.

In this paper we demonstrate the applicability of the model and show how it

deals with data and parameter uncertainty, illustrated by the regional aggregated zinc

and cadmium balances for a case study.

3.2 Theoretical background

3.2.1 Basic equations

In the following, we briefly summarise the basic model equations. A detailed

description of the PROTERRA-S model can be found in Keller et al. (2001). Heavy-

metal balances calculated by PROTERRA-S are based on the following mass

conservation equation proposed by van der Zee et al. (1990) and Boekhold and van der

Zee (1991) for the plough layer of an agricultural soil

^=IAtm + IAgr-kcMm-kLM» [3.1]

where M (g ha"1) is the total heavy-metal content, t is the time (yr), IAtm (g ha"1 yr"1) is

the metal input flux by atmospheric deposition, lAgr (g ha" yr"1) is the sum of the metal

input fluxes by agricultural activities, kc (yr1) and fa (yr"1) are the crop-uptake rate

coefficient and the leaching-rate coefficient, respectively. The exponents m and n are

empirical parameters. The total metal content M is the sum of metal sorbed to the solid

phase and metal dissolved in the soil solution,

M = pzct+0csz [3.2]

where p is the dry soil bulk density (kg m"J), z is the depth of the plough layer (m), 6 is

the volumetric water content (L m°), ct (mg kg"1) and cs (mg L"1) are the sorbed and

dissolved metal concentrations of the soil, respectively. PROTERRA-S considers

agricultural metal inputs resulting from application of animal manure, Imoh, sewage

sludge, ISe, commercial fertilizer, Icf, and pesticides, Ipes, all expressed in (g ha"1 yr"1):

JAgr ~ TMan+ ICF+ he+ ^
Pes [3-3]



Metal inputs with fertilizer applications are linked to the following phosphorus (P)

balance:

Op,Crop + Ip,tol = Ip,Man + Ip,Se + Ip,CF [3-4]

Here, O^cmp (g ha"1 yr"1) is the P export with crop harvest or grazing, and IPitoi

(g ha"1 yr"1) represents an empirically determined rate of P surpluses in agroecosystems.

Ip.Man, h,Se, and Ip:cF, are the P inputs with manure, sewage sludge and commercial

fertilizers (g ha"1 yr"1), respectively. Op^rop, Ip.toi, Ip.Man and IP>Se are obtained from

agricultural statistics and guide-lines, nutrient balances on experimental farms and from

book-keeping of waste water treatment plants. Ip^f is then calculated from these data

according to Eq. [3.4], assuming that farmers in average use the fertilization strategy

recommended by the Swiss Guidelines for Water Protection (FOEFL, 1994). After the P

balance is determined, metal inputs through fertilizer application are estimated from the

P fluxes and from the ratios between metal and P concentrations of the fertilizers.

Assuming a linear relationship between the metal concentration in crop type i,

ccwp.i (mg kg"1), and its concentration in soil, ch (cf. Gerritse et al., 1983; Kuboi et al.,

1986), the uptake-rate coefficient, kc (yr"1) of crop type i in Eq. [3.1] is given by

kCl =

Y' Ccrop'1
[3.5]

'

Pz ct

where Yt (kg ha"1 yr"1) is the yield (dry matter) of crop type i, and the exponent m in

Eq. [3.1] is set equal to one. A linear relationship between metal concentration in the

crop and soil, although does not hold generally, but for low concentrations in the range

of background concentration, as in our case, the assumption of linearity or non-linearity

does not make a significant difference. Leaching of heavy metals from the plough layer

into the subsoil, Ol (g ha" yr" ), is determined assuming equilibrium partitioning of

metals between adsorbed and dissolved phase described by Freundlich isotherms. As

the dissolved amount of heavy metal in soil can usually be neglected, the leaching-rate

coefficient is approximately given by:

( sl/n

kL~qw
KPzKFj

[3.6]
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where qw (L m"2 yr"1) is the (Darcy) water flux at the lower boundary of the plough

layer, and Kf (L kg"1) and n (-) are the Freundlich parameters. These parameters are

related to soil properties (van der Zee and van Riemsdijk, 1987; Buchter et al., 1989)

and are derived from regression functions as later explained.

3.2.2 Application ofthe Model

Metal balances are calculated in two steps. First, heavy-metal flux balances are

simulated for individual land-use systems within the region of interest. Second, the

input and output fluxes of these land-use systems are aggregated by their area fractions

in order to estimate the average regional flux balance. The land-use systems are the

basic units for the areal balances and are categories defined by the user of PROTERRA-

S based on the available statistical databases. We classified the land-use systems by

farm type, i.e. predominant livestock type and density, and by cropping systems, i.e.

classes of crop types (Keller et al., 2001).

Figure 3.1 illustrates the main components of the model, which are

programmed in MATLAB, version.5.3 (Mathworks, 1999). These modules are linked to

the software UNCSAM (Janssen et al., 1994), a package for efficient Monte Carlo

sampling in combination with regression and correlation analysis to perform sensitivity

and uncertainty analysis.

3.3 Materials and Methods

3.3.1 Available Databases

PROTERRA-S is linked to agricultural statistics and soil information systems that are

available in Switzerland. Since these agricultural databases are updated every five years,

the model is designed to estimate average heavy-metal mass balances for five-year

periods. The model input parameters are obtained from the following data sources: (i)

agricultural statistics, (ii) soil maps and soil surveys, (iii) studies of experimental farms

(e.g. heavy metal concentration in manure), and (iv) guidelines and recommendations

for agricultural practice (e.g. fertilization management, application of sewage-sludge).
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Figure 3.1: Performance steps of the PROTERRA-S balance model.

As a case study, we applied the model to the Sundgau, a rural region in the northwest of

Switzerland. This region extends from the Swiss Jura in the Southeast with hills to 800

m to the Rhine-Valley in the northwest. Sundgau has an area of about 95 km2 and

includes 201 farms that cultivate about 36 km2 of arable land. Pastures and meadows

account for 49% to this area, agricultural crops for 46% (dominated by bread and fodder
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cereals) and special crops (vineyards, orchards) for 6%. Dairy farms and arable farms

covered about 88 % of the total agricultural area. The data used in this case study refer

to the period between 1992 to 1997. The complete set of model input parameters used in

this case study is available at http://www.ito.umnw.ethz.ch/SoilProt/ staff/kellera or can

be obtained from the corresponding author.

3.3.2 Derivation ofModel Parameters

The Freundlich parameter, KF in Eq. [3.6], was determined from GIS mapped soil

properties using the relationship given by Elzinga et al. (1999):

log KF = bkf + bpH pH + bCEC log CEC + s [3.7]

where bkf, bpn and bCEC are empirical regression coefficients and e is the regression error

assumed to be normally distributed with mean zero and variance a
e (Draper and Smith,

1981). Table 3.1 gives the values of the regression coefficients calculated based on a

wide range of soils for cadmium and zinc. Given the calculated KF values, we estimated

the metal concentration in soil solution based on the Freundlich equation (estimation of

Freundlich coefficient n see below), and compared these estimated metal concentrations

in soil solution with measured NaN03-extractable concentrations (SAEFL, 2001) from a

regional soil survey (Bono, 1999).

Table 3.1: Coefficientsfor the regression functions to estimate Freundlich parameters.

parameter regression coefficients

KF bkf bpH b CEC

cadmium 0.014 t 0.407 0.656 R2 = 0.64 Tiktak et al. (1999)
zinc 0.25 0.282 0.675 R2 = 0.80 Elzinga et al. (1999)

n b„ b npH

cadmium/zinc 1.24 0.0831 R2 = 0.69 Buchter et al. (1989)

f the original value of 0.085 was adjusted to own local measurements.

For cadmium the estimated concentrations were in the same range as the measured ones,

while for zinc the regression function given by Elzinga et al. (1999) overestimated the



respective measured values on average by a factor of five. Therefore, we adjusted the

intercept, bkf, of the regression function to fit the average of these measurements.

The empirical parameter n m Eq [3.6] was estimated according to Buchter et al

(1989). They studied the relationship between soil properties and the magnitude of the

Freundlich parameters for 11 soils differing greatly in characteristics. For cadmium and

zinc, Buchter et al. (1989) derived a regression function of the form:

n = K-bnpH pH + e [3.8]

where bn and bnpH are empirical coefficients. Taking estimated regression coefficients

from literature (Table 3.1), here denoted as &; and bk ,
the total vanance of the predicted

Freundlich coefficients, c?Y, is given by.

i k

where Ctk is the covanance matrix of the p regression variables, and c?s is the regression

error. Random realizations of s were drawn with Monte Carlo simulations to estimate

<^e taking into account the coefficient of determination of the regression functions, R2,

according to:

al = {Y-R2)a\ [3.10]

For each regression function the error term was assigned to the regression constants, i.e.

bkf and bn were treated as a normally distributed random variables with mean bkf and

9 9

vanance g
e
and with mean bn and vanance a

e
respectively.

3.3.3 Uncertainty Analysis

In this case study, we initially considered 42 parameters as uncertain, thus we treated

them as random vanables (RV). A preliminary sensitivity analysis using stepwise

backward regression (Zar, 1984) showed that uncertainty of about half of these random

variables had negligible effect on the uncertainty of the model results. Therefore, 20 of

the most sensitive parameters were retained as uncertain random vanables. These are
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listed in Tables 2 and 3. Table 3.2 contains the sources of data from which the

probability distributions given in Table 3.3 were inferred. It should be noted that the

classification of parameter uncertainty into the categories of informational and natural

in Table 3.2 indicates the predominant uncertainty type of the random variables. A

sharp distinction between such categories, however, is not possible as each variable has

a measure of both uncertainties. The selection of parameters, considered here as random

variables, depends on the agricultural characteristics, e.g. the predominant crop types

and livestock production of the Sundgau region. In other regions, estimates of cadmium

and zinc fluxes may be sensitive to a different set of parameters, as other types of crop

and manure may dominate the uncertainty of these estimates.

Probability distributions for spatially distributed parameters (pH, CEC and ct)

were derived from 1:5000 GIS-based soil maps and from regional soil surveys. The

regional uncertainty of atmospheric deposition was inferred from bulk deposition

measurements available from various locations of the Swiss Monitoring Network for

Air Pollutants excluding measurements within urban areas.

Correlations between uncertain input parameters may significantly affect the

uncertainty of the model results. However, the amount of data usually available for

heavy-metal balance studies does not support such analyses. We estimated correlations

between random variables for which we had obvious indication that they were

correlated as indicated in the last column of Table 3.3. The Spearman correlation

coefficients listed in Table 3.3 were obtained from soil surveys (correlation between ct

and ccmp, pH, CEC) and from the literature (correlation between ct and metal

concentration of fertilizers). To propagate the uncertainties in the parameters through

the model we used the Latin hypercube sampling technique (McKay et al., 1979). After

some preliminary runs with different samples sizes of up to 600, we noticed that the

results above 300 were very consistent. Thus, we made 400 model runs with

PROTERRA-S. Based on the definitions of the probability functions, all possible

combinations of soil characteristics and agricultural land-use types were taken into

account by this approach. We performed the Latin hypercube sampling with and

without taking parameter correlations into account, to determine the effect of such

conelations on the model outputs. We used the procedure described by Janssen et al.

(1992) for the Latin hypercube sampling with correlated parameters.



Table 3.2: Random variables and assumed reasonsfor their variation.

Random Description Uncertainty Uncertainty Data

Variables f result mainly from type % sources§

CMan,k M/P-concentration ratio in manure type k variation between farms (feed concentrates)
CCrop,I M-concentration in crop type 1 variation between fields

Iktm Atmospheric deposition flux of M variation within the region
CCF M/P-concentration ratio in

commercial fertilizer

variation between fertilizer types

Ip.tol Tolerable P surplus variation of fertilization plans between farms

CSe M/P-concentration ratio

sewage sludge

variation between treatment plants

pH soil pH spatial variation within the region

CEC cation exchange capacity spatial variation within the region

bkf, bn coefficients of regression functions uncertainty in Freundlich regression functions

Ct total M-concentration in soil spatial variation within the region

inf

inf

q2
q2

nat

inf

qi
q2

inf

inf

q3
qi

nat qi

nat qi

inf

nat qi

f P: phosphorus, M: heavy metals: cadmium and zinc.

% predominant uncertainty type of the random variable: inf - informational; nat - natural.

§ ql: regional available databases q2: investigations of experimental farms, q3: agricultural guidelines and agricultural consultants.



Table 3.3: Random variables and correlation coefficients used in metalflux simulations (for symbols used see notation list), f

random variable unit n

c

mean

admium

E% mean

zinc

std min max

correlated with

flux std min max ct §

*-Man cMan (cattle) g kgp"1 log 0.03 0.012 0.01 0.16 log 18 4.9 8.0 51 0.3

CMan (dairy cow) g kgp"1 log 0.03 0.012 0.01 0.16 log 18 4.9 8.0 51 0.3

cMan (fatt. calf) g kgp"1 log 0.02 0.008 0.01 0.15 log 35 22.7 16 94 0.3

CMan (fatt. cattle) g kgp"1 log 0.03 0.012 0.02 0.14 log 40 26.0 16 94 0.3

CMan (pig) g kgp"1 log 0.015 0.007 0.005 0.06 log 35 21.0 6.0 170 0.3

he CSe g kgp"1 log 1.1 0.68 0.18 2.7 log 510 199 130 760 0.5

IcF CCF g kgp"1 log 50 66 2 204 log 1200 600 19 3300 0.5

Ip.lal kgp ha"1 yr"' log 13 9.1 5 80 log 13 9.1 5 80 -

l\tm 'Attn g ha" yr" log 2.3 1.15 1.1 5.5 log 340 170 120 790 0.3

Ocrop ccrop (bread cereals) mgkgow"1 log 0.10 0.04 0.01 0.7 log 40 10.0 12 83 0.4

Ccrop (fodder cereals) mg kgnw"1 log 0.05 0.02 0.01 0.2 log 35 8.1 20 54 0.4

ccrop (maize silage) mg kgDw"1 log 0.30 0.12 0.02 0.6 log 35 15.7 11 76 0.4

Ccwp (meadow-intensive) mg kgow nor 0.20 0.10 0.01 2.0 nor 45 13.5 13 120 0.3

Ccrop (meadow-extensive) mg kgow nor 0.20 0.10 0.01 2.0 nor 45 13.5 13 120 0.3

ccrop (pastures) mg kgow" nor 0.20 0.10 0.01 2.0 nor 45 13.5 13 120 0.3

0L ct (total cone, in soil) mg kgDM-1 log 0.47 0.22 0.12 4.5 log 60 21.6 32 537 1

pH (CaCh) - nor 6.7 0.33 5.4 7.8 nor 6.7 0.33 5.4 7.8 0.3

CEC mmolc kg'1 nor 152 32 54 320 nor 152 32 54 320 0.4

bkf (regression error) - nor 0.014 0.005 0.004 0.05 nor 0.25 0.05 0.11 0.56 -

bn (regression error) - nor 1.24 0.037 1.15 1.34 nor 1.24 0.037 1.15 1.34 -

f Sensitive heavy-metal concentrations in different manure types and crop types was studies in a preliminary uncertainty analysis.
$ distribution type: nor - normal distribution, log - lognormal distribution (values refer to the untransformed distribution).
§ Spearman correlation coefficients; in addition correlation between pH and CEC with a coefficient of 0.4 was considered.



3.3.4 Determination of uncertainty contributions

To quantify how the uncertainties in model input parameters affect the uncertainty of

the model results, various approaches have been proposed in the literature (e.g. Iman

and Helton, 1992; Janssen, 1994). We employed a multiple regression model to evaluate

the effect of each random variable Xt (listed in Table 3.3) on the regional net cadmium

and net zinc balances (Y), of the form:

YJ=b0+f^blXl+£J j = l,...,N [3.11]
(=i

where bo and b, are the regression coefficients, e, are the residual errors, p is the number

of random variables and N is the number of data points. The residuals are assumed to be

normally distributed with zero mean and variance g2
.
To obtain a relative sensitivity

measure that is independent of the scale of the random variables, standardized

regression coefficients, SRC, were calculated as (Janssen et al., 1994):

SRC, =b,^- i=l,...,p [3.12]

where <7Y is the standard deviation of Y and ax is the standard deviation of the variable

Xt. The SRC measures the relative change of AY for each parameter with respect to its

standard deviation, due to a relative change in AXX with respect to its standard deviation,

while keeping all other model parameters constant. To account for the influence of

conelation between model input parameters on output uncertainty, Janssen et al. (1994)

introduced the so called root of uncertainty, RTU:

RTU=. 2^SRCk rXY (rXiXif
A=l

i=l,...,p [3.13]

where rx Y
is the correlation coefficient between parameter Xt and Y, and rx x is the

correlation between model input parameters. If no correlation between the model input

parameters exists, the RTUl equals the SRCt. The uncertainty measure RTU is only

meaningful if the regression function shows a good linear approximation, i.e. the

adjusted coefficient of determination R2adj ~ 1. Therefore, the assumptions of the

regression analyses must be rigorously checked with respect to R2adj as well as the
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residual errors. While the Rad, gives information about the approximation of the linear

regression to the model results, the residuals reveal if assumptions for the regression

errors are valid. We checked the residuals by inspecting normal probability plots

(quantiles of residuals versus quantiles of the standard normal distribution) and the plot

of model results versus regression estimates.

Because the estimation of RTU by least square minimization method is very

sensitive to outlier values, we applied the less sensitive Maximum Likelihood (ML)

estimation method in combination with a Huber-weighting function for the

determination of the regression coefficients bx that minimizes the following quantity

(Huber, 1981)

JJp\eJls) = min j = 1..N [3.14]

where p(e3) is an arbitrary function of the residuals £,, and s is a scale parameter. The

residuals e, depend on the estimated regression coefficients bu and are assumed to be

independently distributed and follow the same distribution. The scale parameter s can be

estimated by the (robust) median of absolute values, smav, (Huber, 1981)

sMAV = median £. /0.6745 [3.15]

The derivation of p(ef) leads to the ML-estimator function fïor bx_ of the form

i>vVw)*=0 [3.16]

where X is the matrix of the random variables and y/ is a function that assigns weights,

Wj, to the standardized residuals s/sMav- There are various y/ -functions to obtain robust

estimates for the bx (Hoaglin et al., 1983). We used the following ^-function proposed

by Huber (1981):

,2

x

2

£7
P(£j)=~r-\ ¥ = £j for [ej / smavI < c [3.17]

2

p(el) = c\eJ\- — ; y/ = c for |e,/sMavI >c [3.18]



where c is a (tuning) constant, which was set to a value of five in this study. The ML-

approach can be solved iteratively. In each iteration step the ML-estimator of the

coefficients b given by b are calculated according to

b = (XTWXy1 XTWY [3.19]

where XT is the transpose of the matrix X and W is a diagonal weighting matrix with

diagonal elements given by

w, =— L3.20J

£j
'

SMAV

The e, and smav are recalculated in each iteration step.

3.3.5 Risk Analysis

For our purposes, we define risk in monetary terms as the expected cost associated with

the probability of failure at a given year:

R(t) = Cf(t)Pf(t) [3.21]

where R(t) is the risk in year t, C/f) is the cost that would arise as the consequence of

failure in year t (Euro), and P/f) is the probability of failure in year t. In this study we

define failure as the occurrence of a heavy-metal accumulation rate in excess of a

critical rate. This critical rate was calculated as the tolerable metal accumulation during

200 years that would lead to a metal concentration in the plough layer equal to the

Swiss guide values (SAEFL, 2001).

The probability of failure was estimated by employing the same Monte-Carlo

simulation procedure as described above. The probability of failure can be reduced by

decreasing the part of uncertainty that is associated with the informational components

by improved data processing and additional surveys.
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3.4 Results and discussion

3.4.1 Heavy-Metal Fluxes

Model simulations showed an enrichment on average of cadmium and zinc in the

agricultural soils of the Sundgau region during the considered period (Table 3.4). The

regional cadmium balance was mainly determined by atmospheric deposition (67% of

total input) and by crop removal (43% of total input) (Figure 3.2). Leaching of cadmium

was of some importance despite the large sorption capacity and high soil pH values in

the region.

Table 3.4: Descriptive statistics of regional cadmium, zinc and phosphorous balances

(for symbols used see notation list).

Ifdan he Icf 'Atm Ocrop Ol dM/dt.\

cadmium ( g ha"1 yr -1)
mean 0.6 0.1 0.7 2.4 1.4 0.8 1.5

median 0.6 0.1 0.4 2.2 1.4 0.4 1.4

min 0.3 <0.1 <0.1 1.1 0.5 <0.1 -7.1

max 1.2 0.2 9.1 5.4 2.3 9.1 11.0

std dev 0.2 0.05 0.8 0.9 0.3 1.2 1.7

zinc ( g ha"1 yr"1)
mean 696 34.4 17.9 332 308 137 635

median 637 33.7 14.3 305 306 116 605

min 328 11.7 2.8 121 177 6.3 -27

max 2052 56.6 82.3 780 473 687 1828

std dev 241 10.2 12.7 140 45.1 96.4 280

phosphorous ( kg ha"1 yr"1 )
median 27.0 1.5 12.9 n.a.$ 19.6 n.a 21.8

min n.c.§ n.c. 7.5 n.a. n.c n.a. 16.4

max n.c. n.c. 71.5 n.a. n.c n.a. 80.4

std dev n.c. n.c. 8.0 n.a. n.c n.a. 8.0

f regional net flux, negative values indicate element depletion in soil.

X n.a.: P fluxes were neglected.
§ n.c: related input parameters were not considered as random variables.

Cadmium inputs from commercial fertilizers were found to be relatively small due to

the predominance of manure as fertilizer. About 60 % of the total P input (21.8 kg P ha"1

yr" ) was provided by manure and about 40% by commercial fertilizers. The amount of

P supplied with sewage sludge was almost negligible due to the small amounts applied



within the region. It should be emphasized that even for extensively used meadows and

pastures, where atmospheric deposition is the only relevant cadmium source, the

regional cadmium balance indicates a slight accumulation in soil. In contrast to

cadmium, the regional zinc balance was mainly governed by animal manure (64% of

total input), followed by atmospheric deposition (31%) and crop uptake (31%)

(Figure 3.3).

The net metal fluxes in the region of our study are in good agreement with

regional and national balance studies in European agro-ecosystems. An overview of

these studies has been given by Moolenaar (1998). According to these studies, net

cadmium accumulation in European agricultural soils varied between 0.2 and 3.7 g ha"1

yr"1 and net zinc accumulation between -61 and 1083 g ha" yr" .
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Figure 3.2: Model results for the regional cadmium balance and its uncertainty sources (for
symbols used see notation list). The boxes give the inter-quartile range, IQR, the horizontal bar

in each box indicates the median. The length of the whiskers are 1.5 x IQR, values outside these

limits are plotted as points.
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Figure 3.3: Model results for the regional zinc balance and its uncertainty sources (for symbols

used see notation list). The boxes give the inter-quartile range, IQR, the horizontal bar in each

box indicates the median. The length of the whiskers are 1.5 x IQR, values outside these limits

are plotted as points.

3.4.2 Sources of Uncertainties

Propagation of uncertainties of the random variables through the model resulted in large

variances of the regional aggregated net cadmium and net zinc fluxes. The coefficient of

variation (CV) was about 120% for cadmium and about 50% for zinc. The regression

model used in this study to quantify the contribution of the uncertainty sources

explained about 98% of the variance of the simulated net zinc flux (Figure 3.4). Thus,

the linear approximation was appropriate in this case. Since there were few outliers that

were identified by the Huber function, the Maximum Likelihood estimator for the

regression coefficients, bu was quite similar for zinc to the corresponding least squares

estimation. For cadmium however, less of the variation was explained by the linear



regression model (Radj = 0.73), and the residuals showed a slightly non-linear structure

(see Figure 3.4). In particular, the regression model overestimated the negative net

cadmium fluxes. Down-weighting of the observed outliers in the robust regression led

to significant changes of some regression coefficients and hence, to changes in the

conesponding uncertainty measure RTU.
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Figure 3.4: Control plots of the residual analyses: normal probability plot and plot of the

model estimates versus the robust regression estimates for a.) regional net cadmium flux and

b.) regional net zinc flux. The observations plotted in grey refer to weighted residuals (Huber
tuning constant c = 5).

Table 3.5 shows that the uncertainty of the regional cadmium balance considering

parameter correlations resulted primarily from the variation of cadmium concentration

in crops (RTU = 18%), from uncertainty in Freundlich regression coefficients bkf and bn

(16.7%), atmospheric deposition (16.2%), and from uncertainty in leaching rates due to
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spatial variation of soil pH and CEC (15.2%). With respect to metal export by plant

uptake, vanation of cadmium concentration in grass on extensively used meadows (32

% of regional area) contributed most to the total uncertainty of the net cadmium flux

(RTU = 7.4%). In summary, informational uncertainty explained about 44% and natural

uncertainty about 56% of the total vanation of the cadmium net flux. This analysis

indicates that substantial reduction m cadmium flux uncertainty can be achieved by

additional surveys and investigations.

Table 3.5: Uncertainty measure of the regional netfluxes neglecting (RTU-0) and considering

parameter correlation (RTU-1)

Fluxes Total Random RTU-0 RTU-1 UIFt

Input [%] variable [%] [%] [-]

cadmium

iMan 18.6 CMan 7.6
^ 8.5 + 0.5

he 2.1 CSe <3 <3 -

IcF 12.6 CCF 8.3 8.1 0.6

Ip.tol 6.9 6.1 0.5

lAtm 66.6 'Atm 17.1 16.2 0.3

Ocrop 42.5 CCrop 14.1
+

18.0
! 0.4

0L 11.9 pH, CEC 16.0 15.2 1.3

bkf, K 21.7 16.7 1.4

Ct 5.8 7.9 0.7

zinc

iMan 64.3 CMan 36A1 33.5 f 0.5

he 3.4 CSe <3 <3 -

IcF 1.4 CCF <3 <3 -

Iptol <3 <3 -

'Atm 30.8 lAtm 19.4 15.8 0.5

Ociop 30.9 CCrop 14.7 < 17.7
f 0.6

0L 11.7 pH,CEC 12.1 10.5 0.9

bkf, K 8.7 6.2 0.5

Ct 6.3 9.4 0.8

f sum of the RTU-values of the manure and crop types considered.

$ Uncertainty Impact Factor, expresses the ratio between the RTU-1 value and the metal flux (%
of total input).

The sources of uncertainty m the cadmium balance, were m general agreement with

those identified by Tiktak et al. (1999) m a study on metal accumulation in Dutch soils.

Considenng vanation of basic soil vanables (pH, organic matter, clay, water content,

water flux), crop vanables (concentration and yield) and uncertainty resulting from the



Freundlich regression functions, uncertainty in the Freundlich regression function

explained most of the total variance in soils with low pH. In contrast, in soils with high

pH, organic matter content contributed most to the total uncertainty.

Comparable results were obtained by Palm (1994), who coupled a hydrological

model with a model for sorption and plant uptake to assess cadmium behaviour for a

soil profile. Cadmium uptake by plants was assumed to be proportional to root water

uptake. He found that the partitioning of cadmium between sorption, leaching and plant

uptake was highly sensitive to sorption isotherms, whereas root distribution of plants

and hydrological soil properties influenced the partitioning of these fractions only to a

limited degree. However, the uncertainties in cadmium inputs were not taken into

account in these two studies. As our case study shows, cadmium and zinc accumulation

in agricultural soils may also be quite sensitive to the uncertainties in atmospheric

deposition and fertilization management.

Our findings are also consistent with the findings of Boekhold and van der Zee

(1991), who used a deterministic transport model to simulate cadmium accumulation in

soil, leaching, and uptake by barley. They reported that leaching was very sensitive to

the input rate, water flow, and sorption parameters. With time, however, this sensitivity

decreased. Cadmium uptake by barley was very small, but in time became increasingly

sensitive to flow and sorption parameters. From this analysis, Boekhold and van der Zee

(1991) concluded the input flux is the most sensitive parameter for short-term

predictions of cadmium accumulation in soil, whereas for long-term predictions

accumulation is also sensitive to variations of flow and sorption parameters. In our case,

uncertainty of input fluxes explained about 42% of the total uncertainty of the regional

net cadmium flux.

The uncertainty of the regional net zinc flux was primarily influenced by

variations of zinc concentration in manure (RTU - 33.5%) and in crops (17.7%) as well

as variations in atmospheric zinc deposition (15.8%), when parameter correlations were

considered (Table 3.5). The large contribution from animal manure to the total

uncertainty was mainly due to highly uncertain zinc concentrations in pig manure

(23.1%) and in the manure from cattle and dairy cows (7.2%). Similar to the case of

cadmium, uncertainty arising from metal uptake by grass grown on extensively used

meadows yielded the largest RTU value (5.2%). In addition, a significant part of the
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uncertainty in the zinc balance resulted from spatial variation of soil pH and CEC

(10.5%) and zinc concentration in soils (9.4%). The uncertainty resulting from

regression of the Freundlich isotherms was less important for zinc than for cadmium.

Both bkf and bn contributed only about 6.2% to the total variation of the regional net zinc

flux. To sum up, about 58% of the total variation of the net zinc flux resulted from

informational uncertainties, while 42% were caused by natural uncertainties. As in the

case of cadmium, there is also a large potential for uncertainty reduction of the regional

zinc balance by further detailed surveys and investigations.

Variation of heavy-metal concentrations in crops and in soils led to large

uncertainties in the estimates of the crop uptake rate coefficients (Table 3.6). The largest

rate coefficients were obtained for maize silage and intensively used meadows. For

cadmium, the CV's of the rate coefficients ranged between 50 % and 72 %, while for

zinc values between 33% and 45% were found.

Table 3.6: Median and standard deviations of selected rate coefficients and simulated

Freundlich parameters.

cadmium zinc

fa

crop-uptake rate coefficient in [104 yr"1]

fa (bread cereals) 4.1 ± 3.0 14.3 ± 4.9

fa (fodder cereals) 2.4 ± 1.3 12.2 ± 4.0

kc (maize silage) 40.3 ± 20.1 32.7 + 14.4

fa (meadow intensive) 21.0 ± 15.0 34.9 + 14.0

fa (meadow extensive) 15.6 ± 11.3 25.5 + 10.7

fa (pastures) 10.7 ± 7.3 17.2 + 7.0

Freundlich parameter

KF 207 ± 122 587 + 219

n 0.68 ± 0.07 0.68 + 0.07

leaching-rate coefficient in [105 yr"1]

1.5 ± 25.5 0.35 2.4

In response to the errors in the regression parameters and in the spatial uncertainty of

soil pH and CEC, the CV of the Freundlich parameter KF was 58% for cadmium and

37% for zinc. For the CV of the Freundlich parameter n, a value of 10% was obtained

for both cadmium and zinc (Table 3.6). Consequently, these uncertainties led to large



variations of the leaching rate coefficient, fa, for cadmium and zinc. Furthermore, the

distributions of the simulated fa values were strongly skewed. The standard deviation

was about one order of magnitude larger than the median in the case of cadmium and

about six times larger than the median in the case of zinc.

3.4.3 The Influence ofParameter Correlation

Correlations between the random variables had little effect on the regional net cadmium

and net zinc fluxes. For individual land-use systems, however, their influence was quite

significant. For example, for dairy farms (pastures and meadows, 0.2-1 CMU ha"1

cattle) the standard deviation of the net zinc flux decreased from 220 g ha"1 yr"1 to 198 g

ha"1 yr"1 (median 378 g ha"1 yr"1) when parameter correlations were incorporated in the

simulations (Figure 3.5).
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Figure 3.5: Frequency distributions of simulated net zinc fluxes neglecting and considering

input parameter correlations. On the left: regional balance; on the right: balance for a specific
land-use systems.

The quantification of the uncertainty contributions was more sensitive to parameter

correlation than the net fluxes. Considering correlation between model input parameters,

the RTU values (RTU-1) deviated considerably from those in case of neglecting these

correlations (RTU-0; see Table 3.5). Hence, even weak correlations can have a

substantial influence on the contribution of input variables on the total uncertainty of the

model output. With correlations the contribution of crop concentrations to the total
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uncertainty of the net cadmium flux increased significantly, while the influence of the

uncertainty in the Freundlich regression functions decreased. With respect to the net

zinc balance, correlations between model input parameters were relevant for the

uncertainty contributions of atmospheric deposition and of the zinc concentrations of

crops and manure. These results suggests that the correlations between uncertain input

variables should be analysed more intensively. At present however, due to limited data

sets, such correlations are rarely investigated and usually neglected. Thus, uncertainty

analysis of heavy-metal balances is limited with respect to the uncertainty in such

conelations. Consequently, one possible approach to deal with this problem is to treat

the correlation coefficients between model input parameters also as random variables.

3.4.4 Model Uncertainty

The analysis of uncertainty propagation yields informational and natural uncertainties,

which are conditional on the validity of the model apart from the calibration of its

parameters. An additional source of uncertainty is how well the model describes that

part of reality for which it has been designed. Model uncertainty may arise from

neglecting of relevant processes such as linear non-linear adsorption, choice of

inadequate process descriptions such as steady-state or equilibrium, or specification of

incorrect boundary conditions. In our case, metal fluxes with soil erosion or metal

inputs by compost were not considered, although they may play an important role for

the heavy-metal balance of certain agricultural soils. Moreover, simplification of the

metal leaching process, i.e. metal partitioning between the adsorbed and dissolved

phase, and the choice of flux assessment methods for metal inputs through animal

manure may lead to model uncertainties. Regarding the leaching process, the Freundlich

regression functions used in this study tend to overestimate the metal concentrations in

soil solution (cf. Elzinga et al., 1999). Therefore, we recommend calibrating these

isotherms with local measurements if balance analyses indicate that model outputs are

sensitive to these data.

In general, model uncertainty is assessed by comparison of different models or

by comparison of model predictions with independent measurements (de Vries et al.,

1998; Heuvelink, 1998). The latter validation approach was performed by Tiktak et al.

(1998). They tested the validity of their model by comparing retrospective model



predictions using historical cadmium inputs with present heavy metal concentrations in

soils of the Netherlands. They found that model predictions deviated, in general, less

than a factor of two from measured cadmium concentrations in soil.

Unfortunately, the data available are very limited for such a direct validation of

regional scale flux models. For PROTERRA-S, this would require long-term

monitoring not only of soil conditions such as pH, organic matter content, and

contaminant concentrations, but also of metal fluxes entering and leaving the soil

compartment. Consequently, model development and application must be linked to soil

monitoring networks. Integration of modeling efforts into existing monitor programs is

also in the interest of such programs, as only models allow local extrapolation of metal

inputs and outputs assessed at specific monitoring sites to other areas.

3.4.5 Reduction of Uncertainty in Heavy-Metal Balances

To reduce the uncertainty in balances, the two major types of uncertainty considered in

this study are distinguished. While it is desirable to reduce the informational

uncertainty, the natural uncertainty of parameters must be maintained for models to be

realistic. To evaluate the potential gain that could result from the reduction of

uncertainty in different parameters, we calculated the so-called uncertainty impact

factor (UIF) defined as the ratio of the RTU to the metal fluxes (% of total input). For

the regional cadmium balance the largest UIF values were found for the parameters pH,

CEC, (UIF = 1.3) and b#, bn (1.4), indicating that the contributions of these sources to

the total uncertainty of the regional net cadmium flux were larger than the contribution

of the leaching flux to the total input flux (Table 3.5). In contrast, the uncertainty of

atmospheric deposition, which accounted for 67% of the total cadmium input,

contributed only 16% of the total variation of the net cadmium flux (UIF = 0.3).

This finding illustrates that the UIF can be used as an indicator to express the

contribution of the random variables to the total uncertainty, regardless of the

magnitude of the affected metal flux. In our case, the uncertainty of the net cadmium

flux could be reduced considerably if regional measurements were available to establish

a local regression function for the prediction of the Freundlich parameters. In contrast,

uncertainty resulting from the spatial variation of the soil pH and CEC can be hardly

reduced, because as long as the agricultural data are non-site specific, the model takes
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all possible combinations of soil characteristics and agricultural land use within the

region into account. Consequently, site-specific agricultural data would provide heavy-

metal balances for individual soil type/land use combinations, that would improve the

accuracy of the simulated net fluxes substantially.

3.4.6 Risk Analysis

For a rough estimation of the risk involved in the current metal accumulation trends, we

compared the simulated net metal flux of the regional balance and of specific land-use

types with the critical accumulation rate. This estimation assumes that the rate of metal

accumulation based on the five-year analysis holds for the next 200 years. This

extrapolation only reveals the continuation of the status qua and does not include any

future measures that would reduce or increase the rate of accumulation. In the case of

zinc, a critical rate of 0.46 mg kg"1 yr"1 was obtained based on our calculations (Swiss

guide value: 150 mg kg"1 HN03-extractable zinc, initial concentration see Table 3.3).

For a conversion from flux (g ha"1 yr"1) to critical value (mg kg"1 yr"1) we used a soil

depth of 0.2 m and a soil bulk density of 1300 kg m"3. Figure 3.6 shows that the

predicted probability of failure based on different land-use systems. More details about

the definition of the land-use classifications can be found in (Keller et al., 2001).

cdf of Zn accumulation

...»

arable farm type

dairy farm type
animal husbandry

regional balance

0.46 mg kg"1 yr"1

1 1.5 2

accumulation rate [ mg kg"1 yr"1]

Figure 3.6: Cumulative distribution function (cdf) of simulated zinc accumulation rates

compared to the critical rate, ccnt (tolerable zinc accumulation during 200 years that would lead

to concentrations equal to the Swiss Guide value of 150 mg kg'1).



The probability of the failure for the arable and dairy farms is zero, the probability of

failure for the animal husbandry farms about 82% and for the regional averaged balance

about 3%.

Estimating costs of failure in environmental studies is a very controversial issue

as it may encompass various diverse factors such as land price, cleanup costs, and

adverse health effects. However, presenting the risk in monetary terms provides a

tangible feeling, and it is an important indicator for communication to other participants

who may find the concept of risk too abstract. For the purpose of this paper, however,

we will limit ourselves to a very simple scenario. We assume that the current market

value of agricultural land in the Sundgau region would decrease from 30 to 10 Euro per

m2 if the zinc accumulation rate exceeded the critical value. The cost of failure would,

thus, equal 20 Euro per m as a result of land depreciation. Multiplied by the

probabilities given above, the expected risk R, will amount to about 22 million Euro for

the entire Sundgau region (36 km2), and for a small 10 ha animal husbandry farm to

about 1.6 million Euro. Since a large part of these expected risks originates from

informational uncertainties, it is worthwhile to invest in additional surveys and

investigations to improve the informational databases.

3.5 Summary and conclusions

We applied the stochastic model PROTERRA-S to the Sundgau region and assessed the

aggregated cadmium and zinc balances in agricultural soils and their uncertainty sources

on the regional scale. The results indicate that cadmium and zinc inputs on average

exceeded the outputs and, thus, led to net accumulation of these metals in soil during

1992-97. The regional balance, however, provides only a general trend of metal fluxes.

To take preventive measures, more detailed analyses relating the land-use systems and

individual soil types within the region are more useful. The model is designed to

estimate fluxes for 5 year periods, therefore, it estimates accumulation trends for these

periods. For temporal predictions beyond that, a dynamic model based on a more

sophisticated description of the cause and effect relationships between metal cycling in

agroecosystems and soil processes is required.

Taking into account informational and natural uncertainties of the input

parameters resulted in large uncertainties of the heavy metal balances. The standard
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deviations of the regional net cadmium and net zinc fluxes were in the same order of

magnitude as their average values. Using a Maximum Likelihood regression approach

for uncertainty analyses, we quantified the contribution of uncertainty in model input

parameters to the total variation of the net heavy-metal fluxes. Uncertainty in the

simulated net zinc flux originated mainly from informational uncertainty in zinc

concentrations of manure and crops and from natural uncertainty in atmospheric

deposition of zinc. In the case of cadmium, primarily the latter two sources of

uncertainty as well as the natural uncertainty of the soil pH, CEC and the uncertainty in

the regression function to estimate the Freundlich parameters were the sources for the

large variation of the regional net cadmium flux.

The modeling results gave valuable insights for (i) suitable preventive strategies

for specific inputs to reduce heavy metal enrichment in soils, and for (ii) reducing

uncertainty in balances by further investigations to determine highly sensitive

parameters more accurately. In order to identify the potential of parameters for efficient

uncertainty reduction in the estimated metal balances, we defined the uncertainty impact

factor UIF. A large potential for uncertainty reduction in the net cadmium fluxes was

found in the Freundlich regression functions. To reduce model uncertainty we

concluded that long-term monitoring data of soil conditions, metal inputs and outputs,

and of agricultural practices are required. Such data were not available for this study,

and therefore, model uncertainty had not been accounted for. To improve the reliability

and precision of metal balances, we suggest that model development and application is

integrated into soil monitoring programs in the future.

A simple risk analysis was conducted in order to exemplify the potential

benefits of uncertainty analyses in soil pollution monitoring. The analysis showed large

risks to be associated with the current trends in accumulation of heavy metals in soils.

However, since these risks resulted to a great degree from informational uncertainties,

substantial risk reduction could be achieved by determining sensitive model parameters

more accurately.
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Notation ofsymbols

bkfbn Freundlich regression coefficients ( - )
c metal content (mg kg"1)
ct total metal concentration in soil (mg kg"1)
cs soluble metal concentration in soil (mg L"1)
C covariance matrix

CEC cation exchange capacity (mmolc kg"1)
Cf cost of failure ( Euro )
CV coefficient of variation ( % )
£ regression residuals

/ metal input flux (g ha"1 yr"1)
Ip phosphorus input flux (g ha"1 yr"1)
kc crop-uptake rate coefficient (yr1)
kL leaching-rate coefficient (yr1)
KF, n Freundlich parameters (L kg"1 if n = 1)
m empirical parameter ( - )
M metal content in soil (g ha"1)
N number of data points
O metal output flux (g ha"1 yr"1)
Op phosphorus ouput flux (g ha"1 yr"1)
Pf probability of failure

pH soil pH ( - )

qw water flux (L m"2 yr"1)
6 volumetric water content (L m"3)
p dry soil bulk density (kg m"3)
r Spearman correlation coefficient

R2 coefficient of determination

R risk ( % )
RTU root of uncertainty ( % )
cr variance

g standard deviation

SRC standardized regression coefficient ( % )
t time (yr)
UIF Uncertainty Impact factor ( - )
X random variable

Y dry matter crop yield (kg ha"1 yr"1)
z depth of plough layer ( m )

Process Indices

Agr Agricultural activities

Man Manure

Se Sewage Sludge
CF Commercial Fertilizers

Pes Pesticides

Atm Atmospheric Deposition
Crop Crops
L Leaching

hoi p surplus
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Modelling Heavy Metal and Phosphorus Balances for

Farming Systems and Assessing their Uncertainties

Nutrient Cycling in Agroecosystems (submitted)

A. Keller and R. Schulin

ABSTRACT

Using the mass flux balance model PROTERRA-S we analysed the role of phosphorus

(P) fertilization strategy on Cd and Zn accumulation in agricultural soils for different

farm types and cropping systems at a regional scale. For this purpose, the Sundgau

region of northwestern Switzerland was used as a case study area.

Estimated net Cd fluxes ranged between 1.0 - 2.3 g ha"1 yr"1 for arable farm

-11 1_1

types, 0.6 - 2.0 g ha" yr" for dairy and mixed farm types, and 9.1 - 17.8 g ha" yr" for

animal husbandry farm types. Largest net Zn fluxes of 17.9 - 39.8 kg ha"1 yr"1 were

estimated for animal husbandry farms, whereas for arable farm types net Zn fluxes of

11 11

101 - 260 g ha" yr" and for dairy and mixed farm types of 349 - 3360 g ha" yr" were

found. Propagation of uncertainty in model input parameters led to large variations of

the calculated net element fluxes. Variation of net Cd fluxes resulted mainly from

uncertainty of crop concentrations, atmospheric deposition, leaching parameters and

uncertainty of Cd/P concentration ratio of commercial fertilizers. The former two

uncertainty sources and the Zn/P concentration ratio in animal manure contributed in

general the most to the total uncertainty of the net Zn fluxes of the land use systems.

The pattern of the uncertainty sources varied between the farm types, in

particular for the Zn balances. Analysing scenarios of changes in P fertilization on the
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metal inputs, the model showed that the effects may be more complex than expected at a

first glance. For example, decreasing P surpluses by reducing commercial fertilizer use

was estimated to result in decreasing Cd and Zn accumulation rates on dairy and mixed

farms, while for arable farms either Cd or Zn inputs increased.

4.1 Introduction

Intensive use of commercial waste and waste fertilizers as well as animal manure has

raised concern regarding the enrichment of nutrients and trace metals in agricultural

land. In intensive dairy farming or pig breeding farms for example, P imports by feed

concentrates and commercial fertilizer are higher than can be used by crops (Haygarth,

1998). Accumulation of phosphorus in agricultural soils has continued to increase the

potential of high P losses to the environment during the last decades (Smith, 1998), in

particular to ground water and surface waters. In response, strategies have been

proposed to improve P management and to reduce P losses (Sharpley et al., 2000; Aart

et al., 2000) as well as monitoring schemes based on mass balance modelling

approaches (e.g. Smaling and Fresco, 1993; Johnes and Hodgkinson, 1998; Campillo et

al., 1999).

In addition to P accumulation, intensive application of fertilizers has also led

the enrichment of heavy metals in agricultural soils (van Riemsdijk et al., 1987). In this

respect, heavy metal measurements in commercial and waste fertilizers (e.g. Morvedt,

1996; Raven and Loeppert, 1997; Sager, 1997) as well as in animal manure (Menzi and

Kessler, 1998; Nicholson et al., 1999) were of primary interest to asses the soil metal

inputs through these fertilizers. Moreover, various studies have been performed on farm

scale or regional scale to estimate P and heavy metal balances (von Steiger and Baccini,

1990; Andersson, 1992; Reiner et al., 1996; Veithof et al., 1996; Moolenaar and

Lexmond, 1998). Only few studies, however, investigated the relationship between the

P and the metal cycles, i.e. how changes in P fertilization management influence metal

accumulation in agricultural soils. These studies primarily focus on the effect of P

fertilization on Cd uptake by crops (Eriksson et al., 1996; Loganathan et al., 1997, Grant

and Bailey, 1997).



In this paper fertilizer P inputs, Cd and Zn flux balances as well as their uncertainties

are evaluated for a rural region in northwestern Switzerland using the stochastic balance

model PROTERRA-S (Keller et al., 2001a). In addition, the influence of changes in P

fertilization plans on Cd and Zn balances are discussed.

4.2 Materials and methods

4.2.1 The model

The balance model PROTERRA-S was developed as a tool for assessing element

balances in agro-ecosystems taking into account fertilization management. The model

can be used to provide preventive strategies against heavy-metal accumulation in

regional agro-ecosystems in a scale of some 100 km2. In the following we briefly

summarise the main characteristics of the model, a detailed description can be found in

Kelleretal. (2001a).

In response to the representation of spatial data in regional available databases,

the model assesses mass flows associated with agricultural land-use (crop production),

i.e. crop removal, animal manure, sewage sludge, commercial fertilizer and pesticides,

separately from other mass flows such as atmospheric deposition and leaching. Metal

inputs through fertilizers are coupled with the P balance using concentration ratios

between metal and P in fertilizers (Table 4.1).

The model can make use of available regional agricultural statistics, e.g.,

livestock production, and crop type areas, by aggregating and disaggregating these data

on the assumptions that the following fertilization strategy, recommended by the Swiss

Guidelines for Water Protection (FOEFL, 1994) is applied: (i) All manure produced by

a specific farm type is applied to the cropping area belonging to that farm type. On

agricultural land, where sufficient nutrients can be supplied with animal manure alone,

other fertilizers are avoided; (ii) Next, as much waste fertilizer as is produced in the

region and accepted by the farmers is distributed on the land of farm types where

manure is insufficient to supply the P demands of crops (sewage sludge quantity is

restricted to 5 tonsoM every 3 years); (iii) Finally, commercial fertilizer is used to

provide the remaining P demands of crops. The tendency of farmers to supply more P
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than needed by crops is accounted for by the assumption that the "true" P demand is

i „_-i^
exceeded by an additional P input, Iptoi (kg ha" yr" ).

Table 4.1: Input and outputfluxes considered and their assessment in PROTERRRA-S.

flux symbol mass flux assessment

phosphorus

crop removal Op,croP agricultural statistics, fertilization guide-lines,

survey data of individual farms,

Ip,Man livestock statistics, survey data of individual

farms, fertilizer strategy a,

Ip,se book-keeping of waste water treatment plants,
fertilizer strategy

a

commercial fertilizer Ip,cf product information, fertilizer strategy
a

animal manure

sewage sludge

additional input

metal inputs

atmosp. deposition
animal manure

sewage sludge

commercial fertilizer Icf

pesticides

metal outputs

crop removal

leaching

Ip,toi survey data of individual farms and of

national P balance,

lAtm bulk deposition measurements

iMan livestock statistics, metal/P-concentration

ratios, empirical distribution assumptionsc,
Ise book-keeping of waste water treatment plants,

metal/P-concentration ratio,

empirical distribution assumptionsc,
metal/P-concentration ratios,

empirical distribution assumptionsc,
Ipes agricultural guide-lines, product information,

Ocrop agricultural statistics, survey data of

individual farms,

Ol soil maps, soil survey data, metal partitioning
between sorbed and dissolved phase using
Freundlich sorption isotherms,

Priority of fertilizers to meet P demands by crops: 1. manure 2. waste fertilizers3. commercial

fertilizers, see text.
b

represents present P surpluses in agricultural soils.

distribution of fertilizer between land use systems is linked to P demands of crops

and follows the fertilization strategy recommended by FOEFL (1994).

Basic units of the areal mass balances in PROTERRA-S are "land use systems" (LUS)

which are defined as the areas of agricultural land of a region belonging to a specific

type of "cropping system" within a specific category of "farm type" (Table 4.2). The

LUS represent strata integrating both the bio-physical characteristics, i.e. crops,



livestock and soils, and the management characteristics, i.e. fertilization plans of the

farms (Stomph et.al., 1994). On the one hand, element fluxes can be disaggregated from

the level of the LUS to the level of individual crop types within a farm type, on the

other hand, LUS balances can be aggregated according to their area fraction to a

regional average balance (Figure 4.1).

regional balance

Figure 4.1: Levels ofaggregation of the stochastic balance model PROTERRA-S

Farm types are classified according to the composition and density of livestock (per unit

area of land). As major categories of farm types we distinguished arable, dairy, mixed

and husbandry farms. Within each farm type, agricultural area is subdivided into the

following cropping systems: pastures and meadows, agricultural crops and special

crops. Fertilizer distribution is modelled by PROTERRA-S as if the farm types were the

management units, each with three sub-divisions of differently managed land.

Partitioning of manure quantity and sewage sludge between these sub-divisions is
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determined based on the fertilizer strategy mentioned above and by an empirical

preference factor.

Table 4.2: Aggregation levels of crop type andfarm type data in PROTERRA-S.

regional balances of balances of individual

balance land use system crop types
(lxl) balances (3x3) or (3x10) balances (16x10) balances

aggregation cropping system crop type

of land use I. pastures and meadows (1) intensive used meadows

system (2) less intensive used meadows

balances (3) pastures, (4) fallow/peat land,

according (5) hedges, coppice,
to their area II. agricultural crops (6) bread

a

and (7) fodder cereals
b

fraction (8) potatoas (9) sugar beet

(10) other legumes (11) rape

(12) tobacco (13) maize silage
III. special crops (14) vineyards (15) orchads

(16) vegetables
farm typec
I. arable farms (1) < 0.2 CMU ha"1 (no livestock)

(2) 0.2-1 CMU ha"1 - poultry
II. dairy and mixed farms (3) 0.2-1 CMU ha"1-pig

(4) 0.2-1 CMUha"1-cattle

(5) 1-2 CMU ha"1 - poultry
(6) 1-2 CMU ha"1 - pig

(7) 1-2 CMU ha"1-cattle

III. animal husbandry (8) >2CMU ha"1 - poultry
(9) >2 CMU ha"1 - pig
(10) >2 CMU ha"1 - cattle

a

winter and summer wheat, rye;
b

barley, oats, triticale, maize (corn).
c

defined by predominant livestock type and livestock density. Livestock types are: cattle (dairy
cow, fattening calf, breeding cattle, fattening cattle), pig (breeding pig, fattening pig), poultry
(layer units, fattening units, turkey), other (sheep, goat, horse). Livestock density is calculated in

cattle manure units per area, CMU ha"1, that is based on the nutrient quantities for a dairy cow

weighing 600 kg corresponding to 105 kg N yr"1 and 15 kg P yr"1 (FOEFL, 1994).

4.2.2 Available databases

Calculation of the element balances is based on data from regional agricultural statistics

and soil information systems that are available in Switzerland. Since these agricultural

databases are updated every five years, the model is designed to estimate average

balances for five-year periods. Other data sources are for example, specific soil surveys,

in-depth studies of experimental farms, studies of crop quality, Swiss Air Pollution



Monitoring Network, book-keeping of waste water treatment plants, agricultural

guidelines.

It should be noted that depending on the data source considered input data

might have very different qualities (Smaling and Fresco, 1993). We considered data

relating to different crops, livestock productions, and other agricultural statistics

evaluated by the Swiss Federal Statistical Office as being very reliable. Similarly, soil

mapping data and concentrations of heavy-metals in the topsoil obtained from regional

soil surveys were considered to be reliable. Poor data quality may arise, for example,

from regional trade statistics, e.g. commercial fertilizer type and quantity.

4.2.3 Case study

As a case study, we applied the model to the Sundgau, a rural region in the northwest of

Switzerland. The region has an area of about 95 km2 and includes 201 farms, cultivating

about 36 km of arable land. Table 4.3 presents some agricultural statistics and soil

characteristics of the Sundgau region for the period 1992-97.

Most of the farms in the region are dairy farms or arable farms. Together they

account for about 88% of the total agricultural area. Dairy farms are characterised by

the combination of plant and animal production. Important crop types of these farms are

pastures and meadows as well as agricultural crops (bread and fodder cereals, silo and

green maize). Arable farms are characterised by their crop production. Dominant crop

types of the arable farm types are agricultural crops (bread and fodder cereals, potatoes,

rape, other crops), meadows and pastures and to some extent special crops (vegetables

and vineyards). Typical crop types for animal husbandry farms are fodder cereals, silo

maize and green maize.

Modelling the fertilization strategy, we assumed P surpluses (Iptoi) of

13 kg ha" yr" ,
which corresponds to the Swiss average P surplus in 1995 (Spiess,

1999). Manure quantity produced within a farm type was assumed to be preferably

distributed on pastures and meadows (two third of the quantity) and less on agricultural

crops (one-third). Acceptance of sewage sludge was assumed for 50% of the grassland

area and 30% of the crop rotation area.
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Table 4.3: Agricultural and measured soil properties of the Sundgau case study.

Agricultural characteristics

total agricultural area: 3560 ha

- pastures and meadows: 1741

- agricultural crops: 1621

- special crops: 198

total number of farms: 201

mean area per farm: 18 ha

livestock production (number/CMU)

cattle 5381/1897

pig 4119/ 594

poultry 9375/ 468

others 1488/ 376

mean livestock density: 0.93 CMU ha"1

Predominant soil types: Humic Cambisols, Calcaric Cambisols, Rendzic

Leptosols, Haplic Luvisols, Stagnic Luvisols,

Sample statistics ofsoil properties (Bono, 1999)

number

pH (CaCl2) 148

CEC (mmolc kg"1) 54

Clay (kg kg"1) 54

Organic matter ( g kg"1) 54

Carbonate content (g kg"1) 54

Cd (HN03-extract) (mg kg"1) 148

Zn (HN03-extract) (mg kg"1) 148

min max medi

5.4 7.8 6.8

54 320 160

0.14 0.43 0.25

24 78 45

<1 485 8

0.12 1.4 0.47

32 170 60

4.2.4 Uncertainty analysis

Model inputs for the balance calculations may be uncertain. These uncertainties arise

from limited data quality, measurements errors, estimation errors of regression

functions to derive model input parameters, and from spatial and temporal variation of

parameters. In PROTERRA-S uncertain model input parameters can be treated as

random variables, i.e. defined by probability distributions, which are then propagated to

model outputs using a Latin Hypercube sampling scheme with correlated variables

(Keller et al. 2001b).

In this study, we treated 20 parameters as random variables: metal/P-

concentration ratio of animal manure (cMan, 6 parameters) and of commerial fertilizers

and sewage sludge (cCf, cSe, 2 parameters), metal concentrations of crops (cqop, 5

parameters) and of soils (ct, 1 parameter), soil properties (pH, CEC, 2 parameters),

atmospheric deposition (IAtm, 1 parameter), P surplus (IPtoi, 1 parameter) and the



regression coefficients determining the Freundlich isotherms (bKf, bn, 2 parameters).

These random variables were described by normal or log normal probability functions.

The complete parameter set is documented in a previous paper (Keller et al. 2001b). The

relative change in the uncertainty of the dependent variable (simulated net flux) as a

result of a relative change in the uncertainty of the random variables was quantified in

terms of the so called root of uncertainty, RTU, proposed by Janssen et al. (1994)

4.3 Results

4.3.1 Phosphorus and metal balances of individual crop types

Differences in P requirements for crop types and in manure quantities produced in the

farms led to opposing P fertilization characteristics. For example, for a farm type with a

low livestock density (0.2-1 CMU ha"1- cattle) the relatively small P demands of

vegetables and cereals were estimated to be supplied predominantly by commercial

fertilizers, while the large P demands for maize and intensively used meadows were

almost completely supplied by animal manure (Table 4.4). The contribution of P by

sewage sludge was generally very small because only small amounts were applied at all

in the case study region. It should be noted that due to the model assumptions manure

application within a farm type may lead to large P surpluses for individual crop types.

For instance, for a farm type with medium livestock density (1-2 CMU ha"1- cattle)

manure application led to a P surplus of 42.1 kg ha"1 yr"1 for intensively used meadows

and of 47.8 kg ha"1 yr"1 for maize silage, while the regional average P surplus was

21.8 kg ha"1 yf1.

For farm types with a low livestock density, the net accumulation of Cd on land

with bread and fodder cereals (2.2 g ha"1 yr"1) and vegetables (1.7 g ha"1 yr"1) was

significantly larger than on intensively used meadows (0.8 g ha"1 yr"1) and on land for

maize silage production (-1.1 g ha"1 yr"1) (Table 4.4). In the latter case, even a Cd

depletion in soil was predicted. These lower Cd accumulation rates resulted primarily

from relatively higher Cd export with maize silage (about 11 times higher uptake than

cereals) and uptake by grass on intensively used meadows (about 6 times), while P

fertilization management was appeared to be of minor influence. This was also found

for farms with a medium livestock density or with no livestock. For these farm types

cereals removed about one fifth of the total Cd input, and vegetables about one fourth,
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Table 4.4: Element balances ofselected crop types (farm type: 0.2-1 CMU ha' - cattle)

estimated in the Sundgau case study a.

P Cd Zn

[kghaV1] [ghaV1] [gha'V1]

bread and fodder cereals ( 521 ha)

0.4 ±0.1 263 ± 44.6

0.2 ±0.1 89.0 ± 26.9

0.4 ±0.8 14.0 ± 13.5

2.1 ±0.9 305 ±140

0.4 ±0.2 205 ± 36.5

0.4 ±1.2 116 ± 96.4

2.2 ±1.6 354 ±164

vegetables (51 ha)

<0.1 26.8 ± 4.5

0.2 ±0.1 102 ± 31.3

0.5 ±0.9 16.4 ± 14.4

2.1 ±0.9 305 ±140

0.8 ±0.2 150 ± 49.0

0.4 ±1.2 116 ± 96.4

1.7 ±1.7 186 ±159

intensive meadow (138 ha)

1.3 ±0.4 966 ±163

<0.1 <0.1

0.1 ±0.4 <0.1

2.1 ±0.9 305 ±140

2.5 ±1.2 542 ±157

0.4 ±1.2 116 ± 96.4

0.8 ±1.9 636 ±265

maize silage (97 ha)

1.5 ±0.4 1097 ±186

<0.1 <0.1

0.1 ±0.4 <0.1

2.1 ±0.9 305 ±140

4.5 ±1.6 507 ±213

0.4 ±1.2 116 ± 96.4

-1.1 ±2.2 781 ±312

input fluxes

iMan 12.4

Ise 3.9 ±0.2

IcF 12.9 ±8.9

lAtm neg.b
output fluxes

Ocrop 17.6

Ol neg.

net flux 11.7 ±8.9

input fluxes

iMan 1.3

Ise 4.5 ±0.2

ICF 14.9 ±9.1

lAtm neg.

output fluxes

Ocrop 9.0

Ol neg.
net flux 11.7 ±8.9

input fluxes

iMan 46.1

Ise <0.1

IcF 2.9 ±6.5

lAtm neg.

output fluxes

Ocrop 32.4

Ol neg.
net flux 13.7 ±6.5

input fluxes

t-Man 52.4

Ise <0.1

ICF 2.4 ±6.1

lAtm neg.

output fluxes

Ocrop 36.8

Ol neg.
net flux 15.6 ±6.1

median and standard deviation;
b

neglected in balance simulations.



whereas Cd uptake on intensive meadows accounted for 68-86% of the total input and

Cd export by maize silage even exceeded the total inputs (119-152%).

In contrast to Cd, Zn balances were more sensitive to differences in P

fertilization management than to differences in Zn removal by crops. In particular, Zn

inputs with animal manure and sewage sludge influenced the Zn balances significantly

(Table 4.4). For farm types with no livestock or low livestock density Zn removal

ranged between 29% and 42% of the total Zn input (cereals), 26% and 35%

(vegetables), 42% and 93% (intensive meadows), and between 34% and 83% (maize

silage).

4.3.2 Phosphorus and metal balances ofthe land use systems

For arable, dairy and mixed farms P demands by crops plus the assumed P surplus (Iptoi)

was not met by animal manure. Thus, sewage sludge and commercial fertilizers had to

be applied in addition (Table 4.5). For arable farms commercial fertilizers supplied 45-

70% and sewage sludge 19-30% of the P crop demands, while for dairy and mixed

farms P requirements were estimated to be met by animal manure (37-100%),

commercial fertilizers (15-44%) and sewage sludge (7-19%). On animal husbandry

farms P fertilizer demands were met by animal manure alone. Due to the high livestock

density, even large P surpluses of maximum 582 kg ha"1 yr"1 were calculated for these

farms. On the regional level P inputs by animal manure accounted for about two third of

the total P input in the test region (41.6 kg ha"1 yr"1) and commercial fertilizers for about

one third. The amount of P provided by sewage sludge was only 4%.

Accumulation of Cd ranged between 1.1 - 2.3 g ha"1 yr"1 for arable farm types,

0.6 - 2.0 g ha"1 yr"1 for dairy and mixed farm types and 9.1 - 17.8 g ha"1 yr"1 for animal

husbandry farms (Figure 4.2a). Cd balances on arable farms were determined by

atmospheric deposition (62-67% of total inputs) and crop removal (16-47%).

Commercial fertilizers caused 23-26% of the total Cd inputs and leaching 21-23%. On

dairy and mixed farms, animal manure (6-34%) were found to be more important and

commercial fertilizers (2-19%) to be less important than for arable farms. Nonetheless,

atmospheric deposition (51-74% of total Cd inputs) and crop removal (40-55%) were

the largest Cd fluxes on these farm types, whereas on animal husbandry farms Cd

balances were governed by inputs through animal manure. Cd removal on pastures and
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Table 4.5: Element balances of selected land use systems and of the regional level estimated in

the Sundgau case study a.

Cd Zn

[kghaV1] [ghaV1] [ghaV1]

arable farming type
b
(236 ha)

input fluxes

iMan

Ise
IcF
lAtm

output fluxes

Ocrop
oL
net flux

<0.1 <0.1

8.8 ± 1.4 0.4 + 0.3

20.6 ±10.1 0.6 + 1.1

neg.e 2.1 ±0.9

17.9 0.6 ±0.1

neg. 0.4 ±1.2

11.7 ± 8.8 2.3 ±1.8

2.6 ± 0.1

198 ± 68.5

22.5 ± 17.7

305 ±140

314 ± 60.7

116 ± 96.4

98 ± 178.7

dairy and mixed farm typec (757 ha)

input fluxes

l-Man

Ise
ICF
lAtm

output fluxes

Ociop
0L
net flux

input fluxes

iMan

Ise

IcF
lAtm

output fluxes

Ocrop
oL
net flux

input fluxes

iMan

Ise

IcF

lAtm

output fluxes

Ocrop
Ol
net flux

25.8

2.3 ±0.8

5.5 ±8.1

neg.

22.0

neg.
11.7: 8.8

0.7 ±0.2

0.1 ±0.1

0.2 ±0.6

2.1 ±0.9

1.9 ±0.7

0.4 ±1.2

0.8 ±1.7

539 ± 91.5

50.8 ± 25.9

5.5 ± 10.7

305 ±140

417 ± 91.0

116 ± 96.4

379 ±198

animal husbandry farm type
d
(30 ha)

601

<0.1

<0.1

neg.

18.4

neg.
582

27.1

1.5

13.0

neg.

19.7

neg.
21.8d

8.2 ±4.5

<0.1

<0.1

2.1 ±0.9

0.6 ±0.1

0.4 ±1.2

9.1 ±4.7

18056 ±12162

<0.1

<0.1

305 ± 140

207 ± 25.7

116 ± 96.4

17990 ±12151

regional average balance (3560 ha)

8.0

8.0

0.6 ±0.2

0.1 ±0.1

0.4 ±0.8

2.1+0.9

1.4 ±0.3

0.4 ±1.2

1.4 ±1.7

637 ± 241

33.7 ± 10.2

14.3 ± 12.7

305 ± 140

306 ± 45.2

116 ± 96.4

605 ± 280

a

median and standard deviation;
b

agricultural crops, no livestock;c pastures and

meadows, livestock density: 0.2-1 CMU ha"1 - cattle;
d

agricultural crops, livestock

density: > 2 CMU ha"1 - pig;e neglected in balance simulations.



meadows (1.5 - 1.9 g ha"1 yr"1) was in general larger than by agricultural crops

(0.5 -1.6 g ha"1 yr"1).

The regional average balance indicated a Cd accumulation rate of 1.4 g ha" yr" .

The balance was dominated by atmospheric deposition (66 % of the total input), crop

removal (42%), while animal manure (19%), commercial fertilizers (13%) and leaching

(12%) were less important (Table 4.5). Compared to the regional accumulation rate of

Cd, net fluxes of the LUS varied by factors ranging from 0.4 to 12.7.

In contrast, net Zn fluxes of the LUS differed by factors ranging from 0.1 to 67

from the regional Zn accumulation rate of 605 g ha"1 yr"1. Hence, simulated net Zn

fluxes varied by three orders of magnitudes. This variation resulted primarily from

differences in P fertilization plans between the LUS. Inputs through animal manure

dominated the Zn balances for animal husbandry farms (88-98% of total inputs) as well

as for dairy and mixed farms (35-86%). On these farms, Zn removal by crops (10-46%)

and inputs by atmospheric deposition (8-43%) were also relevant. On arable farms,

however, atmospheric deposition (49-58%) and crop removal (35-59%) were the most

dominant Zn fluxes. Largest Zn accumulation rates of 17.9 - 39.8 kg ha"1 yr"1 were

estimated for animal husbandry farm types, whereas for arable farm types net Zn fluxes

of 101 - 260 g ha"1 yr"1 and for dairy and mixed farm types 349 - 3360 g ha"1 yr"1 were

discovered (Figure 4.2b). Sources of the regional total Zn input were animal manure

(about two third) and atmospheric deposition (about one third). Zn outputs were

estimated to account for about 31% (crop removal) and 12% (leaching) of the regional

total Zn input.
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Figure 4.2: Cumulative distribution function (cdf) of simulated net cadmium (a.) and net zinc

(b.) fluxes for land use systems. Land use systems that accountedfor < 20 ha are not shown.

4.3.3 Critical accumulation rates

In order to show the significance of the estimated metal accumulation trends we

compared simulated net Cd fluxes (Figure 4.3) and net Zn fluxes (Figure 4.4) with a

critical accumulation rate, ccnt (mg kg"1 yr"1). We defined this critical rate as the

maximum metal accumulation rate that would not lead during 200 years to an

exceedance of the Swiss guide values for Cd (0.8 mg kg"1) and for Zn (150 mg kg"1) m



the topsoil (HN03-extractable concentrations; SAEFL, 2001). For the case study region,

a mean critical rate of 0.002 kg" yr" was obtained for Cd and 0.46 mg kg" yr" for Zn

accumulation. The average probability of exceeding the critical rate was about 2 % (73

ha) in the case of the regional Cd balance and about 3% (110 ha) in the case of the

regional Zn balance. However, this probability varied widely between crop types and

land use systems. For instance, for arable farms (no livestock, agricultural crops) net Zn

flux indicated an expected risk of 8% while for mixed farms (livestock density 0.2-1

CMU ha"1 - cattle, pastures and meadows) the expected risk was zero.

4.3.4 Uncertainty analyses

Input parameter uncertainty resulted in large variances of model estimates for the net

fluxes at all levels. Standard deviations for the net P, net Cd and net Zn fluxes were in

general of the same order of magnitude as the median values. At the regional level the

coefficient of variation (CV) was 37% for P, 110% for Cd and 44% for Zn. For

individual crop types and land use systems, even larger variations were found. For

example, simulated net fluxes of the crop types given in Table 4.4 revealed CV's of 39-

76% for P, 73-254% for Cd and 40-85% for Zn.

The uncertainty of the regional Cd balance resulted primarily from the variation

of Cd concentration in crops, ccrop (RTU - 18%), from uncertainty in the regression

coefficients, bkf and bn (17%), variation of atmospheric deposition (16%), and from

uncertainty in leaching rates due to spatial variation of soil pH and CEC (15%)

(Figure 4.3). Furthermore, a substantial part of the total uncertainty was caused by

variation of the Cd/P concentration ration of commercial fertilizers, cCf (9%), and of

manure, cMan (8%), by spatial variation of Cd concentration in soil, ct (8%) and by

uncertainty in the P balance, IPtoi (6%). For individual crop types, net Cd fluxes were

either more (e.g. intensive meadows) or less sensitive (e.g. cereals) to variations of ccrop

than in the regional aggregated balance (Figure 4.3). Most uncertain were the Cd

balances for intensively used meadows (CV up to 470%) and land used for maize silage

production (up to 280%). In these cases ccrop contributed up to one third to the total

uncertainty.
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in Table 4.5); Root of Uncertainty, RTU, and symbols of uncertainty sources see text.

At level of the LUS, this uncertainty source explained 19-26% (pastures and meadows)

and 12-17% (agricultural crops) of the total uncertainty. With regard to the uncertainty

sources of the regional Cd balances, net fluxes of arable farms were more sensitive to

ccf (RTU = 8-13%), and net fluxes of dairy and mixed farms more to cMan (7-19%). For

animal husbandry farms cMan contributed even 44-52% to the total uncertainty.

In the case of Zn, cMan (33%), ccrop (18%) as well as IAtm (16%) contributed

largely to the total uncertainty of the regional net flux (Figure 4.4). The large

contribution from animal manure to the total uncertainty was mainly due to highly

uncertain Zn/P concentration ratios of manure, in particular manure of pigs, cattle and
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dairy cows. Another significant part of the total uncertainty of the Zn balance resulted

from spatial variation of soil pi? and CEC (11%) and ct (9%). For individual crop types,

Ccrop of cereals contributed 7-18% to the total uncertainty of the net Zn fluxes, intensive

meadows 12-35% and maize silage 9-37%. At the aggregation level of the land use

systems the pattern of the uncertainty sources was mainly determined by cMan- In

particular, Zn balances for dairy and mixed farms (RTU = 13-60%) and for animal

husbandry farms (63-70%) were very sensitive to this variable.
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4.4 Discussion

4.4.1 Pfertilization strategy

As expected, P characteristics varied largely between the farm types, primarily in

response to different manure quantities. The important role of animal manure for P

balances of dairy farms has also been revealed in other studies. Oyanarte et al. (1997)

quantified P inputs and outputs of seventeen dairy farms in the Basque country and

found that feed concentrates were one of the main P sources. They reported that the

subsequent P inputs into soils by manure were in average 53 kg ha" yr" ,
which in our

study ranged between 11.8 and 71 kg ha"1 yr"1 for dairy and mixed farms.

Comparing an intensive dairy farm with an arable farm (extensive grassland,

sheep production) in the UK, Haygarth et al. (1998) concluded that net P flux on the

dairy farm (26 kg ha"1 yr"1) was about ten times larger than that of the extensive farm

types. Only about 40% of the total P inputs were again exported by grass and crops on

the dairy farm, whereas about 65% were recovered on the extensive farming system.

These recovery rates agree well with those determined in this study for the Sundgau

region, which were about 60% for arable farms and ranged between 32% and 68% for

dairy and mixed farms.

Estimated net P fluxes of arable farms in our study were, however, larger than

those reported by Haygarth et al. (1998) and Grant (1998). The main reason for this

result appears to be that we assumed the same degree of P surpluses for extensively

used pastures and meadows as for other crops. Grant (1998) showed that net P inputs

vary between farming systems. She reported average net P fluxes of 1.1 kg ha"1 yr"1 for

arable farms, 8.0 kg ha"1 yr"1 for cattle farms and 15.0 kg ha"1 yr"1 for pig farms in

Denmark. PROTERRA-S could be easily adapted to consider variation of the parameter

Iptoi dependent of the farm types. However, no data relating to such a differentiation

were available for our test region.

The Sundgau region comprised 201 farms during 1992-97, which are classified

into 10 farm types. Thus, the P balance of each farm type represents an average

situation for a number of farms. The P balances of the individual farms may deviate

considerably from such averages as has have been shown by Reiner et al. (1996). They

studied 24 experimental farms in Austria with different farming systems and different

fertilization strategies. The smallest net P inputs were obtained for arable farms



(-14 - 4 kg ha"1 yr"1), while the net P inputs of animal breeding farms (9 - 136

kg ha"1 yr"1) and mixed farms (14 - 165 kg ha"1 yr"1) were in general much larger but

showed also large variations. Recovery rates of total P inputs by crops ranged between

91 and 142% for arable farms, between 36 and 61% for mixed farms and between 41

and 114% for animal husbandry farms. Thus, P balances between individual livestock

farms varied by one order of magnitude. To account for the uncertainty arising from

such variations between farms the P surplus, Iptoi, was treated as a random variable in

our simulations. Yet, other factors may also cause uncertainty in P balances such as P

concentrations of different manure types (Menzi and Kessler, 1998) and uncertainties in

P uptake by crops, which were not taken into account in this study. Therefore, standard

deviations of average net P fluxes determined here may underestimate the true

uncertainty.

Additional variation in P balances could also be expected followed from model

assumptions on manure and sewage sludge distribution. The distribution strategy may

also vary between cropping systems and farming systems, and even from crop type to

crop type. In particular, P balances of farms with higher livestock densities were

sensitive to the preference factor that determines (besides the P demands of crops) the

manure distribution within a farm type. The sewage sludge acceptance factor influenced

significantly the P input characteristics of arable farms. Consequently, collecting more

detailed information about manure distribution practices of the farmers would improve

greatly the precision of the P and metal balances in this study.

4.4.2 Influence ofPfertilization strategy on metal balances

The different P fertilization characteristics resulted in large differences in the metal

inputs between the LUS of the test region. The magnitudes of the net fluxes agreed well

with metal balances determined by other authors for individual farms (von Steiger and

Baccini, 1990; Reiner et al., 1996; Moolenaar and Lexmond, 1998).

Comparing different farming systems in the Netherlands, Moolenaar and

Lexmond (1998) concluded that on arable farming systems heavy-metal balances were

predominantly influenced by crop uptake and the selection of fertilizers, whereas for

dairy farming systems feed management in combination with the amount of fodder crop

production were of main importance. On mixed farming systems fertilization strategy
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played the most important role for metal balances. We performed an analysis of

variance (ANOVA) to discover how much of the variation of the net metal fluxes could

be related to the classification by farm type and cropping system, and by farm type and

crop type respectively. For the net Cd fluxes the latter classification explained 56% of

the total variation, while at the aggregation level of the LUS less variance was explained

(48%). In both cases farm categories were significant, while for the crop classes only

differences between crop types were found to be significant, mainly due to larger Cd

removal by maize. Variations of the net Zn fluxes were rather independent of the

aggregation level. At both levels, analysis of variance revealed that farm classification

explained about 65% of the total variation, and differences of net Zn fluxes between

crop classes were insignificant. Hence, net Zn fluxes were sensitive to the partitioning

of manure between the LUS, in particular Zn balances for dairy, mixed and animal

husbandry farms. In contrast, net Cd fluxes of the LUS were in general only slightly

influenced by the manure distribution preference factor.

Changing the sewage sludge distribution parameter, affected only Zn balances

of arable farm types substantially. However, an increasing amount of sewage sludge

disposed within the Sundgau region (265 tons yr"1 1992-1997) changes the Zn balance

for arable farms considerably. For example, simulations for regional sewage sludge

application from zero to fourfold of the present quantity, indicated a great increase of

the P input by sewage sludge (0 to 35 kg ha"1 yr"1) and of the net Zn flux

(53 to 756 g ha"1 yr" ) on arable farms. This sensitivity of metal balances to inputs by

waste fertilizers have also been shown by Reiner et al. (1996) and Moolenaar and

Beltrami (1998), who found that metal inputs with compost and sewage sludge can far

exceed the combined inputs of commercial fertilizer and animal manure.

4.4.3 Uncertainty sources

Propagation of uncertainty of the random variables through the model resulted in large

variances of the net element fluxes. In general, estimated standard deviation of the net

fluxes were larger at the aggregation level for crop types and for farm types than on the

regional level, and with regard to the elements, larger for Cd than for P and Zn. It is

obvious, that the contribution of an uncertain model parameter to the total uncertainty of

the net fluxes is related to the flux pattern that controls the balance. However,



propagation of enors in random variables is not always straightforward, in particular if

parameters of non-linear processes, e.g. leaching, are considered as random variables.

For arable farms, for instance, leaching of Cd accounted for 13% of the total Cd input,

but the uncertainty sources associated with leaching (soil pH, CEC, b^, bn) contributed

to about 30% to the total uncertainty in the net Cd flux.

These findings are of special interest regarding the fertilizer types in

fertilization plans which interact with soil conditions, e.g. mineral P fertilizer. In

general, animal manure lowers and sewage sludge increases soil pH. Yet, such

relationships have not been taken into account in the model. Assuming a decrease of the

median values of the soil pH distribution from 7.0 to 6.2 in the topsoil of arable farms,

the contribution of leaching to the total Cd input increased from 13% to about 20% and

the uncertainty contribution of the leaching parameter from 30% to about 55% of the

total variation. Thus, uncertainty contributions determined for the Cd balances for the

Sundgau region may differ from the uncertainty analysis for regions with other

predominant soil types.

4.4.4 Influence ofdecreasing P surpluses on metal balances

In Switzerland, average P surpluses decreased from 23 to 13 kgha_1yr_1 during 1975 -

1995 (Spiess, 1999). Decreasing imports of animal feed and decreasing applications of

commercial fertilizer were the main reason for this decline. Given the target of the

Swiss government to reduce the average P surplus below 9 kgha^yr"1 in 2005, further

improvements of P management will be encouraged. The possibilities to reduce the P

surpluses to such a target values were evaluated by Aarts et al. (2000) for an

experimental dairy farm. They concluded that reduction of P inputs with feed

concentrates and with commercial fertilizer application has the largest potential to

improve P management in combination with better manure management.

To evaluate the consequences of reduced P surpluses on metal balances, we

calculated the element fluxes for various P surpluses, Iptoi, ranging from 40 to 0

kg ha"1 yr"1. For dairy and mixed farms (0.2-1 CMU ha_1-cattle, pastures and meadows),

decreasing P surpluses directly resulted in decreasing P inputs with commercial

fertilizers and sewage sludge (Figure 4.5).
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Figure 4.5: P balance and associated metal inputs through fertiliser application estimated for

decreasing P surpluses, Iptoi, for dairy and mixed farms (farm type: 0.2-1 CMU ha' -cattle,

cropping system: pastures and meadows). Based on the fertilization strategy used in the model,

Ipwi influences P inputs with sewage sludge, IpSe, and with commercialfertilizer, IprcF-

Even for zero P surpluses assumed in P balance, however, a certain net P flux remained,

because P inputs with manure exceeded P removal by crops for these farms. As a

consequence of such a P decline, net Cd flux was estimated to decrease substantially

from a median of 1.5 to about 0.5 g ha"1 yr"1, whereas net Zn flux was only slightly

decreased from 429 to 314 g ha"1 yr"1. The effect on Cd input was mainly due to



decreased inputs of commercial fertilizers, whereas the decreased Zn input resulted

from the reduction of sewage sludge application in this sensitivity analysis. On farms

where manure dominate soil P inputs, reducing the use of commercial fertilizers had

negligible effects on the net P flux. Higher P recovery rates could be achieved

efficiently for these farms by reducing P inputs through feed concentrates.

On arable farms (no livestock, agricultural crops) decreasing P surpluses

decreased the net Cd flux (median 2.9 towards 1.9 g ha"1 yr"1) but increased the net Zn

flux (median 186 towards 328 g ha"1 yr"1) (Figure 4.6). This effect on the net Zn input

resulted from doubling of the application of sewage sludge on these farms (median P

input 6.1 to 14.0 kg ha"1 yr"1 ), as less sewage sludge was used on other farms with

higher animal densities. A general reduction of P surpluses can have opposite effects

with respect to model accumulation in soil, if P inputs are substituted between

commercial and waste fertilizer. In particular, Zn balance on arable farms is very

sensitive to the P fraction supplied by sewage sludge to meet the P requirements of

crops.

This discrepancy was reported by Velthof et al. (1996), who studied the

influence of varying heavy metal concentrations of various fertilizers on metal inputs

for an arable farming system. They concluded that it may be difficult to reduce Cd and

Zn inputs simultaneously by optimised fertilization plans. Substituting P inputs between

commercial fertilizer, compost and animal manure, either Cd or Zn input fluxes

increased. These findings were also confirmed by the study of Moolenaar and Lexmond

(1998).

Since improving the P management in general affects the choice of P fertilizer,

additional measures are required to control metal inputs into soils. Although metal

concentrations of atmospheric deposition (BUWAL, 2000), sewage sludge (Keller and

Desaules, 1999; Candinas et al., 1999), animal manure (Menzi and Kessler; 1998) and

of commercial fertilizers have been reduced significantly in the last decade in

Switzerland, our results indicate that further preventive measures against Cd and Zn

accumulation in soils are needed.
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Figure 4.6: P balance and associated metal inputs through fertiliser application estimated for

decreasing P surpluses, IPtoi , for arable farms (farm type: no livestock, cropping system:

agricultural crops). Based on thefertilization strategy used in the model, IPtoi influences P inputs
with sewage sludge, IPSa and with commercialfertilizer, Ip,cf-



4.5 Conclusions

Our case study shows that metal accumulation in agricultural soils can be very different

for diverse land use systems, and that P fertilization strategy related to the land use

system is a primary factor determining these differences. Calculating regional

aggregated flux balances such a dependency is being averaged out to a large degree.

Estimated P input characteristics and metal balances of the land use systems were in

good agreement with reported balance studies on experimental farms. Therefore, we

conclude the approach taken in our model to link the estimation of metal inputs through

fertilizers for land use system to the P fertilization strategy of these land use systems is

valid and useful.

As the model is based on units defined by agricultural management practises, it

is particularly well suited to analyse potential benefits and consequences of changes in

agricultural land-use for the metal balances of farmland. According to our calculations,

decreasing P surpluses led in general to decreasing metal inputs. However, improving P

management on arable farms by substituting P inputs between commercial fertilizer,

compost and animal manure, was estimated to result in increasing input fluxes either for

Cd or Zn.

Our study indicate also that uncertainty in model input parameters have to be

taken into account which propagated into considerable uncertainties in the resulting

element fluxes. Moreover, some empirical assumptions on P fertilization strategy were

found to be major sources of the total uncertainty. Thus, to reduce uncertainty in model

estimates, highly sensitive parameters have to be determined more accurately and

fertilization strategy in agricultural practice have to be investigated more in detail.

To sum up, metal calculations show an accumulation of Cd and Zn in

agricultural soils of the Sundgau region, although metal concentrations of atmospheric

deposition and fertilizers have been reduced significantly in the last decade in

Switzerland. Consequently, further preventive measures are needed to improve these

imbalances. In this respect, PROTERRA-S provides an efficient tool to design and

monitor appropriate strategies as it takes sufficiently account of regional agricultural

characteristics, soil conditions, and P fertilization plans of the farmers.
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Influence of Parameter Correlation on the Uncertainty

Analyses of Cadmium Accumulation in Agricultural

Soils

preparedfor publication in Science of Total Environment

A. Keller, S.E.A.T.M. van der Zee andR. Schulin

ABSTRACT

Political decisions to improve sustainability of regional agricultural management can be

efficiently supported by regional models which assess contaminant mass fluxes in soil.

Modelling approaches on the regional scale, however, are concerned with limited data

quality or incomplete data. Consequently, procedures have to be developed that account

for uncertainty in model parameters. In such an analysis it is essential that the statistical

distribution of model input parameters are properly determined and conelation among

input parameters are considered. Because general available databases hardly support

such analysis, we studied the influence of dependencies among input parameters in

modelling Cd accumulation for different farming systems by means of conelation

Szenarios. These Cd balances were estimated for a case study region using the balance

model PROTERRA-S.

Uncertain parameters contributed diversely to the total variation of the

estimated net Cd fluxes of the farming systems. Incorporating different correlation

structures with Spearman rank correlation coefficients between 0.2 and 0.5 had little

effect on the estimated Cd balances, but influenced the uncertainty analysis substantial.
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For a comprehensive conelation structure that considers primarily dependencies of

model parameters related to concentration of Cd in soil and of various crop types, total

uncertainty was found to be more sensitive to uncertainty in crop concentrations, in

particular for the net Cd fluxes of dairy and mixed farms.

These findings illustrate that uncertainty analysis will lead to delusive results,

when dependencies among random variables are neglected. Multivariate analysis of the

estimated uncertainty contributions revealed closely relationships among these

contributions and also similarities in the uncertainty sources of the net Cd fluxes of the

farming systems. These results give practical implications to reduce uncertainty in metal

balances efficiently while identifying (i) which parameter should be primarily

determined more accurately on which fanning systems, and (ii) which conelations

among key variables have to be studied predominantly.

5.1 Introduction

Monitoring heavy metal balances in agro-ecosystems is one of the essential

prerequisites for sustainable agricultural production. Balance studies have shown that

heavy metals accumulate in agricultural soils due to inputs by atmospheric deposition

and various types of fertilizer (Andersson, 1992; von Steiger and Obrist, 1993; Reiner et

al., 1996, Schütze and Nagel, 1998; Moolenaar and Lexmond, 1998). Therefore, models

to assess heavy-metal balances in agricultural soils have been developed (Boekhold and

van der Zee, 1991; Moolenaar et al., 1998; van der Zee and de Haan, 1998; Tiktak et al.,

1998), which give the opportunity for sustainable preventive strategies to reduce heavy

metal accumulation in soil.

However, for this task the uncertainty of the metal input and output fluxes have

to be known. Such uncertainty may arise typically from unreliable or incomplete data

and spatial and temporal variation of model input parameters. In response, various

authors assessed the sensitivity and uncertainty of predicted heavy metal fluxes

(Boekhold and van der Zee, 1991; Tiktak et al., 1998). One main advantage of analyse

the uncertainty in modelling heavy metal accumulation is to provide information how



uncertainties in metal balances can be most efficiently reduced, e.g. by further data

collection campaigns.

The most commonly used method for estimating the uncertainty in model

output is the Monte Carlo simulation approach. In such an analysis it is essential that the

statistical distribution of model input parameters are properly determined and

correlation among input parameters are considered (Smith et al., 1992). Conelations

among uncertain input parameters may significantly affect the uncertainty of the model

results.

In a previous study, we found that for regional metal balances even weak

conelations among model input variables can have a substantial influence to the

contribution of these variables on the total uncertainty of the model output (Keller et al.,

2001b). These results suggested that the correlations between uncertain input variables

should be analysed more intensively. However, the amount of data usually available for

heavy-metal balances support such analyses only to some extend. Thus, dependencies

between model input parameter are rather uncertain or even unknown, regardless of the

spatial target scale of balance models, e.g. field scale, farm scale or regional scale. A

possible approach to evaluate the effect of parameter correlations on model results is to

perform various analysis with different correlation structures between random variables

(Janssen, 1994).

In this study, we assessed the Cd balances for a case study region in

Switzerland using the stochastic balance model PROTERRA-S (Keller et al., 2001a).

We defined three correlation scenarios for uncertain model input parameters,

propagated for each scenario the uncertainty of these random variables and analysed the

uncertainty sources of the Cd balances. In this paper, we analyse the influence of

correlations among random variables on (i) the modelled Cd balances of different land

use systems, and on (ii) the uncertainty analysis of these balances.
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5.2 Theory

5.2.1 Model structure

The balance model PROTERRA-S was developed as a tool for assessing element

balances in agro-ecosystems taking into account fertilization management. The model

can be used to provide preventive strategies against heavy-metal accumulation in

regional agro-ecosystems in a scale of some 100 km2. It describes the change of a metal

content in the topsoil (pastures and meadows) and plough layer (arable soils) and

estimates temporal average balances for five-year periods. Metal fluxes associated with

agricultural activities, i.e. crop removal, inputs with animal manure, sewage sludge,

commercial fertilizer and pesticides, are calculated for so called "land use systems".

These balance units are defined by farming systems (livestock composition) and

cultivated crops.

In this study, we distinguished the following farming systems: (i) arable farms,

(ii) dairy and mixed farms, (iii) intensive husbandry farms; and the following cropping

systems: (i) pastures and meadows (ii) agricultural crops (e.g. bread and fodder crops,

potatoes, sugar beet, maize silage), and (iii) special crops (e.g. vegetables). Within each

land use system metal inputs through fertilizers are coupled with the P balance using

concentration ratios between metal and P in fertilizers. Since the smallest spatial unit of

available agricultural databases in Switzerland is the community, agricultural data and

thus, the metal balances of land use systems are non-site specific.

The net metal inputs of these non-site specific balance strata are then coupled

with the (site specific) regional variation of atmospheric deposition and leaching

(evaluated for the predominant soil types of the region) by a stochastic approach.

Hence, each possible combination of agricultural management of the land use systems,

soil type and atmospheric deposition is taken into account. Figure 5.1 delineates the

main components of the balance model PROTERRA-S, that is described in detail in a

previously paper (Keller et al., 2001a).



PROTERRA-S

Model Definitions

Model Parametrization Available Databases

Derivation of

parameters

Uncertainty Analyses
Determination of

random variables

(propability functions

and correlations)

Propagation
(Latin Hypercube sampling)

Quantification of

uncertainty contributions

(ML-regression approach,
Uncertainty measure RTU,
Residual Analyses)

Reduction of uncertainty

Figure 5.1: Performance steps of the PROTERRA-S balance model

5.2.2 Uncertainty Analysis

The uncertainty analysis is performed m four steps m the model: 1) determination of the

uncertainty m model input parameters, 2) propagation of the parameter uncertainty to

model outputs including parameter correlations using Latin Hypercube sampling, 3)

analysis of the contnbutions of each uncertain component to the total uncertainty of the

results, and 4) analyses of alternative strategies to reduce the uncertainties and

associated risks of inadequate management decisions.

In step three, we employed a multiple regression model to determine the effect

of each random vanable X, on the net cadmium fluxes (Y), of the form:

YJ=b0+^blXl+£j J = l, N [5.1]
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where bo and &, are the regression coefficients, £} are the residual errors, p is the number

of random variables and N is the number of data points. Because the estimation of the

regression coefficients bt by least square minimization method is very sensitive to

outlier values, we applied the less sensitive Maximum Likelihood estimation method in

combination with a Huber-weighting function (Huber, 1981). In this robust regression

approach the residuals £} are assumed to be independently distributed and follow the

same distribution (see Appendix A).

As a measure for the relative change in the uncertainty of the dependent

variable Y (net Cd flux) caused by a relative change in the uncertainty of the random

variables Xx, we calculated the so called root of uncertainty, RTU, proposed by Janssen

et al. (1994), which takes into account the correlation matrix of the random variables

rx,xL

RTUt=.
£ °x
Ybk—^rXiY(rXiXky
k=\ GY

i=l,...,p [5.2]

where oy is the standard deviation of Y, ax is the standard deviation of the variable X„

and rXY is the conelation coefficient between parameter Xz and Y. The uncertainty

measure RTU is only meaningful if the regression function shows a good linear

approximation, i.e. the adjusted coefficient of determination R2ad, ~ 1.

5.3 Materials and Methods

5.3.1 Case study

As a case study, we applied the model to the Sundgau, a rural region in the northwest of

Switzerland. Sundgau has an area of about 95 km2 and includes 201 farms, cultivating

about 36 km of arable land. Dairy farms and arable farms covered about 88% of the

total agricultural area. Dairy farms are characterized by the combination of plant and

animal production, and arable farms by the dominance of crop rotation land. The

average farm area was 18 ha, the average livestock density of the region about 0.93

CMUha" (CMU: cattle manure units). Pastures and meadows accounted for 49%,



agricultural crops (mainly bread and fodder cereals) for 46%, and special crops for 6%

of the total arable land.

The model input parameters are obtained from the following data sources: (i)

agricultural statistics provided by the Swiss Federal Statistical Office, (ii) databases of

Cantonal EPA's, e.g. soil maps, soil concentrations, atmospheric deposition, sewage

sludge quantity, (iii) studies of experimental farms, e.g. heavy metal concentration of

manure and of crops, and (iv) guidelines and recommendations for agricultural practice,

e.g. fertilization management, application of sewage-sludge.

The complete data set of the model input parameters used in this case study is

available at http://www.ito.umnw.ethz.ch/SoilProt/staff/kellera. The data in this case study

refer to the statistical period of the years 1992 to 1997. Due to classification of balances

into land use systems, the agricultural area of some farming categories in the Sundgau

region was almost negligible. Here, we only consider land use systems that were larger

than 20 ha.

5.3.2 Determination ofrandom variables

Model estimates of Cd fluxes may be sensitive to a different set of parameters in

different regions. Therefore, in a first step, we treated potentially uncertain parameters

as random variables (42 variables) and reduced this number based on a sensitivity

analysis. After this preliminary analysis, 20 parameter remained treated as uncertain

(Table 5.1). Please note, that the probability distributions defined in Table 5.1 refer to

"natural uncertainty", i.e. arise from spatial or temporal variation, or from

"informational uncertainty", i.e. caused by limited data quality. Probability distributions

for spatially distributed parameters (pH, CEC and ct) were derived from 1:5000 GIS-

based soil maps and from regional soil surveys.

Empirical regression functions to determine Freundlich isotherms for the

partitioning between adsorbed and dissolved cadmium phase in soil, and the uncertainty

in the regression coefficients were taken from Buchter et al. (1989), Elzinga et al.

(1999) and Tiktak et al. (1999). The regional uncertainty of atmospheric deposition was

infened from bulk deposition measurements available from various locations of the

Swiss Monitoring Network for Air Pollutants. Data sources of the probability

distributions of the other random variables are described in Keller et al. (2001b).



Table 5.1: Probability distributions of random variables used in Cdflux simulations f

flux random variable description unit n mean std min max

IMan (inputs by animal manure)

cMan (cattle)

cMan (dairy cow)

CMan (fatt calf)

CMan (fatt cattle)

CMan (pig)

Cd / P concentration ratio of manure

Cd / P concentration ratio of manure

Cd / P concentration ratio of manure

Cd / P concentration ratio of manure

Cd / P concentration ratio of manure

Ise (inputs by sewage sludge)

Cse Cd / P concentration ratio of sewage sludge

Icf (inputs by commercialfertilizer)

Ccr Cd / P concentration ratio of comm fertilizer

Ip toi P surplus of fertilizer plans
IAtm (inputs by atmospheric deposition)

atmospheric Cd deposition

Oc,
rop

lktm

(crop removal)

Ccrop (bread cereals)

Co-op (fodder cereals)

ccrop (maize silage)

crop Cd concentration

crop Cd concentration

crop Cd concentration

Ccrop (meadow-intens ) grass Cd concentration

Ccrop (meadow-extens.) grass Cd concentration

Ccrop (pastures)

Ol (leaching)
Ct (HN03-extract)

pH (CaCl2)

CEC

hf

grass Cd concentration

total Cd concentration in soil

soil pH
soil cation exchange capacity

regression coefficient to estimate Freundlich KF

regression coefficient to estimate Freundlich n

g kgp

g kgp1
g kgp1
g kgp1
g kg?1

g kgp1

g kgp

kgp ha
*

yr
'

g ha
1 yr1

mg kgow

mg kgDW

mg kgDw"

mg kgDW

mg kgDW

mg kgow

mgkg].DM

rrrmolc kg

log 0.03 0.012 0.01 0.16

log 0.03 0.012 0.01 0.16

log 0.02 0.008 0.01 0.15

log 0.03 0.012 0.02 0.14

log 0.015 0.007 0.005 0.06

log 1.1 0.68 0.18 2 7

log

log

log

log

log

log
nor

nor

nor

log
nor

nor

nor

nor

50

13

2.3

0.10

0.05

0 30

0.20

0.20

0.20

66

9.1

2

5

1.15 1 1

0.04

0.02

0.12

0.10

0.10

0.10

0.01

0.01

0 02

0.01

0.01

0.01

0.47 0.22 0.12

6.7 0.33 5.4

152 32 54

0.014 0.005 0.004

204

80

5.5

0.7

0.2

0.6

2.0

2.0

2.0

4.5

7.8

320

0.05

1 24 0 037 115 1 34

t Sensitive Cd concentrations in different manure types and crop types was studies in a preliminaiy uncertainty analysis

t distribution type, nor - normal distribution, log - lognormal distribution (values refer to the untransformed distribution).



5.3.3 Correlation among random variables

We defined three correlation scenarios, here refened to as C1-C3, in which relationships

between different random variables were assumed (Figure 5.2). These scenarios can be

outlined as follows: CI - independent random variables, i.e. neglecting conelations

between uncertain model input parameters; C2 - Several relationships with regard to

total Cd concentration in soil, ct, are considered; C3 - Additional to scenario C2, also

conelation among various random variables and Cd concentration of crops are

incorporated.

Correlation scenario C2

Total Cd concentration in soil, ct, was assumed to be conelated to Cd concentration in

fertilizers (cMan, cse, ccf) and to Cd inputs by atmospheric deposition, iAtm- In addition,

we supposed correlation between soil properties such as pH and CEC and the total Cd

concentration in soil. Increasing Cd concentration in soil were expected to lead to

increasing Cd concentrations of crops, CcropJ

Correlation scenario C3

In this scenario we considered additional to the relationships assumed in scenario C2

that increasing Cd concentration in fertilizers (CMan, Cse, Ccf) may directly influence ccr0p

as a consequence of increasing soluble Cd concentration in soil. Moreover, co-op was

expected to be correlated to Cd deposition from the atmosphere as well as to soil pH

and CEC. Finally, in this scenario increasing amounts of P fertilization, i.e. P surpluses,

were considered to result in increasing Cd concentration in soil.

For these scenarios correlation coefficients were obtained from literature, several

investigations of soil and crop quality within the case study region and by own

judgements. In general, we assumed only weak correlations with respect to agricultural

variables with Spearman rank conelation coefficients between 0.2 and 0.5 independent

from the farming system (Table 5.2), for the following reason. The strongness of

conelation between variables is scale dependent. Since in our case the model estimates
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non-site specific Cd balances of land use systems, the assumed conelation structure

refers to the total agricultural area of the Sundgau region.

Manure

Livestock

Atmospheric

Deposition

Compost
Sewage sludge

Commercial

Fertilizer

\ \

P surplus ^—N \ \

MPtolJ \ \

Figure. 5.2: Correlation scenarios of random variables defined in this study: CI- independent;
C2 - correlations related to Cd concentration in soil (short dotted lines); C3 — additional to C2

also correlations related Cd concentration of crops are considered (short and long dotted

lines).

Therefore, correlation coefficients used can be regarded as regional linear combinations

of the random variables with ranges as defined in Table 5.1. Because there are various

factors in agricultural management that may superimpose certain relationships between

model input parameters, e.g. changing crop production and fertilization management of

an individual field, we presumed that it is very unlikely that variables referring to

agricultural management are strong conelated on the regional scale.



Table 5.2: Simulated correlations between random variables in scenario C2 and C3. f

scenario — C2%— C3—

Ct Ct CCrop CCrop CCrop CCrop CCrop CCrop
flux bread fodder maize mead. mead. pastures

random variable cereals cereals silage intens. extens.

IMan

CMan (cattle) 0.3 0.3 - 0.5 0.6 0.4 0.4 0.4

CMan (dairy cow) 0.3 0.3 - 0.5 0.6 0.4 0.4 0.4

CMan (calf) 0.3 0.3 - - - - - -

CMan (fatt. cattle) 0.3 0.3 - - - - - -

CMan (Pig) 0.3 0.3 - - - - - -

he

CSe 0.5 0.5 - - 0.4 0.4 0.4 0.4

ICF

ccf 0.5 0.5 0.5 0.5 0.5 - - -

Ip.tol - 0.4 - - - - - -

lAtm

lAtm 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

0L

Ct 1.0 1.0 0.4 0.4 0.6 0.3 0.3 0.3

pH (CaCl2) 0.3 0.4 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3

CEC 0.3 0.4 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3

f Spearman rank correlation coefficients. Correlation scenarios: CI - no correlations; C2 - weak

correlations related to ct ; C3 - weak correlations related to ct and ccrop.
$ In addition, correlation between CEC and pH with a coefficient of 0.4, and between ct and ccrop
as indicated for C3 were incorporated.

5.3.4 Incorporate correlations in propagation

To propagate the uncertainties in the random we used the Latin Hypercube sampling

technique (McKay et al., 1979). Thus, a large number of equally probable combinations

of the model input parameters were drawn (iV = 400), and PROTERRA-S was run for

each of them. There is a number of procedures to incorporate the desired correlation

structure in the Latin Hypercube sampling technique (Haas, 1999). We used the

procedure described by Janssen et al. (1992) that is a slightly modified procedure as

proposed by Iman and Conover (1982).

It should be noted that the desired correlation structure by this approach can not

be always achieved, since the correlation matrix has to be positive definite. In case

numerous empirical conelations among random variables have to be specified, it is
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likely that desired relationships between some variables may be incompatible with the

specified values for others. The Spearman rank conelation coefficients listed in

Table 5.2 were achieved using the procedure proposed by Janssen et al. (1992) to adjust

inconsistencies in the desired correlation structure.

5.3.5 Principal Component Analysis

To analyse common underlying factors causing the uncertainties of the metal balances

and to compare the uncertainty sources of the net metal fluxes between the conelation

scenarios C1-C3 (20 RTU values x 30 land use systems for each correlation scenario),

we reduced the number of RTU values of the random variables for each conelation

scenario using Principal Component Analysis (PCA). This multivariate technique

provides a linear transformation of the original set of RTU values of the random

variables into a substantially smaller set of unconelated variables, called principal

components (PC).

These PC have the property that the qth variate explains a maximum of the

residual variance remaining unexplained by the first q-1 components. Thus, number of

the original set of RTU values of the random variables is reduced with a minimum loss

of information. The linear transformation can be written as

PCq=j^fqiRTUXi [5.3]

where fqi are the factor score coefficients that are the components of the eigenvectors of

the covariance matrix of the RTU values of the p random variables Xi (Dillon and

Goldstein, 1984). The q eigenvalues represent the variances of the q principal

components. The sum of the q eigenvalues equals the total variance of the RTU values

of the p original random variables, and the components of the eigenvectors represent the

coefficients of the transformation. The linear conelation coefficients between the

original and the transformed values (component scores) are a measure for the loading of

the RTU values of the random variables on the principal components, and therefore

called "component loadings".



5.4 Results

5.4.1 Influence ofParameter Correlation on Cd balances

Incorporating the different correlation structures in model simulations had little effect

on the regional Cd balance as well as for the Cd balances of the land use systems. Thus,

statistics of Cd balances for parameter set C2 given in Table 5.3 differed only slightly

from descriptive statistics for the other parameter sets. The Cd balances indicated in

average an enrichment in the agricultural soils of the Sundgau region during 1992-97.

The aggregated regional Cd balance was governed by atmospheric deposition (67% of

total input) and by harvest export (43%). Cd inputs through commercial fertilizer on

arable farms (20%), and inputs by animal manure for dairy and mixed farms (23%)

were additional important Cd fluxes on these farming systems (Table 5.3). Propagation

of uncertainty in random variables through the model resulted in large variations of the

estimated Cd fluxes, and coefficient of variation (CV) of the net Cd accumulation rates

ranged between 42% and 286% for the land use systems.

More specifically, strongly skewed distributions were found in particular for Cd

inputs by commercial fertilizer (CV: 180 - 380%), which were relevant for arable and

dairy farms, and for the variation of the Cd output by leaching within the region (CV:

330%). Nethertheless, as a consequence of the minor importance of these fluxes, the

skewed distributions affected the distribution shape of the net Cd fluxes only to some

degree, and in general distribution of the net Cd fluxes showed a skewness less than

one.

More specifically, the mean of the Cd fluxes was rather insensitive to

conelations among random variables, but variances of the net fluxes decreased slightly

with increasing correlation structure. For example, comparing the net Cd fluxes

obtained for parameter set CI and C3, standard deviations of the net Cd fluxes for

arable farms decreased from 2.1 to 1.7 g ha"1 yr"1 (median 2.3 g ha"1 yr"1), for dairy and

mixed farms from 2.0 to 1.6 g ha"1 yr"1 (median 0.8 g ha'1 yr"1), while standard deviation

of the regional net Cd flux decreased from 1.9 to 1.6 g ha"1 yr"1 (median 1.4 g ha"1 yr"1).
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Table 5.3: Descriptive statistics of Cd balances of selected land use systems for the Sundgau

region (total area - 3560 ha; scenario C2).

(ghaV1) iMan he ICF lAtm Ocrop 0L netflux f

arable farm (no livestock, agricultural crops)
7% of the total area

mean <0.1 0.5 1.0 2.4 0.6 0.8 2.4

median <0.1 0.4 0.6 2.2 0.6 0.4 2.3

min <0.1 0.5 <0.1 1.1 0.4 <0.1 -6.1

max <0.1 1.2 11.7 5.4 1.3 9.1 13.9

std - 0.3 1.1 0.9 0.1 1.2 1.7

skewness - 0.9 3.8 1.0 -1.3 -3.3 0.4

dairy and mixed farms (0.2-1 CMU ha"1 cattle; pastures and meadows)
21% of the total area

mean 0.7 0.1 0.3 2.4 1.9 0.8 0.8

median 0.7 0.1 0.2 2.2 1.9 0.4 0.8

min 0.4 <0.1 <0.1 1.1 0.4 <0.1 -7.6

max 1.8 0.4 7.7 5.4 4.2 9.1 9.1

std 0.2 0.1 0.6 0.9 0.7 1.2 1.7

skewness 1.1 1.3 6.2 1.0 -0.2 -3.3 -0.5

mixed farms (1-2 CMU ha"1 pig, agricultural crops)
1 % of the total area

mean 1.2 <0.1 <0.1 2.4 1.5 0.8 1.2

median 1.2 <0.1 <0.1 2.2 1.5 0.4 1.3

min 0.6 <0.1 <0.1 1.1 0.7 <0.1 -7.9

max 3.8 <0.1 <0.1 5.4 2.9 9.1 4.9

std 0.5 - - 0.9 0.4 1.2 1.9

skewness 1.5 - - 1.0 -0.6 -3.3 -1.5

regional level (3560 ha)

mean 0.6 0.1 0.6 2.4 1.4 0.8 1.5

median 0.6 0.1 0.4 2.2 1.4 0.4 1.4

min 0.3 <0.1 <0.1 1.1 0.5 <0.1 -7.1

max 1.2 0.2 9.1 5.4 2.3 9.1 11.0

std 0.2 0.04 0.8 0.9 0.3 1.2 1.7

skewness 0.8 0.9 4.6 1.0 -0.1 -3.3 -0.3

f negative values indicate element depletion in soil

These decreasing variances of the net fluxes were a result of the increasing correlation

structure between the estimated Cd fluxes induced by parameter set C3 (Table 5.4). For

independent random variables (scenario CI) simulated Cd input and output fluxes were

found to be uncorrelated among each other. Only the net Cd fluxes of various land use



systems was generally found to be positively related to Cd inputs by commercial

fertilizer and atmospheric deposition, and negatively to outputs by leaching as a

consequence of the mass balance equations applied in the model.

Table 5.4: Spearman correlation coefficients between Cdfluxes estimated by PROTERRA-S.

J-Man Ise ICF lAtm Ocrop Ol

Correlation scenario CI

Arable farms (LUSn )
Net flux - - 0.51 0.54 - -0.49

Dairy and mixedfarms (LUS41)
Net flux - - 0.26 0.54 -0.43 -0.50

Regionalfluxes
Net flux - - 0.40 0.58 - -0.52

Correlation scenario C3

Arable farms (LUS12 )

J-Man 1.00

Ise - 1.00

IcF - - 1.00

l-Atm - - - 1.00

Ocrop - - 0.60 0.46 1.00

oL - 0.22 0.24 0.28 0.51 1.00

Net flux - - 0.40 0.54 0.29 -0.23

Dairy and mixedfarms (LUS41)
iMan 1.00

Ise - 1.00

IcF - 0.47 1.00

lAtm 0.23 - - 1.00

Ocrop 0.59 0.32 - 0.37 1.00

oL 0.37 0.23 0.22 0.28 0.39 1.00

Net flux -0.20 - 0.27 0.37 -0.45 -0.46

Regionalfluxes
J-Man 1.00

Ise - 1.00

IcF - - 1.00

lAtm - - - 1.00

Ocrop 0.53 0.44 - 0.44 1.00

Ol 0.33 0.23 0.23 0.28 0.49 1.00

Net flux - - 0.33 0.53 - -0.23

In contrast, as a consequence of the specified correlations in parameter set C3, various

relationships among Cd fluxes were obtained. Since these relationships depend on the

Cd input and output characteristics of the land use systems, the outcome of such

correlations between fluxes differed between farming systems. For instance, net Cd flux

of an arable farming system (no livestock, agricultural crops), was estimated to be
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conelated to both inputs by atmospheric deposition and commercial fertilizer

(Figure 5.3a). These inputs were also estimated to be related to Cd uptake by crops

(mainly bread and fodder cereals, leguminous plants). For dairy and mixed farms (0.2-

1 CMU ha"1 - cattle; pastures and meadows) the correlation scenario C3 resulted in

positively correlated Cd inputs by atmospheric deposition and Cd uptake by grass on

pastures and meadows (Figure 5.3b). With increasing Cd uptake increasing inputs by

manure were estimated. Yet, Cd inputs through manure were found to be almost

uncorrelated to the net Cd flux for this land use system.

5.4.2 Uncertainty Analyses of Cd balances

Variation of the estimated net Cd fluxes of the farming systems were influenced

diversely by the uncertainty of the random variables as illustrated in Figure 5.4

(scenario C2). For arable, dairy and mixed farms the total uncertainty resulted mainly

from uncertainty in parameters associated with leaching (pH, CEC, bxf and bn;

combined RTU: 30-35%), uncertainty in crop concentration (about 10-25%),

uncertainty in P fertilization plans (Iptoi, Icf: about 10-20%), and uncertainty in

atmospheric deposition (about 15%). For animal husbandry farms Cd/P concentration

ratio was estimated to contribute the most to the total uncertainty.

The uncertainty sources of the land use system balances deviated significantly

from those determined for the aggregated regional Cd balance, in particular sensitivity

of estimated Cd accumulation in soils of arable, dairy and mixed farms was different

with regard to cCroP, cCf and IPtoi.

The pattern found for the uncertainty contributions related to their Cd fluxes

was quite different. For example, spatial variation of soil pH, CEC and uncertainty in

Freundlich regression coefficients, bxf and bn, accounted together for about 30% of the

total uncertainty, whereas the corresponding leaching flux contributed only about 10-

15% to the total Cd inputs. By contrast, atmospheric deposition accounted for about 65-

80% of the total Cd inputs in most of the farming systems, but uncertainty of this flux

explained only about 15-20% of the total variation. It should be noted that the

regression model used in this study to quantify the uncertainty measure RTU explained

71-87% of the variance of the simulated net Cd fluxes.
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ha' - cattle, pastures and meadows).
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Figure 5.4: Uncertainty sources of Cd balances and their related fluxes in scenario C2,

classified by land use systems. For comparison the uncertainty sources of the regional Cd

balance are also plotted (land use systems < 20 ha are not considered).

5.4.3 Influence ofParameter Correlation on Uncertainty Analyses

Between the uncertainty analyses of the correlation scenarios substantial changes of the

uncertainty measure RTU were found (Figure 5.5). Thus, analysis of the uncertainty

contributions was more sensitive to parameter conelations than the Cd balances. These

changes in the analysis of the uncertainty sources were small if uncorrelated random

variables (scenario CI) or random variables with weak dependencies related to Cd

concentration in soil (scenario C2) were considered. But taking into account additional



cross correlations between several random variables and Cd concentration of crops

(scenario C3), sensitivity of the Cd balances to the uncertainty in crops increased

significantly from about 5-20% to 20-35% compared to independent random variables.

In particular, for dairy and mixed farms the uncertainty contribution of Cd

concentration of crops to the total uncertainty of the net Cd fluxes increased by more

than 20%. The contribution of uncertainty in Cd/P concentration ratio in manure

increased slightly for dairy and mixed farms. On the other hand, Cd balances were less

sensitive to uncertainty in P fertilization plans (RTU: 5-13%), to atmospheric deposition

(10-15%) and in particular to variation of soil pH and CEC and uncertainty in

Freundlich regression functions (about 10-20%), if the comprehensive conelation

structure (scenario C3) was incorporated. Hence, even weak dependencies among

uncertain model input parameter can have significant influence on the uncertainty

analysis.

To analyse the influence of dependencies among random variables on the

quantification of the uncertainty sources in more detail, we transformed the estimated

RTU values for all farming systems into four uncorrelated principal components (PC).

In order to facilitate interpretation, we rotated these components as to maximise

components loadings for several uncertainty sources (Table 5.5).

In case of independent random variables, about half of the total variance of the

original uncertainty contributions was explained by the first, and about one fourth by

the second PC, while the third and fourth PC did not add much information. The four

eigenvalues accounted for more than 95% of the total variance of the original RTU

values. This was also the case for the uncertainty contributions obtained for the

scenarios C2 and C3. Thus, almost all information was maintained by reducing the

number of variables by PCA.

For parameter set CI the uncertainty in Cd balances, which resulted from

atmospheric deposition, variation of soil pH, CEC and total Cd concentration in soil,

were strongly positively correlated to the first PC. The uncertainty in concentration of

manure was negatively conelated to this PC. In other words, the contribution of these

uncertainty sources were closely related among each others for the Cd balances of the

land use systems. The second PC accounted for uncertainty in fertilizer plans, whereas
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the other PC's separated variance of the RTU values originating from Cd concentrations

of crops and sewage sludge.
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Figure 5.5: Uncertainty sources of Cd balances of the land use systems and their relatedfluxes

analysedfor the different correlation scenarios (land use systems < 20 ha are not considered).

This pattern of the rotated component loadings changed with increasing dependencies

among random variables. The analysis indicate that in case of parameter set C3 the

variance explained by the first PC decreased. Nonetheless, the first two PC's accounted

together for about 70% of the variance of the original RTU values indicating that

various uncertainty sources were closely related among each other.



Table 5.5: Principal component analysis: Rotated component loadings of uncertainty
contributions (RTU) of random variables, f

PCI

ndependentn

PC2 PC3 PC4

Parameter set Cl (h indom variables)

CMan -0.77 -0.54 0.25 -0.21

CCrop -0.18 -0.25 -0.95 -0.03

lAtm 0.98 0.16 0.08 0.02

CCF 0.09 0.85 0.33 0.29

IpTol 0.21 0.94 0.10 0.08

CSe 0.00 0.23 0.03 0.97

PH/CEC 0.97 0.14 0.16 0.01

ct 0.98 0.14 0.15 0.02

Percent of total variance explained:

50.4% 23.4% 12.8% 12.0%

Parameter set C2 (weak correlations related to ct)

CMan -0.81 -0.49 0.27 -0.02

Co-op -0.02 -0.29 -0.90 -0.28

lAtm 0.98 0.12 0.02 0.05

CCF 0.02 0.87 0.36 0.15

IpTol 0.28 0.91 0.00 -0.04

CSe 0.08 0.05 0.27 0.95

PH/CEC 0.96 0.24 0.06 0.08

Ct -0.69 -0.05 0.66 0.22

Percent of total variance explained:

45.8% 22.3% 17.2% 12.0%

Parameter set C3 (weak correlations related to ct and Ccrop)

CMan -0.78 0.32 -0.46 -0.23

CCrop 0.64 -0.67 0.33 0.07

lAtm 0.95 0.16 0.17 0.15

CCF 0.14 0.14 0.93 0.30

IpTol 0.10 0.22 0.31 0.91

CSe -0.10 -0.97 -0.04 -0.09

PH/CEC -0.02 -0.80 -0.43 -0.37

Ct -0.59 0.77 0.01 0.14

Percent of total variance explained:

36.9% 31.9% 16.8% 13.1%

t Loadings > 0.5 are written bold.
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The first PC accounted for strong conelations of uncertainty contributions between

atmospheric deposition and Cd concentration in manure, the second for soil pH, CEC

and Cd concentration in sewage sludge.

Uncertainty in balances caused by variation of Cd concentration in soil and of

crops were related to both the first and second PC. Hence, compared to the uncertainty

analysis for independent random variables, close relationships between these

uncertainty sources were induced. In particular, the second PC indicated that the

uncertainty caused by Cd concentration in soil and of crops, soil pH and CEC interact

with each other. The third and fourth PC, which account for about 30% of the total

variance of the original RTU values, separated additional information regarding

uncertainty in P fertilizer management.

To gain insight in similarity of the transformed uncertainty measures with

respect to the Cd fluxes of the farming systems, we plotted the component scores of the

farming systems (all cropping systems) in the space of the first three PC's (Figure 5.6).

The score plots showed clearly two different clusters for all correlation scenarios.

Animal husbandry farms were distinguished from the other farming systems,

particularly by the first PC.

The uncertainty sources of the Cd balances for both arable and dairy / mixed

farms showed more similarities if random variable were correlated as defined in

scenario C3 (Figure 5.6b). In the plane of the first PC, the uncertainty characteristics of

these farms differed only slightly, whereas in the space of the third PC, arable farms

were discriminated from dairy and mixed farms as a consequence of their differences in

uncertainties caused by P fertilization management.
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Figure 5.6: Uncertainty contributions of the Cd balances in the plane of the principal

component scores: a.) independent random variables (scenario Cl) and b.) correlated random

variables (scenario C3). Land use system < 20 ha were neglected in the analysis.

5.5 Discussion

5.5.1 Correlation among estimated Cdfluxes

Estimated Cd balances were in general insensitive to the defined parameter correlations,

and only the variance of the net Cd fluxes decreased slightly with increasing correlation

structure. Still, Cd inputs and outputs appeared to be conelated, when the

comprehensive conelation structure (C3) was incorporated. Because conelation

between Cd fluxes are of concern with regard to the uncertainty analysis of the Cd

balances (see section below), we discuss these relationships here in more detail.
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The correlations defined in scenario C3 induced increasing Cd uptake by crops

with increasing Cd inputs by atmospheric deposition and inputs through fertilizers. The

relation between ccrop and Lum is of major concern in Cd balances, because the

conesponding fluxes dominated the Cd balances in our study. Atmospheric deposition

of Cd may influence ccrop directly, because of Cd uptake by plants through leaf surfaces,

and as a result of Cd accumulation in the topsoil following increasing Ccrop (Haygarth

and Jones, 1992).

Hovmand et al. (1983) showed that atmospheric deposition of Cd contributed to

about 20% - 60% of various crops (barley, wheat, rye, grass) in a rural area of Denmark.

They concluded that the contribution of atmospheric deposition on metal content in

plants by direct uptake may be potentially of similar importance as the soil-root uptake.

For a number of unpolluted field sites with variable air metal concentrations in the UK,

Harrison and Chirgawi (1989) demonstrated that the foliar uptake of Cd was as

important as the soil-root pathway. Conelation between Cd atmospheric deposition

rates and plant Cd contents were in general strong. In contrast to these studies,

Berthelsen (1994) and Nicholson et al. (1995) reported minor contributions of

atmospheric Cd deposition to the total Cd content in plants, and indicated a strong

influence of root uptake on Cd contents in plants. Thus, correlations between

atmospheric deposition and crop removal may be caused by both pathways, i.e. soil-root

and foliar uptake.

In scenario Cl crop removal was estimated to be independent from Cd input

through manure, commercial fertilizers and sewage sludge, while in scenario C3 in

response to the fertilization management of the farming systems, these Cd fluxes were

significantly correlated. Such relationships are in general agreement with studies which

investigated how Cd concentration in soil and crops are affected by application of

commercial fertilizers (Eriksson, 1990; He and Singh, 1994; Grant and Bailey, 1997),

animal manure (Siegenthaler et al., 1999), and sewage sludge (Moolenaar and Beltrami,

1998; Miner et al.; 1997; Loganathan et al., 1997; Keller C. et al., 2000). These studies,

however, were primarily carried out on a plot or field scale, and the correlations among

Cd concentration in soil, crops and fertilization treatments reported are hardly

comparable to those estimated in our case on a regional scale.



For instance, Richner and Moss (1989) investigated soil conditions of 25 farms with

different fertilization management, i.e. livestock composition, in Switzerland. On

pastures and meadows they found weak correlation between P and Cd concentration in

soil, indicating a weak relationship between P and Cd inputs by animal manure and

commercial fertilizers. In contrast, on arable soils no such relationship was found in the

plough layer. In addition, weak correlations between Cd concentration in soil and

livestock composition and between Cd concentration in soil and Cd concentration of

grass on pastures and meadows were found. They concluded that besides the fertilizer

types used also other factors such as the distribution of fertilizers on the agricultural

land may be important to explain the variation of Cd concentration in soil and crops.

Thus, the influence of fertilizer management on the Cd concentration in soil and

crops may only be strong if the same fertilization treatment occure on a agricultural

field for a long time period as was shown by the study of Loganathan et al. (1997). They

applied four commercial P fertilizers with different Cd contents annually over 10 years

in a field trial, and found no significant differences in Cd concentration in pasture

grasses between treatments (compared to control treatments with no fertilization) in the

second year of the trial, but in the eighth and tenth year. The Cd concentration in soil

increased proportional to the accumulated Cd contents in fertilizers.

5.5.2 Uncertainty of Cd balances

The uncertainty sources of the Cd balances were comparable with those reported by

Boekhold and van der Zee (1991), who used a deterministic transport model to simulate

cadmium accumulation in soil, leaching, and uptake by barley. They concluded the

input flux is the most sensitive parameter for short-term predictions of cadmium

accumulation in soil, whereas for long-term predictions accumulation is also sensitive to

variations of flow and sorption parameters. The uncertainty of the total Cd inputs

identified in our case study, explained about 70% - 75 % on arable, dairy and mixed

farms (scenario C3).

Our findings are also in agreement with the findings of Tiktak et al. (1999) in a

study on Cd accumulation in Dutch soils. Considering variation of basic soil variables,

crop concentration, crop yield, and uncertainty resulting from the Freundlich regression

functions for eight selected cases, uncertainty in the Freundlich regression function
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explained most of the total variance in soils with low pH (3.6 - 4.9). In cases with

medium soil pH values (6.8 - 7.3), this uncertainty contribution decreased to less than

40%. In our study, variation of soil pH in the soils of the Sundgau between 5.4 and 7.8,

variation of CEC and the uncertainty in the Freundlich regression function accounted

for about 20-35% of the total uncertainty of the net Cd fluxes in the conelation

scenarios.

We emphasise that the interpretation of the uncertainty contributions quantified

by the RTU measure is not always straightforward. In our case, the linear regression

approach (Eq. [5.1]) explained 71%-87% of the total variance of the net Cd fluxes.

Hence, we concluded that the linear approximation was appropriate in these cases,

although a part of the total variation was not accounted for. This restricts the

significance of the uncertainty measure to some extend. Analysis of the regression

residuals revealed a slighly non-linear structure, which resulted primarily from strong

non-linear leaching estimates. In particular, in cases Cd outputs through leaching and

crop uptake exceeded the total Cd inputs, the regression model overestimated the net Cd

fluxes. Thus, data transformation or a non-linear regression approach may lead to better

approximation of the model results.

Another restriction of the uncertainty measure RTU is that only small changes

in the uncertainty of the random variables are considered, i.e. first-order approximation

of the uncertainty contributions (Janssen, 1994). Since in our case the mass balance

terms, except those for leaching, are linear, we deduced that the uncertainty measure

determined by first-order approximation was appropriate.

5.5.3 Correlation scenarios and uncertainty analysis

Changes

Propagating the uncertainty of the random variables with different correlation structures

resulted in substantial changes in the uncertainty analysis of the model results. These

changes in the uncertainty analysis of the conelation scenarios revealed how the

contributions of the uncertainty sources interact. On the other hand, there are conditions

in which correlations between model input parameters can be safely ignored, for

instance, when spatial variation of a parameter is relatively small, uncertainty of a



random variable is well known and when the associated flux of the random variable is

negligible in the balance (Smith et al. 1992).

In this study, incorporating weak correlations between soil conditions and Cd

concentration of crops resulted in a corresponding dependency of their uncertainty

contributions for the Cd balances of the land use systems. Comparable results were

reported by Kros et al. (1993), who incorporated conelations among deposition fluxes

of several chemical compounds in a regional soil acidification model. The uncertainty

contribution of these variables were substantial, whereas in case of neglecting these

conelations these contributions were less important.

Thus, the changes in the uncertainty analysis due to the correlation scenarios

show the important dependencies among random variables. In particular the uncertainty

contributions of Cd concentration in crops and in animal manure to the total uncertainty

of the accumulation rate increased with increasing correlation structure in the scenarios.

These findings indicate the increasing significance of uncertainty sources, which refer to

key variables in element cycling of farming systems, e.g. soil - fodder crops - livestock

production - manure distribution - soil. Based on the mass balance approach used by

PROTERRA-S, average input and output fluxes of cropping systems belonging to a

number of farms with comparable livestock composition were estimated in this study.

Hence, the model does not take directly into account element cycling in agricultural

systems, simply because such data are hardly available on the regional scale. Yet,

incorporating reasonable conelation among variables may be an promising way to

approximate relationships between inputs and outputs in assessing Cd accumulation in

agricultural soils.

As a consequence, to analyse the uncertainty in metal accumulation in

agricultural soils more in detail, not only input and output fluxes have to be assessed,

but also the relationships between the most important and uncertain fluxes. In this

respect, to get a deeper insight in the relation between metal fluxes in agroecosystems

and their uncertainties, a dynamic balance approach would be suitable, that considers

element cycles in agricultural systems. In particular, monitoring Cd cycling in the long-

term of individual farms, may provide valuable information how Cd accumulation rates

and their uncertainties are influenced by changes in total Cd inputs (Moolenaar, 1998).

Alternatively, repeating the assessment of metal balances and their uncertainties with
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PROTERRA-S for five-year periods, may give reliable estimates of changes in metal

balances of land use sytems.

Similarities

Transformation of the RTU values in uncorrelated principal components revealed how

the uncertainty sources of the Cd balances of the land use systems are related among

each others. The analysis showed similarities in the uncertainty contributions of the Cd

balances of the farming systems. Still, the interpretation of the PCA is somewhat

difficult because the outcome of the uncertainty analysis for the different conelation

scenarios reflects various aspects simultaneously: (i) the agricultural characteristics of

the farm types and their dominant input and output fluxes as given in Table 5.3; (ii) the

assumed conelation structure between random variables as listed in Table 5.2, and the

induced correlation between input and output fluxes (see Table 5.4); and (iii) model

assumptions such as the fertilization strategy of the farmers.

The consequences of the latter aspect on the uncertainty analysis was explicitly

revealed in the principal component analysis. In case of scenario C3, the four PC

expressed the assumed P fertilization plans of the model. Uncertainty in Cd balances

followed from uncertainty of Cd concentration in manure (PCI), sewage sludge (PC2),

commercial fertilizer (PC3) and uncertainty resulting from P surpluses (PC4), were

separated in the space of principal components. The component loadings and the

component scores indicated that there are similarities in the uncertainty sources of the

Cd balances of the farming systems, despite large diversities in agricultural

characteristics and management of these farms. As a consequence, to reduce uncertainty

in Cd accumulation rates of the land use systems, further data collection should focus

primarily on the following variables in the Sundgau region.

On the one hand, on Cd inputs by atmospheric deposition (lAtm), crop removal

(ccrop), and Freundlich regression functions (bKf and bn) for extensive agricultural land

use, i.e. farm types with low livestock density and small fertilization application. And

on the other hand, on Cd concentration in soil (ct), manure (cMan), commercial fertilizer

(ccf), and on crop removal (ccr0p) for intensive agricultural land use, i.e. farm types with

higher livestock density and with large fertilization application.



Finally, it should be noted, that the similarities in the uncertainty sources of the Cd

balances identified for the farming systems are based on the chosen classification of the

agricultural characteristics into farm types given the available databases. Changing the

classification affects the model estimates and consequently the results of the uncertainty

analysis. Therefore, it might be worth while to find the optimal classification in terms of

minimise the within and maximise the between variances of the Cd accumulation rates

and their uncertainty sources of the fanning systems.

5.6 Conclusions

Incorporating correlations between input parameter changed little on the estimated input

and output fluxes of Cd, whereas variances of the Cd accumulation rates decreased

slightly. The estimated Cd fluxes appeared to be conelated, when the comprehensive

conelation structure was considered. In this analysis only weak correlations were

assumed, because of various factors in agricultural practise that may superimpose

relationships between input parameters on the regional scale.

Uncertainty analysis of the model results showed substantial differences

between the conelated and non-conelated cases. These results illustrate that neglecting

dependencies among random variables may cause misleading results in the uncertainty

analysis of Cd accumulation rates. Indeed, interpretation of the influence of conelations

structures on the uncertainty analysis of the model results is demanding and

comprehensive, as it involves to consider the input and output flux characteristics of the

case study region and the correlation among the fluxes due to the assumed correlation

structure of the input variables as well as the model assumptions at the same time.

Nonetheless, the uncertainty analysis for different conelation structures among

random variables provided detailed insight how the total uncertainty is influenced by

dependencies among model inputs. In particular, correlation scenarios revealed the

significance of dependencies among key variables of the Cd balances in our case study,

namely atmospheric deposition and Cd concentration of crops. Moreover, multivariate

analysis of the uncertainty contributions showed strong relationships between these

contributions and indicated similarities in the uncertainty sources of the Cd balances of

the farming systems. Consequently, to assess uncertainty in Cd balances properly,
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further investigations should focus on the most sensitive parameters of the farming

system balances, and should also determine dependencies among key vanables
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Chapter 6

Concluding Remarks

Mass balance approach

The study shows that identification of the dominant factors which influence heavy-

metal balances depend primarily on the spatial resolution of the mass flux assessment

and therefore, on the aggregation process used for model input data. Most heavy-metal

balance studies at regional or national level use aggregated data of livestock and crop

production, and of fertilizer and pesticide application for the study area. Thus, these

balances do not take into account the diversity of the agricultural management within

the balance area. PROTERRA-S differs from these models because it stratifies the

agricultural land of a region by farm types and cropping systems, the so called land use

systems, and relates metal input fluxes through fertilizers to the P nutrient management

of these strata.

Because the estimated P, Cd and Zn balances of the land use systems in our

study were in good agreement with reported metal balance studies on experimental

farms, we conclude that such a stratification of element balances seems to be a useful

approach to account for agricultural characteristics in modelling metal accumulation in

soil. The balances for the land use systems give more detailed insights in factors that

dominate the metal regime in soil, whereas a regional aggregated balance indicates only

a general trend.

Model results showed large differences between net element fluxes for the land

use systems caused primarily by the diverse P fertilization plans of these land use

systems. Therefore, the model is particularly well suited to analyse potential benefits

and consequences of changes in P fertilization management on the metal balances of
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farmland as shown, for example, for the case of improving P management by decreasing

P surpluses, and for the case of increasing sewage sludge disposal.

Parameter uncertainty

The stochastic framework developed in this study, provides to account for uncertainty in

model parameter considering also conelations among input parameters, to analyse the

contributions of each uncertain component to the total uncertainty of the results and to

analyse alternatives strategies to reduce the uncertainties and associated risks of

inadequate management decisions. Furthermore, site-specific and non-site specific

element fluxes are coupled by a stochastic procedure considering each possible

combination of these fluxes. In this respect, the model results that were primarily

presented for the farming systems in this thesis, can also be illustrated for specific

combinations of soil type and farm type.

Our study indicates that uncertainty in model input parameters have to be taken

into account. Considering informational and natural uncertainties of the input

parameters, for both Cd and Zn balances informational uncertainties were large.

Illustrating the main advantage of the uncertainty analysis, we showed how the total

uncertainty of these balances can be efficiently reduced. Some empirical assumptions on

P fertilization strategy were found to be major sources of the total uncertainty,

indicating that more information about fertilization strategy in agricultural practice have

to be gathered to increase accuracy of model results.

Parameter correlation

The uncertainty analysis for different conelation structures among random variables

provided detailed insight how the total uncertainty is influenced by dependencies among

model inputs. These results illustrate that neglecting dependencies among random

variables may cause misleading results in the uncertainty analysis of Cd accumulation

rates. In our case study, conelation scenarios revealed the significance of dependencies

among key variables of the Cd balances. In particular, the uncertainty analysis showed

the important role of those variables, which refer to element cycling in farming systems.

Furthermore, we discovered strong relationships between the uncertainty

contributions and similarities in the uncertainty sources of the Cd balances of the

farming systems using principal component analysis. We deduced that in case input data



do not support conelation analysis of parameter, calculation of scenarios with

reasonable conelation among variables may be an promising way to approximate

relationships between inputs and outputs in assessing Cd accumulation rates and their

uncertainties.

Model uncertainty

Reduction of model uncertainty can only be achieved by validation. Unfortunately, the

data available for a direct validation of regional scale flux models is very limited. For

PROTERRA-S, this would require long-term monitoring not only of soil conditions

such as pH, organic matter content, and contaminant concentrations, but also of metal

fluxes entering and leaving the soil compartment. We conclude that model development

and application should be linked to soil monitoring networks to make it possible to

validate the estimated heavy-metal accumulation rates in agricultural soils. Integration

of modelling efforts into existing monitor programs is also in the interest of such

programs, as only models allow local extrapolation of metal inputs and outputs assessed

at specific monitoring sites to other areas.

Dynamic balances

To analyse the uncertainty in metal accumulation in agricultural soils properly, we

propose to study not only input and output fluxes, but also the relationships between the

most important and uncertain fluxes. To get a deeper insight in the relation between

metal fluxes in agroecosystems and their uncertainties, a dynamic balance approach

would be suitable, that considers heavy-metal cycles in agricultural systems as well as

temporal alterations of the metal fluxes. Because temporal changes of metal

concentration in soil may lead to changes in the relationship between estimated metal

fluxes, it is desirable to define such metal inputs that would lead to steady-state

concentrations in soil acceptable for soil fertility, ground water quality and food chains.

In this respect, monitoring heavy-metal cycling in the long-term of experimental farms,

may provide valuable information how accumulation rates and their uncertainties are

influenced by changing metal inputs in agroecosystems.
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Case study Sundgau:

PROTERRA-S databases and data sources
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http://www.ito.umnw.ethz.ch/SoilProt/staff/kellera



Al: Livestock statistics

File: LivestockN200

I: Data type: Livestock number of the Sundgau region

TO

X'

II: PROTERRA-S matrix

cattle Pig poultry others

livestock type 1 1 2 3 4 5 6 7 8 9 10 11 12 13

cattle dairy fattening fattening Pig poultry poultry poultry turkey sheep goat horse others

code farm type (CIV U/ha) cow calf cattle (layer) (fattening)
0 <0.2 0 0 0 0 0 124 98 0 0 0 0 0 0

10 0.2-1 poultry 0 0 0 0 0 1497 1454 3 6 453 9 95 41

20 0.2-1 pig 0 0 0 0 116 30 30 0 0 10 0 49 5

30 0.2-1 cattle 1721 745 56 409 200 1535 1479 0 3 131 24 31 14

11 1-2 poultry 0 0 0 0 0 0 0 0 0 220 9 3 0

21 1-2 pig 25 14 7 2 268 117 116 0 0 49 16 0 2

31 1-2 cattle 1407 643 241 80 481 887 737 0 1 57 15 125 22

12 >2 poultry 0 0 0 0 0 612 611 0 0 45 4 54 1

22 >2pig 11 2 0 9 3054 18 17 0 0 0 0 2 0

23 >2 cattle 5 4 0 0 0 0 0 0 0 0 0 2 0

III: Data sources and references Swiss Federal Statistical Office, Census 1996

(the reference list of the data sources can be obtained from the author)



A2: P/metal concentration ratio in animal manure

File: LivestockC99

I: Data type: Phosphorus quantities and phosphorus/metal concentration ratio of livestock type 1

II: PROTERRA-S matrix

cattle pig poultry others

livestock type 1 1 2 3 4 5 6 7 8 9 10 11 12 13

cattle dairy

cow

fattening
calf

fattening
cattle

pig poultry poultry

(layer)

poultry

(fattening)

turkey sheep goat horse others

manure quantity

fP (kg P/yr) 7.0 14 0 1.4 6.0 6.0 0.2 0.2 0.1 0.25 25 25 14 0 2.50

metal concentraticns in manure

cCd(g/kgP) 0.03 0.03 0 02 0.03 0.015 0.015 0.015 0.024 0.015 0.02 0.02 0.02 0.02

cZn(g/kgP) 18 18 35 40 35 20 15 27 20 15 15 15 15

cCu(g/kgP) 4.5 4.5 5.6 7 6 2 2.4 3.9 5 4 4 4 4
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A2: P/Metal concentration ratio in animal manure

File: LivestockC99

III: Data sources and references (die reference list of the data sources can be obtained from the audior)

min qlO mean median q90 max std Source / References

1=1 cattle

fP (kg P/yr)

cCd (g/kg P)

4

48

0 018

0 012

6

97

0 019

0 042

0 036

9

15 3

0 081

0 160

0 010 0 017

0 050

0 045

0 028

0 047

0 043

0 059 0 070

cZn (g/kg P)

83

9 1

10 2 13 2

17 6

20 2

22 8

23 5

16 8

17 9

22 8

313

29 1

39 5

50 7

45 5

cCu(g/kgP)

15

4 10

44 94

2 40

2 56 3 07

8 90

9 40

3 80

4 09

9 80

8 30

6 64

3180

831

breeding cattle 1st- 3rd year, FOEFL, 1994

Auswertung Literaturdaten in Remer et al, 1996

Rmdervollgulle 9 2 g P/kg TS, Menzi et al
,
1997

Gulle Milchvieh, 9 7 gP/kg TS,

Auswertung m Remer et al, 1996

Rmdervollgulle N=53, 8 7g P/kg TS (med ),

Menzi et al
,
1993

Rmdervollgulle N=34, 7 8g P/kg TS (med ), Gsponer, 1990

Rindergulle Sommer N=3, 9 2g P/kg TS,

von Stelger und Baccini 1990

Rindergulle Winter N=7, 8 1 g P/kg TS

von Steiger und Baccini 1990

Rmdervollgulle 9 2g P/kg TS, Menzi et al
,
1997

Gulle Milchvieh, 9 7 gP/kg TS, Auswertung m Reiner et al, 1996

Rmdervollgulle N=53, 8 7g P/kg TS (med ), Menzi et al
,
1993

Rmdervollgulle N=34, 7 8g P/kg TS (med ), Gsponer 1990

Rindergulle Sommer N=3, 9 2g P/kg TS,

von Steiger und Baccmi 1990

Rindergulle Winter N=7, 8 1 g P/kg TS,

von Steiger und Baccmi 1990

Rmdervollgulle 9 2g P/kg TS, Menzi et al
,
1997

Gulle Milchvieh, 9 7 gP/kg TS,

Auswertung m Remer et al, 1996

Rmdervollgulle N=53, 8 7g P/kg TS (med ), Menzi et al
,
1993

Rmdervollgulle N=34, 7 8g P/kg TS (med ), Gsponer, 1990

Rindergulle Sommer N=3, 9 2g P/kg TS,

von Steiger und Baccini 1990

Rindergulle Winter N=7, 8 1 g P/kg TS,

von Steiger und Baccini 1990

1=2 dairy cow
fP (kg P/yr) 4 8

12

97

15

Auswertung Literaturdaten m Reiner et al, 1996

FOEFL, 1994

metal concentrations see 1=1

1=3 fattening calf

fP (kg P/yr) 08 1 3

1 1 14

cCd (g/kg P) 0018

cZn (g/kg P) 35

cCu (g/kg P) 56

1=4 fattening cattle

fP (kg P/yr) 58

13 65

6 75

cCd (g/kg P) 0 018

0 023 0 065

cZn (g/kg P) 35

16 2 45

cCu(g/kgP) 56

26 10 9

4 5 Auswertung Literaturdaten in Remer et al 1996

2 5 FOEFL, 1994

0 007 Menzi et al, 1999, (Munis Intensivmast))

23 Menzi et al, 1999, (Munis Intensivmast))

2 7 Menzi et al, 1999, (Munis Intensivmast))

0 14

94

27 3

1 3 Menzi et al, 1999, (Munis Intensivmast))

Auswertung Literaturdaten m Remer et al,

FOEFL, 1994

0 007 Menzi et al, 1999, (Munis Intensivmast)

Gulle Mastrmder, 6 5 gP/kg TS,

Auswertung m Remer et al, 1996

23 Menzi et al, 1999, (Munis Intensivmast)

Gulle Mastrmder, 6 5 gP/kg TS,

Auswertung in Remer et al, 1996

2 7 Menzi et al, 1999, (Munis Intensivmast)

Gulle Mastrmder, 6 5 gP/kg TS,

Auswertung m Remer et al, 1996

1996



A2: P/Metal concentration ratio in animal manure

File: LivestockC99

III: Data sources and references

min qlO mean median q90 max std Source / References

1=5 pig
fP (kg P/yr)

cCd (g/kg P)

cZn(g/kgP)

cCu(g/kgP)

100

190

0 009

0 005

0 007

64

15 5

33

25

23

53

7 00

5 00

0 017

0 01

0 028

0 014

0 012

0 03 0 03

0 03 0 04

22 6

30

53 4

33 6

34

34 2 36 8

42 45 3

5 1

47

16 9

78

62

10 4 11 1

12 2 114

10 00

8 50

0 061

0 03

0 017

168

S6 4

35

441

45 3

68

Auswertung Literaturdaten in Reiner et al, 1996

FOEFL, 1994

Siegenthaleretal,1999,

Schweinegulle Mast u Zucht, 23 gP/kg TS, Menzi, 1997

Schwemegulle Mast u Zucht, 25 gP/kg TS,

Auswertung in Remer et al, 1996

Schwemevollgulle N=46, 28 7 g P/kg TS (med ), Menzi et al
,
1993

Schwemevollgulle N=3, 25 7 g P/kg TS (med ), Gsponer, 1990

Schweme- u Rindergulle Sommer N=25, 16 5 g P/kg TS,

von Steiger und Baccmi 1990

Schweme- u Rindergulle Winter N=7, 14 6 g P/kg TS,

von Steiger und Baccmi 1990

Siegenthaler et al ,1999,

Schwemegulle Mast u Zucht, 23 gP/kg TS, Menzi, 1997

Schwemegulle Mast u Zucht, 25 gP/kg TS,

Auswertung m Remer et al, 1996

Schwemevollgulle N=46, 28 7 g P/kg TS (med ) Menzi et al
,
1993

Schwemevollgulle N=3, 25 7 g P/kg TS (med ), Gsponer, 1990

Schweme- u Rindergulle Sommer N=25, 16 5 g P/kg TS,

von Steiger und Baccmi 1990

Schweme- u Rindergulle Winter N=7, 14 6 g P/kg TS

von Steiger und Baccmi 1990

Siegenthaler et al,1999,

Schwemegulle Mast u Zucht, 23 gP/kg TS, Menzi, 1997

Schwemegulle Mast u Zucht, 25 gP/kgTS,

Auswertung m Reiner et al, 1996

Schwemevollgulle N=46, 28 7 g P/kg TS (med ), Menzi et al 1993

Schwemevollgulle N=3, 25 7 g P/kg TS (med ) Gsponer, 1990

Schweme- u Rindergulle Sommer N=25, 16 5 g P/kg TS,

von Steiger und Baccini 1990

Schweme- u Rindergulle Winter N=7, 14 6 g P/kg TS,

von Steiger und Baccmi 1990

1=6 poultry
fP (kg P/yr)

cCd (g/kg P)

cZn (g/kg P)

cCu (g/kg P)

01 02

02

0 008

0 01

19 3

20 7

15

2 34

0 3 Auswertung Literaturdaten m Remer et al, 1996

FOEFL, 1994

Hennenmist, 26 5 g P/kg TS, Menzi 1997

Huhnervollgulle N=l 26 1 g P/kg TS, Gsponer, 1990

Hennenmist, 26 5 g P/kg TS, Menzi 1997

Huhnervollgulle N=l, 26 1 g P/kg TS, Gsponer, 1990

Hennenmist, 26 5 g P/kg TS, Menzi 1997

Huhnervollgulle N=l, 26 1 g P/kg TS, Gsponer, 1990

1=7 poultry (layer)
fP (kg P/yr) 01 02

02

03

cCd (g/kg P) 0 012 0 023 0 038

cZn (g/kg P) 16 9 14 2 26 7

cCu(g/kgP) 18 24 3 1

Auswertung Literaturdaten in Reiner et al, 1996

FOEFL, 1994

Legehennennust N=12, 18 3 g P/kg TS (med ), Menzi et al
,
1993

Legehennenmist N=12, 18 3 g P/kg TS (med ), Menzi et al
,
1993

Legehennenmist N=12, 18 3 g P/kg TS (med ), Menzi et al
,
1993
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A2: P/Metal concentration ratio in animal manure

File: LivestockC99

III: Data sources and references

min qlO mean median q90 max std Source / References

1=8 poultry (fattening)
fP (kg P/yr) 0 1

cCd(g/kgP)

cZn (g/kg P)

cCu(g/kgP)

0 01

15 5

21

01

0 07

0 024

27

39

0 018

20 2

38

0 1 Auswertung Literaturdaten m Remer et al, 1996

FOEFL, 1994

Masthennenmist 12 2 g P/kg TS, Menzi, 1997

0 03 Masthennenmist N=ll, 18 7 g P/kg TS (med ), Menzi et al
,
1993

Masthennenmist 12 2 g P/kg TS, Menzi, 1997

35 1 Masthennenmist N=ll, 18 7 g P/kg TS (med ), Menzi et al
,
1993

Masthennenmist 12 2 g P/kg TS, Menzi, 1997

65 Masthennenmist N=ll, 18 7 g P/kg TS (med ), Menzi et al
,
1993

1=9 turkey
fP (kg P/yr) 0

cCd (g/kg P) 0 013

cZn (g/kg P) 19 2

cCu (g/kg P) 4 9

0 1 0 3 Auswertung Literaturdaten m Remer et al, 1996

0 25 FOEFL, 1994

0 013 0 016 Trutenmist N=8, 20 0 g P/kg TS (med ), Menzi et al
,
1993

20 21 6 Trutenmist N=8, 20 0 g P/kg TS (med ), Menzi et al
,
1993

5 5 7 Trutenmist N=8, 20 0 g P/kg TS (med ), Menzi et al
,
1993

1=10 sheep
fP (kg P/yr)

cCd(g/kgP)
cZn (g/kg P)

cCu(g/kgP)

04 1 1

27

0 02

15

4

2 6 Auswertung Literaturdaten m Remer et al, 1996

FOEFL, 1994

von Steiger und Baccmi, 1990

von Steiger und Baccmi, 1990

von Steiger und Baccmi, 1990

1=11 goat
fP (kg P/yr) 0 4

metal concentrations see 1=10

05

27

06 Auswertung Literaturdaten m Remer et al, 1996

FOEFL, 1994

1=12 horse

fP (kg P/yr)

12

12 6

14

Auswertung Literaturdaten m Remer et al, 1996

17 FOEFL, 1994

metal concentrations see 1=10

1=13 others

fP (kg P/yr)

metal concentrations see 1=10

Deer units, FOEFL, 1994



A3: Agricultural area

File: CropsA200

I: Data type: Area of crop types in ha

II: PROTERRA-S matrix

meadows and pastures crop rotation special crops

crop type k 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

meadow meadow pasture others 1 others 2 bread fodder potatoas sugar other rape tobacco maize vine orch vege
farm type (CMU/ha) intensive extensive cereals cereals beet legumes silage yards ads tables

<0.2 15 7 87 3 15 2 02 59 0 102 4 73 4 54 54 26 1 19 0 00 36 15 9 79 510

0.2-1 poultry 10 8 120 0 60 5 00 90 70 8 84 5 12 4 30 20 1 40 00 25 12 7 20 7 23 5

0 2-1 pig 10 22 5 73 00 00 316 314 4 1 00 45 74 00 10 0 00 04 11 3

0.2-1 cattle 138 1 546 2 63 5 01 91 304 2 217 3 10 6 13 0 67 0 49 7 00 96 8 1 8 37 20 0

1-2 poultry 00 10 3 72 00 00 00 00 03 00 00 00 00 00 01 06 01

1-2 pig 20 14 2 08 00 1 1 29 62 05 00 02 00 00 34 00 09 02

1-2 cattle 93 0 344 7 82 1 00 44 109 1 88 8 5 1 45 12 8 9 1 00 67 1 22 17 0 24

>2 poultry 04 28 20 00 04 00 00 02 00 00 00 00 00 00 00 03

>2pig 00 92 04 00 00 65 16 5 00 24 22 19 00 00 01 00 47

>2 cattle 00 00 00 00 00 10 00 00 00 00 00 00 1 0 00 00 00

total area crop type k 2610 1157 3 238 9 03 82 9 628 4 518 0 38 6 28 2 132 8 91 0 00 184 4 32 8 512 113 6

% total area 7 33 32 51 671 0 01 2 33 17 65 14 55 108 0 79 3 73 2 56 0 00 5 18 0 92 144 3 19

% cropping systems 48 89 45 55 5 55

III: Data sources and references Swiss Federal Statistical Office, Census 1996

(the reference list of the data sources can be obtained from the author)



A4: Crop yield

File: CropsY99

A: Data type Crop Yield

II: PROTERRA-S matrix

t
ft.

crop type k

meadows and pastures

12 3 4 5

meadow meadow pastures others 1 others 2

intensive extensive

crop rotation

6 7 8 9 10 11 12 13

bread fodder potatoas sugar other rape tobacco maize

cereals cereals beet legumes silage

special crops

14 15 16

vine orch vege

yards ads tables

yield (kg/ha yr) 12000 8000 6000 3000 3000 5500 5500 8000 15000 3000 3500 2500 16000 1500 4500 3000

C: Data sources and references Walther et.al., 1994; Wirz, 1999

Quade, 1993; Schütze und Nagel, 1998; von Steiger und Baccini, 1990

(the reference list of the data sources can be obtained from the author)



A5: P and metal concentration of crops

File: CropsC99

I: Data type: P and metal concentrations of crops

II: PROTERRA-S matrix

crop type k

meadows and pastures

12 3 4 5

meadow meadow pastures others 1 others 2

intensive extensive

crop rotation

6 7 8 9 10 11 12 13

bread fodder potatoas sugar other rape tobacco maize

cereals cereals beet crops silage

special crops

14 15 16

vine orch vege

yard ads tables

concentrations in crops

cP (g/kg) 38 38 38 38 38

cCd (mg/kg) 02 02 02 02 02

cZn (mg/kg) 45 45 45 45 45

cCu(mg/kg) 11 11 11 11 11

3 35 33 13 4 65 3 23

0 1 0 05 0 2 0 25 0 15 0 1 0 46 0 3

40 35 22 30 43 40 44 35

4 45 65 55 8 34 11 47

1 1 3

0 04 0 04 0 25

10 10 50

7 7 15
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cP (g/kg) 38

08

22

41 41 44

33

41

32 3 8 39 44

22 36 36 53

cCd (mg/kg) 0 10

0 13

0 09

0 62 0 71

0 02 0 17 0 15 0 40 0 08

0 01 0 43 4 30 0 57

A5: P and metal concentration of crops

File: Crops99C

III: Data sources and references (the reference list of the data sources can be obtained from the author)

min mean median max std Source / References

k=l meadow intensive, k=2 meadow extensive and k=3 pastures

Gras KW N=l 1, von Steiger und Baccini, 1990

Kleegrass, Lit Auswertung m Reiner et al, 1996

Walther et al, 1994

Gras NW N=7, von Steiger und Baccmi, 1990

Gras N=56, von Steiger und Baccini, 1990

Kleegrass, Siegenthaler et al 1999

0 13 Gras KW N=l 1 von Steiger und Baccini, 1990

0 02 Kleegrass, Lit Auswertung in Reiner et al, 1996

Gras NW N=7, von Steiger und Baccmi, 1990

Heu/Emd, N=22, von Steiger und Baccini, 1990

Auswertung Literatur m Fröhlich, 1997

Gras N=220, Lit Auswertung m Schutze und Nagel, 1998

Grünland, N=744, Datenbank TRANSFER (D),

Cd Boden 0 01-45 mg/kg, Krieche et al, 1999

0 02 0 20 2 00 Grünland, Datenbank TRANSFER (D),

Bereich Cd_Boden = 05 mg/kg Knoche et al, 1999

Kleegrass, Siegenthaler et al 1999,

Gras KW N=l 1, von Steiger und Baccmi, 1990

Kleegrass, Lit Auswertung in Reiner et al, 1996

Gras NW N=7, von Steiger und Baccini, 1990

Gras N=56, von Steiger und Baccini, 1990

Auswertung Literatur m Fröhlich, 1997

GrasN=220 Lit Auswertung in Schutze und Nagel, 1998

Grünland, N=294, Datenbank TRANSFER (D),

Zn Boden 26 2600 mg/kg, Knoche et al, 1999

22 0 45 0 120 0 Grünland, Datenbank TRANSFER (D),

Bereich Zn_Boden - 60 mg/kg, Knoche et al, 1999

Kleegrass, Siegenthaler et al 1999,

Gras KW N=l 1, von Steiger und Baccmi, 1990

Kleegrass, Lit Auswertung m Remer et al, 1996

Gras NW N=7 von Steiger und Baccmi, 1990

Gras N=56, von Steiger und Baccini, 1990

Auswertung Literatur m Fröhlich, 1997

Gras N=220, Lit Auswertung m Schutze und Nagel, 1998

Grünland, N=189, Datenbank TRANSFER (D),

Cu Boden 4-614 mg/kg, Knoche et al, 1999

4 5 9 0 22 0 Grünland, Datenbank TRANSFER (D),

Bereich Cu_Boden = 25 mg/kg, Knoche et al, 1999

k=4 others 1 fallow and peat land (Grün-und Buntbrache, Streue-und Torfland)
see k = 1-3

k=5 others 2 - coppice (Hecken- und Feldgehölze)
see k = 1-3

cZn (mg/kg) 50 0

33 0 40 0

33 0

39 0 53 0

32 0 47 0 49 0 58 0

27 0 44 0

195 0

43 0 73 0

227 0

13 0 44 0 43 0 78 0 12 0

22 0 69 0 474 0 49 0

cCu ( mg/kg) 80

76 99

10 7

86 16 0

84 12 7 13 0 16 0

55 113

115

110 210

20 79 77 14 0 26

45 110 33 0 43



A5: P and metal concentration of crops (cont)

File: Crops99C

III: Data sources and references (the reference list of the data sources can be obtained from the author)

min mean median max std Source / References

k=6 bread cereals (Weizen, Roggen, uebriges Brotgetreide)
Weizenkorn N=15, von Steiger und Baccini, 1990

Maiskorn N=10, von Steiger und Baccini, 1990

Winterweizen, Lit Auswertung in Reiner et al
,
1996

Winterroggen, Lit Auswertung in Reiner et al, 1996

Weizen Korn, Walther et al, 1994

Weizen Stroh, Walther et al, 1994

Roggen Korn, Walther et al, 1994

Roggen Stroh, Walther et al, 1994

Blauen/Nenzlmgen Winterweizen N=37, Wenk et al, 1997

Blauen/Nenzlingen Sommerweizen N=2, Wenk et al 1997

Kanton Basel-Landschaft Weizen N=150, Wenk et al 1997

Winterweizen, Siegenthaler et al 1999,

Getreide, Auswertung Literatur m Fröhlich 1997

Sommerweizen N=ll, Lit Auswertung in Schutze und Nagel, 1998

Winterweizen N=81, Lit Auswertung m Schutze und Nagel, 1998

Roggen, N=12, Lit Auswertung m Schutze und Nagel, 1998

Winterweizen, Lit Auswertung m Reiner et al, 1996

Winterroggen, Lit Auswertung m Reiner et al, 1996

Weizen, N=2164, Datenbank TRANSFER (D),

Cd Boden 0 04-126 mg/kg, Knoche et al, 1999

0 01 0 10 1 20 Weizen Datenbank TRANSFER (D),

Bereich Cd_Boden = 05 mg/kg, Knoche et al, 1999

Winterweizen, Siegenthaler et al 1999,

Weizenkorn N=15, von Steiger und Baccini, 1990

Maiskorn N=10, von Steiger und Baccim 1990

Getreide, Auswertung Literatur in Fröhlich, 1997

Sommerweizen N=ll, Lit Auswertung m Schutze und Nagel, 1998

Winterweizen N=81, Lit Auswertung m Schutze und Nagel, 1998

Roggen N=12, Lit Auswertung in Schutze und Nagel, 1998

Winterweizen, Lit Auswertung m Remer et al, 1996

Winterroggen, Lit Auswertung m Remer et al, 1996

Winterweizen, Siegenthaler et al 1999,

Weizenkom N=15, von Steiger und Baccim, 1990

Maiskorn N=10, von Steiger und Baccmi, 1990

Getreide, Auswertung Literatur in Fröhlich, 1997

Sommerweizen N=ll, Lit Auswertung m Schutze und Nagel 1998

Winterweizen N=81, Lit Auswertung in Schutze und Nagel, 1998

Roggen, N=12, Lit Auswertung in Schutze und Nagel, 1998

Winterweizen, Lit Auswertung m Reiner et al, 1996

Winterroggen, Lit Auswertung m Reiner et al, 1996

cP(g/kg) 25 29 29 32

19 24 22 36

44 56

38 56

28 43

04 13

28 43

09 13

cCd (mg/kg) 0 05

0 12

0 10 0 64

021

0 01

0 07

0 05 0 11

011 0 11 0 16 0 13

0 03 0 10 0 08 0 24 0 07

0 01 0 09 0 08 0 22 0 05

0 02 0 03 0 03 0 05 0 01

0 05

0 06

0 06

0 01 0 24 5 60 0 37

cZn (mg/kg) 55 0

310 37 0 36 0 440

18 0 23 0

43 0

22 0 36 0

24 0

13 0 35 0 36 0 53 0 10 3

12 0 36 0 35 0 610 97

25 0 47 0 45 0 83 0 17 7

35 0 38 0

27 0 34 0

cCu ( mg/kg) 50

38 44 44 54

18 27 27 38

32 45 82

28 37 32 56 09

09 32 33 56 1 3

27 41 39 53 08

5 1 70

41 56



Appendix A

A5: P and metal concentration of crops (cont.)

File: Crops99C

III: Data sources and references (the reference list of the data sources can be obtained from the author)

min mean median max std Source / References

k=7 fodder cereals (Gerste, Hafer, Triticale, Mischel, Körnermais)
3 9 4 3 Korn Hafer, Gerste, Triticale, N=9, von Steiger und Baccim, 1990

5 7 Sommer- u Wintergerste, Lit Auswertung m Remer et al, 1996

5 6 Triticale, Lit Auswertung m Remer et al, 1996

5 6 Kornermais, Lit Auswertung m Remer et al, 1996

4 8 Hafer, Lit Auswertung m Remer et al, 1996

3 9 Gerste, Korn, Walther et al, 1994

3 9 Hafer, Korn, Walther et al, 1994

4 8 Triticale, Korn, Walther et al, 1994

3 5 Kornermais, Walther et al, 1994

0 06 0 21 Blauen/Nenzlmgen Roggen.Gerste.Hafer,

und Kornermais N=15, Wenk et al, 1997

0 16 0 13 Getreide, Auswertung Literatur in Fröhlich, 1997

Sommergerste,Siegenthaler et al 1999,

0 04 0 18 0 02 Sommer-u Wintergerste, N=94,

Lit Auswertung in Schutze und Nagel, 1998

Sommer- u Wintergerste, Lit Auswertung m Remer et al, 1996

Triticale, Lit Auswertung in Remer et al, 1996

0 06 Körnermais, Lit Auswertung in Reiner et al, 1996

Hafer, Lit Auswertung in Reiner et al
,
1996

Gerste, Hafer, Lit Auswertung in Wilcke und Dohler 1995

Körnermais, Lit Auswertung in Wilcke und Dohler, 1995

Sommergerste,Siegenthaler et al 1999,

40 0 43 0 Korn Hafer, Gerste, Triticale, N=9, von Steiger und Baccim, 1990

24 0 Getreide, Auswertung Literatur in Fröhlich, 1997

29 0 54 0 7 5 Sommer- u Wintergerste, N=94,

Lit Auswertung m Schutze und Nagel, 1998

27 0 32 0 Sommer- u Wintergerste, Lit Auswertung in Reiner et al, 1996

40 0 Triticale, Lit Auswertung m Reiner et al, 1996

310 Kornermais, Lit Auswertung in Reiner et al, 1996

32 0 Hafer, Lit Auswertung m Reiner et al, 1996

52 0 Gerste, Hafer, Lit Auswertung in Wilcke und Dohler 1995

Kornermais, Lit Auswertung m Wilcke und Dohler, 1995

Sommergerste,Siegenthaler et al 1999,

7 3 9 5 Korn Hafer, Gerste, Triticale, N=9, von Steiger und Baccim, 1990

8 2 Getreide, Auswertung Literatur in Fröhlich, 1997

3 4 6 3 11 Sommer- u Wintergerste, N=94,

Lit Auswertung in Schutze und Nagel, 1998

5 5 6 1 Sommer- u Wintergerste, Lit Auswertung m Remer et al, 1996

6 5 Triticale, Lit Auswertung m Remer et al, 1996

18 3 8 Kornermais, Lit Auswertung m Remer et al, 1996

4 7 8 0 Hafer, Lit Auswertung m Reiner et al, 1996

3 4 5 4 Gerste, Hafer, Lit Auswertung m Wilcke und Dohler, 1995

18 Körnermais, Lit Auswertung m Wilcke und Dohler 1995

cP(g/kg) 27

45

53

37

41

30

30

30

1 8

37

cCd (mg/kg) 0 01

011 0 11

0 05

0 01 0 04

0 01

0 04

0 04

0 14

0 03

0 02

cZn (mg/kg) 49 0

26 0 36 0

43 0

20 0 32 0

210

27 0

35 0

29 0

cCu ( mg/kg) 70

50 71

32 45

1 1 33



A5: P and metal concentration of crops (cont.)

File: Crops99C

III: Data sources and references (the reference list of the data sources can be obtained from the author)

min mean median max std Source / References

k=8 potatoes
cP(g/kg)

cCd (mg/kg)

25

07

04

0 10

0 13

0 03

cZn (mg/kg)

cCu ( mg/kg)

80

26 0

12 0

12 5

50

47

30

54

3 1

0 09

031

0 23

0 05

0 26

33

0 23

0 04 0 15

0 30

13 0

20 0

38 0

22 0

73

52

63

70

65

67

15 0

210

65

63

38

08

09

0 66

0 44

126

0 40

15 0

0 23

72 0 34 0

40 0 66

24 0

76

12 7 37

10 5 21

60

Knolle N=6, von Steiger und Baccmi, 1990

Lit Auswertung in Remer et al, 1996

Knolle, Walther et al, 1994

Siegenthaler et al ,1999,

Auswertung Literatur in Fröhlich, 1997

N=20, Lit Auswertung in Schutze und Nagel, 1998

Lit Auswertung m Remer et al, 1996

N=212, Datenbank TRANSFER (D),

Cd Boden 0 01-157 mg/kg, Knoche et al, 1999

Datenbank TRANSFER (D),

Bereich Cd_Boden = 05 mg/kg, Knoche et al, 1999

Lit Auswertung m Wilcke und Dohler, 1995

Knolle N=6, von Steiger und Baccmi, 1990

Siegenthaler et al ,1999,

Auswertung Literatur m Fröhlich, 1997

N=20, Lit Auswertung m Schutze und Nagel, 1998

Lit Auswertung in Remer et al, 1996

Lit Auswertung m Wilcke und Dohler, 1995

Siegenthaler et al ,1999,

Knolle N=6, von Steiger und Baccim, 1990

Auswertung Literatur in Fröhlich, 1997

N=20, Lit Auswertung in Schutze und Nagel, 1998

Lit Auswertung in Reiner et al, 1996

Lit Auswertung m Wilcke und Dohler, 1995

k=9 sugar beet

cP (g/kg)

cCd (mg/kg)

cZn (mg/kg)

cCu ( mg/kg)

19

02

0 04

0 14

14 5

15 0

22

48

2 1 Auswertung Literaturdaten in Remer et al, 1996

0 5 Walther et al, 1994

0 26 Siegenthaler et al ,1999,

0 26 0 25 0 75 0 16 ohne Blatt, N=69, Lit Auswertung Schutze und Nagel, 1998

0 15 Auswertung Literaturdaten in Reiner et al, 1996

0 11 Lit Auswertung in Wilcke und Dohler, 1995

45 0 Siegenthaler et al ,1999,

34 0 30 0 57 0 115 ohne Blatt, N=69, Lit Auswertung Schutze und Nagel 1998

36 0 Auswertung Literaturdaten in Remer et al, 1996

66

55 50 114

5 1

Siegenüialer et al ,1999,

2 0 ohne Blatt N=69, Lit Auswertung Schutze und Nagel 1998

Auswertung Literaturdaten m Reiner et al, 1996



Appendix A

AS: P and metal concentration of crops (cont.)

File: Crops99C

III: Data sources and references (the refeience list of the data sources can be obtained from the author)

min mean median max std Source / References

k=10 legumes (Ackerbohnen, Erbsen, Futterrüben, Grünmais)

cP(g/kg) 56

5 1

29 44

24 33

48 74

cCd (mg/kg) 0 07

0 07

0 07

0 03 0 03 0 12

0 20

0 15

0 85

0 01 1 80 27 50

0 01 0 20

cZn (mg/kg)

10 0

46 0

40 0 43 0

33 0

32 0

19 0

cCu ( mg/kg)

64

12 3

45 60

15 0

72

14 0

2 00

24 0

56 0

197 0

75

85

210

Ackerbohnen, Ausweitung Literaturdaten in Reiner et al, 1996

Erbsen, Auswertung Literaturdaten m Remer et al 1996

Futterrüben, Auswertung Literaturdaten in Reiner et al, 1996

Grunmais, Walther et al, 1994

Ackerbohnen, Walther et al, 1994

Hülsenfrüchte, Auswertung Literatur m Fröhlich, 1997

Ackerbohnen, Auswertung Literaturdaten m Reiner et al, 1996

Erbsen, Auswertung Literaturdaten m Remer et al, 1996

0 02 Bohnen, Auswertung Literatur m Fröhlich, 1997

Futterrüben, Auswertung Literatur m Fröhlich, 1997

Futterruhen, Auswertung Literaturdaten m Reiner et al, 1996

3 90 Grunmais, N=139, Datenbank TRANSFER (D),

Cd Boden 0 1-157 mg/kg, Knoche et al, 1999

Grunmais Datenbank TRANSFER (D),

Bereich Cd_Boden = 05 mg/kg, Knoche et al, 1999

Ackerbohnen, Auswertung Literaturdaten m Reiner et al, 1996

Erbsen, Auswertung Literaturdaten m Reiner et al, 1996

12 2 Bohnen, Auswertung Literatur m Fröhlich, 1997

Futterrüben, Auswertung Literatur m Fröhlich, 1997

Futterrüben, Auswertung Literaturdaten in Reiner et al, 1996

Bohnen, Lit Auswertung in Wilcke und Dohler, 1995

Ackerbohnen, Auswertung Literaturdaten in Reiner et al, 1996

Erbsen Auswertung Literaturdaten m Reiner et al, 1996

4 5 Bohnen, Auswertung Literatur m Fröhlich, 1997

Futterrüben, Auswertung Literatur m Fröhlich 1997

Futterrüben, Auswertung Literaturdaten m Remer et al, 1996

Bohnen, Lit Auswertung in Wilcke und Dohler, 1995

k=llrape
cP(g/kg)

cCd (mg/kg)

cZn (mg/kg)

cCu ( mg/kg)

57

59

56

0 12

46 0

29

59

0 07

48 0

23 0

48 0

33

36

33

62

71

83

0 19

50 0

36

Korn N=3, von Steigerund Baccim, 1990

Lit Ausweitung in Remer et al, 1996

Korn, Walther et al, 1994

Auswertung Literatur in Fröhlich 1997

Lit Ausweitung m Remer et al, 1996

Korn N=3, von Steiger und Baccim, 1990

Auswertung Literatur m Fröhlich, 1997

Lit Auswertung m Remer et al, 1996

Korn N=3, von Steiger und Baccim, 1990

Auswertung Literatur m Fröhlich, 1997

Lit Auswertung in Remer et al, 1996

k=12 tobacco

cP (g/kg) 2 8

cCd (mg/kg) 0 46

cZn (mg/kg) 44 0

cCu ( mg/kg) 110

35 Walther et al, 1994

von Steiger und Baccim, 1990

von Steiger und Baccim, 1990

\ on Steiger und Baccim, 1990



A5: P and metal concentration of crops (cont.)

File: Crops99C

III: Data sources and references (the reference list of the data sources can be obtained from the authoi)

min mean median max std Source / References

k=13 maize silage
cP (g/kg)

cCd (mg/kg)

cZn (mg/kg)

cCu ( mg/kg)

14

23

13

0 02

0 07

0 08

0 04

18 0

22 0

110

25 0

37

32

20

48

20

0 07

0 18

0 23

0 07

26 0

30 0

35 0

5 1

44

2 0 2 7 N=14, von Steiger und Baccim, 1990

2 9 Lit Auswertung m Remer et al, 1996

3 1 Walther et al, 1994

0 07 0 10 N=14, von Steiger und Baccim, 1990

0 38 0 56 Blauen/Nenzlmgen Silomais N=3 Wenk et al, 1997

0 26 Auswertung Literatur in Fröhlich, 1997

0 20 0 50 0 12 Hacksei N=34, Lit Auswertung m Schutze und Nagel, 1998

Lit Auswertung m Remer et al, 1996

24 0 37 0 N=14, von Steiger und Baccim, 1990

52 0 Ausweitung Literatur in Fröhlich, 1997

32 0 76 0 16 6 Hacksei, N=34, Lit Auswertung in Schutze und Nagel, 1998

32 0 Lit Auswertung m Reiner et al, 1996

5 3 6 2 N=14, von Steiger und Baccim, 1990

3 8 Auswertung Literatur m Fröhlich, 1997

4 2 6 5 15 Hacksei, N=34, Lit Auswertung m Schutze und Nagel 1998

8_5 Lit Auswertung m Remer et al, 1996

k=14 vineyard and k=15 orchards

cP (g/kg) 1 0

cCd (mg/kg) 0 04

cZn (mg/kg) 10 0

cCu ( mg/kg) 7 0

von Steiger und Baccim, 1990

von Steiger und Baccmi, 1990

von Steiger und Baccim, 1990

von Steiger und Baccim, 1990



Appendix A

A5: P and metal concentration of crops (cont.)

File: Crops99C

III: Data sources and references (the reference list of the data sources can be obtained from the author)

min mean median max std Source / References

k=16 vegetables
cP (g/kg) 30

cCd (mg/kg) 0 46

1 10

0 22

0 01 0 86

0 03 0 20

0 03 6 40

0 05 0 50

0 01 2 17

0 02 0 30

0 01 1 13

0 02 0 18

031

cZn (mg/kg) 88 0

68 0

37 0

23 0 40 0

cCu ( mg/kg)

50

19 0

210

47

60 14 0

von Steiger und Baccim, 1990

0 26 Salat, Auswertung Literatur in Fröhlich 1997

0 47 Sellerie, Auswertung Literatur in Fröhlich 1997

0 15 Karotten, Auswertung Literatur in Fröhlich 1997

3 80 0 69 Karotten, N=578, Datenbank TRANSFER (D),

Cd Boden 0 1-157 mg/kg, Knoche et al, 1999

1 20 Karotten, Datenbank TRANSFER (D),

Bereich Cd_Boden = 05 mg/kg, Knoche et al, 1999

40 60 7 40 Spinat, N=446, Datenbank TRANSFER (D),

Cd Boden 0 2-157 mg/kg, Knoche et al, 1999

4 00 Spinat Datenbank TRANSFER (D),

Bereich Cd_Boden = 05 mg/kg, Knoche et al, 1999

28 00 3 10 Salat, N=699, Datenbank TRANSFER (D),

Cd Boden 0 2-218 mg/kg, Knoche et al, 1999

2 00 Spmat Datenhank TRANSFER (D),

Bereich Cd_Boden = 05 mg/kg, Knoche et al, 1999

29 50 2 01 div Gemüse, N=2956, Datenbank TRANSFER (D),

Cd Boden 0 2-218 mg/kg, Knoche et al, 1999

1 60 div Gemüse, Datenbank TRANSFER (D),

Bereich Cd_Boden = 05 mg/kg, Knoche et al, 1999

0 58 div Gemüse und Kohlsorten,

Lit Auswertung m Wilcke und Dohler, 1995

43 0 Salat, Auswertung Literatur in Fröhlich 1997

Sellerie Auswertung Literatur in Fröhlich 1997

5 0 Karotten, Auswertung Literatur in Fröhlich 1997

113 0 div Gemüse und Kohlsorten,

Lit Auswertung in Wilcke und Dohler, 1995

10 0 Salat, Auswertung Literatur m Fröhlich 1997

Sellerie, Auswertung Literatur m Fröhlich 1997

Karotten, Auswertung Literatur m Fröhlich 1997

10 0 Salat N=17 Datenbank TRANSFER (D), Knoche et al, 1999

30 0 div Gemüse und Kohlsorten,

Lit Ausweitung m Wilcke und Dohler, 1995



A6: Sewage sludge statistics

File: Sew200

I: Data type: Sewage sludge quality and quantity per community

Sundgau region 1994-99

II: PROTERRA-S matrix

TS cP IcCd cCu iCZn

Sundgau community tons / 5 yr kg P/tons TS mg/kg TS mg/kg TS mg/kg TS

Dornach 0.00

Gempen 0.00

Hochwald 0.00

Aesch 129.20 21.28 1.24 313.00 721.36

Arlesheim 0.00

Biel-Benken 167.20 21.17 0.60 150.72 358.85

Bottmingen 37.05 21.05 0.81 223.75 507.96

Ettingen 333.30 21.30 0.93 242.42 559.26

Münchenstein 75.05 21.32 1.07 259.83 622.25

Oberwil 228.50 20.92 0.18 57.02 129.23

Pfeffingen 0.00

Reinach 3.80 21.05 2.63 357.89 634.21

Therwil 216.80 21.22 0.51 123.62 293.82

Duggingen 127.20 14.39 1.81 305.82 514.94

Grellingen 0.00

Nenzlingen 7.50 12.00 1.33 388.00 758.67

sum 1326

mean 19.6 1.11 242.2 510.1

min 12.0 0.18 57.0 129.2

max 21.3 2.63 388.0 758.7

std 3.41 0.71 105.97 197.64

III: Data sources and references Sewage sludge database of the

Canton Basel-Land

(the reference list of the data sources can be obtained from the author)



A7: Soil conditions

File: SoilC

I: Data type: Soil properties and metal concentrations in soil

III: Data sources and references (the reference list of the data sources can be obtained from the author)

min qlO mean median q90 max std Source / References

CdJHNCW (mg/kg TS)

Zn_HN03 (mg/kg TS)

Cu_HN03 (mg/kg TS)

0 30 0 55 100 2 01 4 76

0 12 0 22 0 53 0 49 0 91 141

0 18 0 22 0 45 0 38 0 76 1 01

0 08 0 17 0 25 0 17 0 34 3 24 0 24

0 12 0 50 0 47 1 38 0 23

0 15 0 49 0 45 1 03 0 21

0 12 0 52 0 50 1 38 0 27

0 01 0 18 0 32 0 79 32 40

0 01 0 14 0 27 0 72 23 00

29 39 5 72 3 61 104 537

29 40 9 59 7 57 83 2 131

21 44 70 123 1590

1 38 57 107 2274

33 46 76 64 103 1981 99

32 65 4 60 0 170 214

32 64 4 58 0 170 22 2

35 67 5 64 5 130 19 8

54 74 27 9 18 40 5 714

57 12 9 25 5 25 40 88

25 11 3 22 1 55 7 929 0

01 13 3 22 1 47 8 1960 0

Blauen / Nenzhngen N=168, Wenk et al 1997

Kanton BL, N=110 (alle Nutzungen), AfU Basel-Landschaft, 1993

Kanton BL, N=54 (Landwirtschaft), AfU Basel-Landschaft, 1993

Furttal N=420, Meuh 1998,

Kanton BL, N=148 (alle Nutzungen), AfU Basel Landschaft, 1999

Kanton BL, N=98 (Ackerland), AfU Basel-Landschaft, 1999

Kanton BL, N=50 (Grünland), AfU Basel-Landschaft, 1999

Switzerland - pastures N = 3057, Keller and Desaules 1999

Switzerland - crop rotation N = 3524, Keller and Desaules 1999

Kanton BL, N=110 (alle Nutzungen), AfU Basel-Landschaft, 1993

Kanton BL, N=54 (Landwirtschaft), AfU Basel-Landschaft, 1993

Switzerland - pastures N = 3099, Keller and Desaules 1999

Switzerland - crop rotation N = 3509, Keller and Desaules 1999

Furttal N=420, Meuli 1998,

Kanton BL, N=148 (alle Nutzungen), AfU Basel-Landschaft, 1999

Kanton BL, N=98 (Ackerland), AfU Basel-Landschaft, 1999

Kanton BL, N=50 (Grünland), AfU Basel-Landschaft, 1999

Kanton BL, N=110 (alle Nutzungen), AfU Basel-Landschaft, 1993

Kanton BL, N=54 (Landwirtschaft), AfU Basel-Landschaft, 1993

Switzerland - pastures N = 3126, Keller and Desaules 1999

Switzerland - crop rotation N = 3507, Keller and Desaules 1999



A7: Soil conditions (cont.)

Ill: Data sources and references

min qlO mean median q90 max std Source / References

Cu_HN03 (mg/kg TS)

pH (CaCI2)

CEC-eff(mmolc/kg)

CEC-pot (mmolc / kg)

CaC03 ( % )

60 16 0 36 0 25 0 53 0 555 0 45 0

67 19 2 17 0 73 0 95

67 19 4 165 73 0 10 1

91 18 8 17 0 46 0 80

40 54 65 67 72 74

50 57 66 70 72 74

48 66 68 76 o;

48 67 69 76
0

51 65 67 73
0

32 47 133 125 214 311

41 49 113 115 171 194

54 82 192 170 306 629

54 82 152 160 204 227

<10 05 80 10 27 3 58 0

<10 05 88 08 27 6 48 5

Furttal N=420, Meuli 1998,

Kanton BL, N=148 (alle Nutzungen), AfU Basel-Landschaft, 1999

Kanton BL, N=98 (Ackerland), AfU Basel-Landschaft, 1999

Kanton BL, N=50 (Grünland), AfU Basel-Landschaft, 1999

Kanton BL, N=120 (alle Nutzungen), AfU Basel-Landschaft, 1993

Kanton BL, N=54 (Landwirtschaft), AfU Basel-Landschaft, 1993

0 58 Kanton BL, N=148 (alle Nutzungen), AfU Basel-Landschaft, 1999
0

6 Kanton BL, N=98 (Ackerland), AfU Basel-Landschaft, 1999
0

6 Kanton BL, N=50 (Grünland), AfU Basel-Landschaft, 1999

Kanton BL, N=44 (alle Nutzungen), AfU Basel-Landschaft, 1993

Kanton BL, N=19 (Landwirtschaft), AfU Basel-Landschaft, 1993

Kanton BL, N=120 (alle Nutzungen), AfU Basel-Landschaft, 1993

Kanton BL, N=54 (Landwirtschaft), AfU Basel-Landschaft, 1993

Kanton BL, N=120 (alle Nutzungen), AfU Basel-Landschaft, 1993

Kanton BL, N=54 (Landwirtschaft), AfU Basel-Landschaft, 1993



Appendix A

A8: Atmospheric deposition and fertilization

File: Others

I: Data type Atmospheric deposition

P surplus

Commercial Fertilizer

Fertilizer Distribution Parameter

II: PROTERRA-S matrix

Atmospheric deposition Flux

P (g / ha yr) 0

Cd (g / ha yr) 23

Zn (g / ha yr) 340

Cu (g / ha yr) 63

P-Balance

IPtoi (kg P / ha yr) 13

Commercial Fertilizer

typel type2 type3 type4

Cd (g /tons P) 40 60 44 200

Zn (g /tons P) 3000 4500 280 2100

Cu (g /tons P) 300 600 100 300

a CF( % ) 100 0 0 0

Fertilizer Distribution Parameters

meadows, crop special

pastures rotation crops

a man ( weight )

a se ( % )

2

50

1

30

02

0

III: Data sources and references

atm Deposition

P surplus

Comm Fertilizer

Moser, 1997

Spiess, 1999

Lotscher et al 1999, Gsponer, 1990, Boysen, 1992,

qlO mean median q90 max std

atm. Deposition
Cd 1 1

Zn

Cu

120

11

23

340

43

4 5 0 9 1990-1997 (BL/SO), Mosei, 1997

790 170 1990-1997 (BL/SO), Moser, 1997

201 21 1990-1997 (BL/SO), Moser, 1997



A8: Atmospheric deposition and fertilization (cont.)

Ill: Data sources and references

Comm Fertilizer Lotscher et al 1999, Gsponer, 1990, Boysen, 1992,

min qlO mean median q90 max std

type 1: NPK - Fertilizer

P (kg/tons TS) 18 1 27 8 52 9 70 9 80 6 N=22, Gsponer, 1990

Cd (g /tons P) 19 34 2 96 5 204 3 435 1 N=22, Gsponer, 1990 (median P)

Zn (g /tons P) 18 9 264 8 1153 9 3234 8 5466 9 N=22, Gsponer, 1990 (median P)

Cu(g/tonsP) 107 8 149 4 245 9 567 5 643 2 N=22, Gsponer, 1990 (median P)

type 2: PK - Fertilizer

P (kg/tons TS) 67 4 74 4 916 102 6 108 8 N=6, Gsponer, 1990

Cd (g/tons P) 76 4 92 8 2019 289 2 327 4 N=6, Gsponer, 1990

Zn (g /tons P) 1004 0 1069 5 1615 2 30012 3579 6 N=6, Gsponer, 1990

Cu (g /tons P) 152 8 174 6 272 8 414 7 458 4 N=6, Gsponer, 1990

type 3: NP - Fertilizer

P (kg/tons TS) 196

179

58

202 208 N=2, Gsponer 1990

NP18/46, NP18/28, Boysen, 1992

Grundkorn6/12/18, Boysen, 1992

Cd (g /tons P) 24 7

112

79

44 5 64 3

42 9

N=2, Gsponer 1990

NP18/46, NP18/28, Boysen, 1992

Grundkorn6/12/18, Boysen, 1992

Zn (g /tons P) 277

1880

4092

287 297

1997

N=2, Gsponei 1990

NP18/46, NP18/28, Boysen, 1992

Grundkorn6/12/18, Boysen 1992

Cu (g /tons P) 5

201

550

15 25

391

N=2, Gsponer 1990

NP18/46, NP18/28, Boysen 1992

Grundkorn6/12/18, Boysen 1992

type 4: P - Fertilizer

P (kg/tons TS) 65 6 76 2 1119 204 4 207 5 N=6, Gsponer 1990

Cd (g /tons P) 09 80 4 227 9 415 6 580 9 N=6, Gsponei 1990

Zn (g /tons P) 178 7 616 7 2162 8 6658 1 6702 8 N=6, Gsponer 1990

Cu (g /tons P) 196 6 214 5 268 1 670 3 947 3 N=6, Gsponer 1990
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