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Woord vooraf 
 

Dit doctoraat kwam tot stand als ’bijproduct’ van twee projecten, één in opdracht van 

AWZ en één in opdracht van het Havenbedrijf van Antwerpen. Deze twee projecten 

waren beiden zeer toepassingsgericht en behandelden thema’s zoals: welke boomsoorten 

kunnen groeien op baggerslib, hoe moet de aanplanting en het beheer van baggerdijken 

gebeuren, is er een ecotoxicologisch risico, etc. Toch was er binnen deze projecten ruimte 

voor een wetenschappelijke onderbouw en zo is er uiteindelijk dit doctoraat gekomen. 

Maar een doctoraat maak je niet alleen, daarom hartelijk dank aan iedereen die me op 

eender welke wijze hielp en steunde bij de voorbereiding van dit werk! Een aantal mensen 

wil ik graag in het bijzonder vermelden.  

Mijn promotoren Kris Verheyen en Filip Tack zijn nog niet zo lang betrokken bij mijn 

onderzoek. Toch hebben ze hun stempel gedrukt op dit werk en ik wil ze allebei bedanken 

voor hun steun, hun input en de mogelijkheden die ze me geboden hebben. Ze hebben 

beiden een gezonde ambitie en een gezonde kijk op wetenschap. Kris moet ik nog eens 

speciaal bedanken want hij heeft de doorslag gegeven in de beslissing om dit doctoraat 

toch te maken. Professor Lust wil ik bedanken omdat hij er mee voor gezorgd heeft dat de 

projecten er gekomen zijn.  

De ‘baggercel’ van het eerste uur verdient een speciale vermelding: Sebastiaan, Pieter en 

Anja. De kruisbestuiving van ideeën en de samenwerking maakten het werk bijzonder 

aangenaam en maakte dat we samen echt vooruitgang konden maken. Maar ook al mijn 

andere collega’s van het laboratorium voor bosbouw wil ik hartelijk bedanken (er zijn er 

in de voorbije jaren een hele reeks gepasseerd). Er was en is op het labo een sfeer van 

samenwerking waarbinnen onderlinge kritiek een soort drijvende kracht is om onszelf 

steeds in vraag te stellen en te verbeteren. Dit is niet altijd gemakkelijk maar wel efficiënt. 

Sebastiaan, Lieven en An waren, in mijn beginjaren, de drijvende krachten van het labo. 

Zij ijverden constant voor samenwerking, kwaliteit en publicaties. Zonder hen zou dit 



 

doctoraat er nooit gekomen zijn. Ook hartelijk dank aan Lotte voor haar bijdrage aan het 

‘Broekpolder’-hoofdstuk. 

De laboranten, Luc en Greet, wil ik bedanken, niet alleen voor de analyses, maar ook voor 

hun algemene inzet voor het labo en het kwaliteitssysteem. Mede dank zij jullie is er een 

goed functionerend kwaliteitssysteem.  

En dan Karien natuurlijk! Zonder haar werkte ik waarschijnlijk zelfs niet op het labo, 

maar ook nog veel meer. Robbe en Hasse hebben ook hun aandeel gehad, zij het dat ze 

eerder hebben tegengewerkt dan geholpen. Vaak kwam ik door hun toedoen ‘s morgens 

moeër op het werk dan dat ik er de vorige avond vertrokken was. En als ik ’s avonds of op 

mijn ‘viervijfde’ nog wou werken werd dat dikwijls zeer professioneel geboycot. Ze 

hebben me alleszins genoeg afleiding bezorgd.  

En wat er verder nog nodig is om een doctoraat tot stand te brengen en wat vaak vergeten 

wordt: een grote dosis geluk. Geluk dat je de mogelijkheden gekregen hebt, en dan bedoel 

ik de financiële en professionele mogelijkheden, maar ook de verstandelijke en fysieke 

mogelijkheden. Het is belangrijk af en toe eens stil te staan bij het feit dat veel mensen dit 

geluk niet hebben en om allerlei redenen hun ‘project’ in hun leven niet kunnen 

waarmaken. 

Nog een kleine bedenking: de mensheid zal waarschijnlijk nooit alles kunnen weten. Om 

alles te begrijpen zijn onze hersenen vermoedelijk te klein. Maar als de wetenschap aan 

het zelfde tempo verder gaat zullen we op een dag wel alles weten wat we kùnnen weten. 

Op die dag zullen Science en Nature failliet gaan. 
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 Introduction 
 

Due to pollution of the Belgian inland waterways, sediments are often polluted with 

contaminants such as heavy metals (Geuzens et al. 1998). The periodic dredging of 

these waterways is a continuous source of large volumes of contaminated dredged 

materials which have to be treated or discarded (Förstner and Calmano 1998). In 1999, 

the total amount of sediment to be dredged in Flemish waterways was estimated at 27.6 

106 m³ with a cost of dredging of € 305 106 (Cauwenberghs 2000). As more technical 

remediation techniques such as sediment washing, vitrification, and thermal treatment 

are often not yet economically and technologically feasible (Rulkens et al. 1998, 

Mulligan et al. 2001), the current option for treatment of contaminated sediment is 

disposal in confined landfills. This results in the establishment of fertile but 

contaminated sites with little beneficial uses.  

In the past extended areas along our waterways were used for the disposal of 

contaminated dredged sediments. For example, more than 425 ha of contaminated 

sediments are located along the shores and in alluvial plains of the main Flemish 

waterways Scheldt and Leie (Vandecasteele et al. 2004a). Currently, many of upland 

disposed dredged sediments are used for agricultural purposes and natural habitat 

creation (Vandecasteele et al. 2002) 

Afforestation of these sites is a common technique. Planting trees initiates soil 

development and nutrient cycling and improves the visual appearance of the site 

(Glimmerveen 1996). Dickinson (2000) argues that there is sufficient evidence to 

consider the use of trees in the reclamation of polluted soils as part of a realistic, 

integrated, low-cost, ecologically sound and sustainable reclamation strategy for 
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contaminated land. Afforestation is an opportunity to bring a large number of 

brownfield sites into productive use, which otherwise would be prohibitively expensive 

to remediate. The canopy layer, forest floor and root system are thought to form a 

‘green cap’ which provides physical stabilization of the soil (Glimmerveen 1996, 

Pulford and Watson 2003). Trees might immobilize metals due to this ‘green cap’, the 

formation of stable organic matter and the decrease of soil water fluxes. This approach 

of immobilization of pollutants using plants is termed phytostabilization. 

An other possibility that is often referred to is to use trees for phytoextraction. This 

technology is aimed at removing heavy metals from the site by repeated coppicing of 

the trees. Several authors postulate that trees have the ability to remove significant 

amounts of heavy metals from the soil (Landberg and Greger 1996, Ernst 1996, 

Dickinson 2000). Willow and poplar are considered best suited for this task because of 

their strong nature to coppice, their high capacity for Zn and Cd uptake, and their high 

biomass production (Schnoor et al. 1996, Greger and Landberg 1999, Robinson et al. 

2000, Roselli et al. 2003).  

Depending on the tree species traits, tree species might be more suited for 

phytostabilization or phytoextraction. Whenever phytostabilization or phytoextraction 

is chosen as remediation technique, the risk of pollutant dispersal into the environment 

should be minimized. Trees might indeed have metal immobilizing capacities but on 

the other hand, trees might mobilize metals due to pH changes, formation of soluble 

organic matter and eventual uptake of metals. These effects are species-specific 

because tree species have different effects on soil parameters as pH and organic matter 

content and exhibit different element uptake patterns (Finzi et al. 1998, Augusto et al. 

2002, Reich et al. 2005). The global effect of trees on soil metals and the inter-specific 

differences between species is still not yet fully investigated and understood. The 

present research studies the effects of different tree species on the fate of metals in the 

forest-soil system of afforested dredged sediments. The objectives are:  
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(1) To evaluate and compare different tree species within the scope of 

reclamation and phytoremediation of metal polluted dredged sediment 

derived soils. 

(2) To quantify the reallocation of soil metals in the ecosystem on the short and 

longer term under different tree species. 

To reach these aims, 1 to 33-year-old plantations on dredged sediments were studied 

(Fig. 0.1). The first two chapters deal with the uptake and tolerance of different tree 

species, aged one to three years old, growing on dredged sediment. The following three 

chapters study the reallocation of metals in the ecosystem and the tree species effect on 

this reallocation after 10 and 33 years of tree growth. The last chapter discusses the 

interpretation of plant analysis data.  

The first part of the dissertation is dedicated to the differences between species 

concerning the uptake of and tolerance to metals in the sediment. In Chapter 1, growth 

and metal uptake in the leaves is assessed for different tree species (black alder, white 

poplar, sycamore maple, common ash and black locust) on a (young) mound 

constructed from dredged sediments. Foliar samples of the tree species were collected 

and analyzed and the possibilities for phytostabilization and phytoextraction and the 

possible risks of metal cycling are discussed.  A pot experiment was conducted to 

assess growth, survival and uptake of metals in dredged sediment with increased 

concentrations of Cd and Zn (Chapter 2).  

The second part of the dissertation is concerned with the reallocation of metals in the 

dredged sediment ecosystem on the middle-long term (10 to 30 years). Metal 

concentrations in soil, willow leaves and small mammals were assessed on three 

disposal sites for dredged material with different pollution degree (Chapter 3). 

Comparative information is reported on Cd and Zn concentrations in small mammals, 

vegetation i.e. willow leaves, and NH4OAc-EDTA extractable concentrations in soil. 
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The risk on food-chain transfer was assessed using a bio-magnification model. 

Emphasis was laid on Cd and Zn because these elements have been shown to be the 

most transferable heavy metals from soil to plants and because of the elevated uptake 

of Cd and Zn by the willows.  

Metal compartmentalization in the soil-tree system was investigated on a hydraulically 

raised site for dredged sediment that was planted 10-years before with poplars. The 

effect of high Cd and Zn uptake on the Cd and Zn concentrations in the soil profile are 

presented and discussed in Chapter 4. The preconditions for metal accumulation in the 

soil profile are discussed.  

Chapter 5 presents long term data on the effects of different tree species on the 

compartmentalization of metals and on some soil characteristics that determine metal 

mobility. Differences between tree species with reference to the distribution of metals 

in the soil profile are relevant for assessment of the risk and for further research on 

phytostabilization. The redistribution of metals in the soil profile under four different 

tree species was investigated on a site for dredged material that was planted 33-years 

before sampling. 

Based on the acquired experience, Chapter 6 deals with the correct use and correct 

interpretation of leaf analyses as part of phytoextraction or biomonitoring studies. 

In the ‘Conclusions’ chapter, results and insights from the previous chapters are 

combined to discuss phytoextraction, phytostabilization, methodology and risks for 

metal mobilization. 
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 Chapter 1 
In situ measurements of metal uptake by five tree 

species growing on a young site for dredged sediment: 
phytoremediation possibilities* 

 

Abstract 

Five tree species (Acer pseudoplatanus L., Alnus glutinosa L. Gaertn., Fraxinus 

excelsior L., Populus alba L. and Robinia pseudoacacia L.) were planted on a mound 

constructed of dredged sediment. The sediment originated from a brackish river mouth 

and was slightly polluted with heavy metals. This study evaluated the use of trees for 

site reclamation by means of phytoextraction or phytostabilization of metals. Although 

the brackish nature of the sediment caused slight salt damage, overall survival of the 

planted trees was satisfactory. Robinia and white poplar had the highest growth rates. 

Ash, maple and alder had the highest survival rates (>90%) but showed stunted growth. 

Ash, alder, maple and Robinia contained normal concentrations of Cd, Cu, Pb and Zn 

in their foliage. As a consequence these species reduce the risk of metal dispersal and 

are therefore suitable species for phytostabilization under the given conditions. White 

poplar accumulated high concentrations of Cd (8.0 mg kg-1) and Zn (465 mg kg-1) in its 

leaves and might therefore cause a risk of Cd and Zn input into the ecosystem because 

 

* Based on: Mertens, J., Vervaeke, P., De Schrijver, A. & Luyssaert, S. (2004). Metal uptake by young trees from 

dredged brackish sediment: limitations and possibilities for phytoextraction and phytostabilisation. Science of the 

Total Environment, 326, 209-215. 
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of autumn litter fall. This species is thus unsuitable for phytostabilization. Despite 

elevated metal concentrations in the leaves, phytoextraction of heavy metals from the 

soil by harvesting stem and/or leaf biomass of white poplar will not be a realistic 

option. It will require an excessive amount of time to be effective as at most 0.12% of 

the total Cd stock in the upper 1 m soil can be removed.  

 

Introduction 

Rivers and harbor docks are dredged on a regular basis to provide shipping traffic 

efficiency. In Flanders, the dredged material is for the most part polluted with both 

heavy metals and organic pollutants. Remediation techniques are often economically 

unacceptable because of the large volume of contaminated sediment (Förstner and 

Calmano 1998). Traditionally, dredged sediment is hydraulically raised in confined 

disposal facilities. To decrease the space required for storage, water can be removed 

from dredged material using a gravity-driven approach and the resulting material can 

be disposed into mounds. This technique results in a 50 to 114% increase in the amount 

of material that can be stored per unit area (Luyssaert et al. 2001).  

Afforesting of polluted sites is part of a realistic, low-cost, ecologically-sound and 

sustainable reclamation strategy for bringing polluted sites into productive use 

(Dickinson 2000). Planting trees on these sites initiates soil development and nutrient 

cycling and improves the visual appearance of the site (Glimmerveen 1996). Trees are 

expected to be suitable for achieving extensive and long-term phytoextraction or 

phytostabilization. Many authors postulate that trees have the ability to remove 

significant amounts of heavy metals from the soil (Landberg and Greger 1996, Ernst 

1996, Dickinson 2000). This technology, termed phytoextraction, removes heavy 

metals from the site by repeated coppicing of the trees. Willow and poplar are 
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considered best suited for this task because of their strong nature to coppice, their high 

capacity for Zn and Cd uptake, and their high biomass production (Schnoor et al. 1996, 

Greger and Landberg 1999, Robinson et al. 2000, Roselli et al. 2003).  

Other authors state that the feasibility of phytoextraction by planting trees is doubtful 

(Felix 1997, Salt et al. 1998, Robinson et al. 2003) since this technique may require an 

excessive amount of time and since no tree species are known to accumulate all of the 

most environmentally toxic metals such as Pb, Cd or As. At the same time, 

phytoextraction has environmental consequences, since heavy metals are brought into 

circulation via litter fall (Glimmerveen 1996, Robinson et al. 2000), causing dispersal 

in the ecosystem. 

Phytostabilization is an alternative remediation technique, not aimed at extraction of 

the metals, but rather aimed at fixation of heavy metals in the soil. Tree growth 

stabilizes contamination either by immobilization or by preventing migration 

(Vangronsveld et al. 1995). Direct stabilization of the soil is achieved by root growth 

and the establishment of a litter layer and a vegetation cover (Ross 1994). The 

increased organic matter content increases soil aggregation and water holding ability 

which, together with increased interception and evapotranspiration, reduces leaching 

losses to the ground water (Schnoor 2000, Pulford and Watson 2003).  

Whenever phytostabilization or phytoextraction is chosen as remediation technique, the 

risk of pollutant dispersal into the environment should be minimized. According to 

Ross (1994), the input of metals into the food web is potentially more harmful than 

metal leaching into the groundwater. Recycling of heavy metals through litter fall and 

litter decomposition can thus be an important pathway for input into the food web 

(Ross 1994).  
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The aim of this study was to determine which tree species are able to grow on mounds 

constructed from dredged sediment and to evaluate the possibilities and limitations for 

phytoextraction and phytostabilization of these mounds.  

 

Materials and methods 

Site description 

In Antwerp, Belgium, dewatered dredged sediment from the river Scheldt was used to 

construct a mound of 9 m height in 1995. In March 1997, a rectangular area of 20 by 

90 m on the flattened top of the mound was planted with 5 tree species: two pioneer 

species, black alder (Alnus glutinosa L. GAERTN.) and white poplar (Populus alba 

L.); two climax species, sycamore maple (Acer pseudoplatanus L.) and common ash 

(Fraxinus excelsior L.); and one fast growing exotic species, black locust (Robinia 

pseudoacacia L.). The experimental area was divided in three blocks of 30 by 20 m and 

each block was divided in 6 connected plots of 10 by 10 m. Two-year old seedlings 

were planted in March 1997, 2 years after construction of the mound. For each tree 

species, seedlings were planted at a triangular spacing of 1.5 m in three randomly 

chosen plots, one in each block. In each block, the remaining plot was left unplanted 

resulting in three unplanted plots on the site.  

Sediment analysis 

Samples of the dredged sediment were taken in May 1997 at two soil depths (0-15 cm 

and 30-45 cm) at 36 points regularly spread over the planted area to permit physical 

and chemical characterization. The samples were dried at 45°C until constant weight. 

The pH-KCl of a 1/5 sediment/KCl solution was determined with an ion-specific 

electrode (Loeppert and Suarez 1996). The percentage of organic carbon in the 
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sediment was determined with the method of Walkley and Black (Kalra and Maynard 

1991), total N with the modified method of Kjeldahl (Bremner 1996), CaCO3 with the 

simple titrimetric procedure (Loeppert and Suarez 1996). Electrical conductivity (EC) 

was measured potentiometric on a 1/5 sediment/water solution (Kalra and Maynard 

1991) and total P colorimetric after coloring the extract using Scheel reagent (Van 

Ranst et al. 1999). The elements K, Cd, Cu, Fe, Mn, Pb, and Zn were extracted from 

the sediment sample by a digestion in aqua regia (ISO 11466). Subsequently the 

element concentrations of the solute were determined using flame atomic absorption 

spectrophotometry. Beside chemical characteristics, the percentage of sand was 

determined for six samples of the upper soil layer (0-15 cm) by wet sieving after 

destruction of CaCO3, organic matter, FeO2 and MnO2 and after chemical dispersal to 

separate the individual sediment particles. 

Tree sampling 

Tree height, height growth and survival rates were determined in November 1998 after 

the second growing season. The experiment was untimely stopped in the winter of 

1999, owing to the removal of the experimental area as a consequence of harbor 

expansion. Therefore the planned follow-up of the experiment is not available. Tree 

foliage on all planted plots was sampled in August 1998. Two bulk samples of five 

trees each were taken at each plot. Consequently the foliar composition of each tree 

species was represented by 6 bulk samples. Leaf samples were taken from all leaves of 

the upper third of the crown. The leaf samples were dried at 45 °C until constant weight 

and ashed for 4 h at 450°C. During ashing the temperature was gradually raised to 

avoid Cd volatilization. Afterward, the ash was digested in concentrated HNO3. The 

solute was then analyzed for Cd, Cu, Pb and Zn concentration by flame atomic 

absorption spectrophotometry.  

 



Metal uptake by young trees 

 

11 

Results  

Sediment characteristics 

The concentrations of most elements were similar at 0-15 cm as at 30-45 cm (p<0.05; 

Table 1.1 and 1.2). The similarity of the soil characteristics reflects the high uniformity 

of the dredged sediment and indicates that distinct soil horizons are not yet present. The 

high electrical conductivity and high Na concentrations of the dredged material are 

explained by the estuarine origin of the sediment. In addition, Na and EC were the only 

variables which were significantly lower (p<0.05) in the top layer (0-15) than in the 

deeper layer (30-45 cm) of the sediment. The gradient is likely caused by leaching of 

the salts out of the top layer.  

Table 1.1. Mean and standard deviation of the soil characteristics (n=72 except for 

sand where n= 7) 

Depth (cm) 0-15 30-45 

Sand (%) 30 ± 5 - 

pH(KCl)  7.1 ± 0.1 7.1 ± 0.1 

N (mg kg-1 DW) 2,019 ± 267 1,885 ± 286 

P (mg kg-1 DW) 2,441 ± 412 2,209 ± 385 

K (mg kg-1 DW) 9,155 ± 532 9,159 ± 840 

Org. C. (%) 6.2 ± 0.8 6.2 ± 0.8 

CaCO3 (%) 9.0 ± 2.5 8.9 ± 2.9 

Na (mg kg-1 DW) 457 ± 102 823 ± 205 

EC1:5 (mS m-1) 87.9 ± 33.8 219.3 ± 57.1 

Fe (mg kg-1 DW) 54,202 ± 6,254 53,866 ± 6,061 

Mn (mg kg-1 DW) 683 ± 77 650 ± 69 
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The dredged sediment also had a high pH and a high nutrient stock. According to 

reference data for heavy metals in uncontaminated surface soils calculated on the world 

scale (Kabata-Pendias and Pendias 1992; Table 1.2), Cu concentrations were in the 

normal range, Pb and Zn concentrations were relatively high, and Cd concentrations 

were more than threefold higher than the upper range. The Cd, Cu, Pb and Zn 

concentrations were below Flemish legislation limits for re-use of waste material 

(Table 1.2). 

 

Table 1.2. Mean and standard deviation of the soil heavy metal concentrations (mg kg-1 

DW, n=72), reference total concentrations of trace elements in surface soils calculated 

on the world scale (Kabata-Pendias and Pendias 1992, mg kg-1 DW), and Flemish 

legislation limits for re-use of waste material in industrial zones (VLAREA) 

Depth 
(cm) 

0-15 30-45 
Reference 
data 

Legislation 
limits 

Cd 5.7 ± 0.8 5.9 ± 0.7 0.08-1.61 10 

Cu 54.2 ± 6.3 53.9 ± 6.1 4-100 375 

Pb 75.2 ± 11.2 74.3 ± 8.1 1.5-70 1250 

Zn 358 ± 40 359 ± 46 9-362 1250 

 

 

Growth and survival rate 

Two groups could be depicted when survival rates and height growth were considered. 

More than 90% of the alder, ash and maple seedlings were still living two years after 

planting (Table 1.3), but these species showed stunted growth. The second group, 
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existing of Robinia and white poplar, showed higher mortality but also higher growth. 

Mortality of these two species was lower than 30%. The average height growth of 

Robinia and white poplar measured more than 50 cm (Table 1.3). On almost 31 % of 

the maple and almost 80% of the ash trees necrosis of the leaf margins was observed, a 

typical symptom of salt stress (Munns 2002). The foliage of the other species did not 

show visual symptoms of salt stress.  

 

Table 1.3. Survival rate and growth (cm) of the planted trees after the second growing season 

 % survival Growth 
(cm) 

SD 10% 
percentile 

90 % 
percentile 

Alder 92 5 31 -23 27 

Ash 98 2 8 -3 8 

Maple 99 5 11 -2 15 

Robinia 83 53 39 9 97 

White poplar 71 54 39 13 86 
 

 

Foliar element concentrations 

Foliar heavy metal concentrations were measured at the end of the second growing 

season (Table 1.4). The observed concentrations were within the normal range which 

was compiled from different literature references (Table 1.5), except for white poplar. 

White poplar foliar concentrations of Cd and Zn exceeded the normal range (Table 1.4 

and 1.5). The foliar Cd and Zn concentrations for white poplar were higher than the Cd 

and Zn concentrations in the sediment. 
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Table 1.4. Foliar metal concentrations the second year after planting (mg kg-1 DW, 

n=6) 

 Cd Cu Pb Zn 

Alder <0.23* 5.8 ± 0.9 5.0 ± 0.5 65 ± 12 

Ash 0.3 ± 0.3 12.4 ± 1.8 5.0 ± 1.2 26 ± 8 

Maple 0.5 ± 0.3 5.9 ± 1.3 4.5 ± 1.6 74 ± 48 

Robinia <0.23* 8.3 ± 1.2 2.3 ± 0.3 45 ± 5 

White poplar 8.0 ± 2.0 3.8 ± 0.4 3.3 ± 0.6 465 ± 125 
 
 *: Determination limit 
 
 
 
 
 
 

Table 1.5. Reference data for foliar analyses (mg kg-1) 

Species Cd Cu Pb Zn 

Normal ranges in plants (1) 0.05-0.2 5-30 5-10 27-150 

Normal ranges in plants (2) 0.1-2.4 5-20 0.2-20 1-400 

Normal range in plant material (3) 0.2-0.8 4-15 0.1-10 8-400 

Robinia pseudoacacia (6) 0.05 7.0 .8 30 

Populus nigra (5) 0.25 ±0.07 5.1 ± 0.6 2.3 ± 0.7  

Populus spp. (4)  14.2  67.1 

 
(1) Kabata-Pendias and Pendias (1992)  
(2) Alloway (1995)  
(3) Ross (1994)  
(4) Reuter and Robinson (1997)  
(5) Djingova et al. (1996)  
(6) Bargagli (1998) 
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Discussion 

Tree growth and survival  

Despite high sodium concentrations in the sediment, mortality of the planted seedlings 

was limited to at most 30%. Elevated salt concentrations in soils are reported to cause 

reduced growth rate and reduced photosynthetic leaf area of the plant due to necrosis of 

the leaf margins (Kozlowski 1997, Munns 2002). No specific literature was found for 

the planted species, but for Prunus salicina, Catlin et al. (1993) reported a salt 

tolerance threshold for fruit yield of 26 mS m-1, markedly different from the reported 

EC-values (154 ± 81 mS m-1).  

Because salts wash out of the soil over time, seedling growth will improve during 

subsequent years. On a mound constructed in the beginning of 1992 of the same 

dredged material as used in this experiment and planted with the same species 

immediately after construction, growth clearly improved after some years (Figure 1.1; 

Mertens & Lust, 1999). For sycamore maple and common ash, the growth was still 

limited after the third growing season, but increased from the fourth growing season. 

Growth ameliorated probably because plants overcame the ‘plant shock’ and because 

salts washed out of the soil. Soil washing might cause salts to leach to the groundwater. 

As a consequence the location of the mound should be chosen carefully or appropriate 

measures should be taken to prevent leaching to the groundwater. 

Phytostabilization 

The risk of environmental harm will be reduced by choosing tree species that do not 

accumulate heavy metals, because access to the contaminating metals will be reduced 

(Glimmerveen 1996, Pulford and Watson 2003). Recycling of mainly leaf bound heavy 

metals through leaf fall should be avoided to minimize the risk of spreading heavy 

metals into the environment. This was shown by Mertens et al. (2001) and Beyer et al. 
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(1990), both on heavily polluted disposal sites for dredged sediment. On sites covered 

with reed (Phragmites australis [Cav.] Trin. Ex Steud), that did non accumulate metals 

in its aboveground biomass, Beyer et al. (1990) found no elevated metal concentrations 

in living biota. Elevated concentrations of Cd were found in small mammals living on 

disposal sites covered with willow (Mertens et al. 2001). Cadmium was thought to be 

introduced into the food web by willow litter fall.  
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Figure 1.1. Height of trees growing on a dredged material mound constructed and 

planted in 1992 (Mertens & Lust, 1999) 
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Alder, ash, maple and Robinia showed low foliar heavy metal concentrations and might 

therefore be suited for phytostabilization purposes on the experimental site. On the 33-

year-old site, studied in Chapter 5, the concentrations in the litter of ash and maple 

were similar to the concentrations that were measured in these young trees. Also 

Roselli et al. (2003) found alder and maple to display low metal concentrations in their 

above-ground tissues on a site with heavy metal contaminated composted sewage 

sludge. Although the mobility of heavy metals can be increased by the formation of 

chloride complexes when high amounts of chloride ions are present (Bauske and Goetz 

1993), no elevated concentrations in the leaves of these tree species were found.  

An aspect that is often overlooked in the discussions on phytoremediation of 

contaminated sites with trees is the knowledge that forestry tends to mobilize pollutants 

through progressive soil acidification (Mayer 1998). When the acid neutralizing 

capacity is used, pH will decrease, leading to an elevated mobility of the metals (Tack 

et al. 1996). Due to the high CaCO3 concentration in the soil, the mound seems not 

threatened by acidification in the short term. Luyssaert et al. (2001) calculated on a 

mound constructed with the same dredged material that it would take between 465 and 

840 years before acid neutralizing capacity of the upper 0.5 m is used. Cappuyns et al. 

(2004) combined data of acid deposition in Flanders with acid neutralizing capacity 

values obtained from pHstat leaching tests to predict soil acidification in the upper 20 

cm of several disposal sites for dredged material in Flanders. It would take between 

250 and 600 years to have substantial pH decrease (from about 7.5 to 6) in the 

sediment.   

The solubility of Zn in dredged sediment started increasing from pH lower than 6, for 

Cd it started beneath pH 4 and for Cu and Pb it started beneath pH 2 (Tack et al. 1996). 

Alder and Robinia are nitrogen fixing species, which will cause an accelerated decline 

in soil pH (Johnson and Lindberg 1992). The acid production by N2-fixing legumes 

was reported to range from 0.2 to 2.7 mol H+kg-1 biomass produced (Tang et al. 1999). 

Assuming an acid production of 2.7 mol H+kg-1 and a biomass production of 5 tons ha-
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1, it could mean that the acid neutralizing capacity is used in 570 years instead of 1150 

years. It should hereby be stated that N2-fixing will probably be low because N2-fixing 

decreases for high nitrogen content of the soil (Tang et al. 1999). As a consequence, 

acidification is expected to be lower than estimated. On the short term acidification of 

the soil is not an immediate threat on brackish sediment mounds. The consequences of 

acidification are further investigated and discussed in Chapter 5. 

 

Phytoextraction 

The possibilities and limitations for heavy metal phytoextraction were estimated on the 

basis of leaf concentrations. Exact calculations require metal concentrations in stem-

wood, bark and branches as well as the biomass of those components. For the 

extraction of metals from the soil by harvesting plant material, trees are needed that 

tolerate the pollution, coppice readily and take up high amounts of metals in the plant 

material. White poplar meets these three conditions, and high concentrations of Cd and 

Zn were found in the leaves of white poplar trees in this study.  

It turned out however that white poplar is not suited to clean the soil of Cd and Zn 

pollution by harvesting tree biomass within a realistic length of time. When only leaves 

are harvested, an estimated leaf production of 2.5 ton DM ha-1y-1 would yearly export 

20 g Cd ha-1 and 1163 g Zn ha-1. This is only about 0.04% of the total stock of both Zn 

and Cd in the upper 1 m of the soil. Cd concentrations in the wood of willows and 

poplars are reported to be 1 to 5 times lower than leaf concentrations, but woody 

biomass production is approximately double the production of litter (Riddell-Black 

1994, Schnoor et al. 1996, Greger and Landberg 1999, Eriksson and Ledin 1999, 

Robinson et al. 2000, Klang-Westin and Eriksson 2003). This means that if woody 

biomass is harvested together with the leaves, at most 0.12% of the total Cd stock in 

the upper 1 m soil can be removed per year. 
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Moreover, the use of white poplar, and other poplar or willow species, for 

phytoremediation has the disadvantage that the soil will only be cleaned from Cd and 

Zn, not from other heavy metals. If trees are used, coppicing systems have to be 

developed that prevent recycling of metals in the system via annual leaf fall.  

 

Conclusion 

White poplar accumulated large amounts of Cd and Zn and might cause a risk because 

of recycling of Zn and Cd through litter fall. Ash, alder, maple and Robinia are suited 

for reclamation of dredged sediment mounds. The visual appearance is enhanced and 

the trees stabilize the waste. The risk of recycling of Cd, Cu, Pb and Zn in the 

ecosystem is minimal as these species do not accumulate elevated concentrations of 

these metals. Alder and Robinia will more rapidly decrease the pH because of nitrogen 

fixation, but because of the high CaCO3 content of the soil it will still take 570 years 

before acid neutralizing capacity of the upper 0.5 m is used. Alder, ash and maple 

displayed stunted growth because of high soil salt concentrations. Because salt leaches 

from the soil and because of the high survival rates, better growth is expected the 

forthcoming years. 

An estimate of the possibilities for phytoextraction suggested that none of the five 

investigated species was suited for phytoextraction of all soil metals. Even when using 

white poplar for the extraction of Cd and Zn, an excessive amount of time will be 

required to purify the sediment. The risk for recycling of the metals is an important 

issue that should be considered. 
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 Chapter 2 
Greenhouse experiment with different tree species: 

growth and metal uptake with increasing Cd and Zn 
levels  

 

Abstract 

Metal uptake (Cd, Cu, Ni, Pb, Zn), growth and survival of 5 tree species were 

evaluated in two greenhouse pot experiments, one with increasing concentrations of Cd 

(5.8-36.1 mg kg-1) and one with increasing concentrations of Zn (355-1871 mg kg-1). 

The survival rate of alder and ash was least affected by elevated Cd and Zn 

concentrations. Increased Cd concentration in the soil only resulted in an increase of 

the Cd concentration in the leaves of white poplar. Elevated Zn concentrations in the 

soil increased the Zn concentrations in the leaves of both white poplar and alder. The 

Zn concentrations in alder leaves were about half the concentrations in white poplar 

leaves. An increase of the Zn concentrations in the soil seemed to slightly increase the 

Cd concentrations in the leaves of white poplar. Other interactions between the metals 

were not found.  
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Introduction 

Survival rate and metal concentrations in the leaves of most tree species, growing on 

the dredged sediment mound described in Chapter 1, did not seem to be affected by the 

metals in the sediment. Only Cd and Zn concentrations in the leaves of white poplar 

were high. The dredged sediment was polluted with metals, but not to a high extent, 

and metal uptake by the trees might have been hampered by the high pH, Ca 

concentration and clay content.  

In practice, also more polluted dredged sediment sites are afforested, as afforestation is 

a common reclamation technique. It is therefore important to know which tree species 

are tolerant to high metal concentrations and which species accumulate metals in the 

leaves.  The relation between different metal concentrations in the soil and in the leaves 

should be assessed for each tree species to evaluate the risk of food chain 

contamination. Vandecasteele et al. (2005b) evaluated the growth and metal uptake of 

two willow clones in a greenhouse pot experiment with dredged sediment. Increasing 

metal concentrations did not cause growth inhibition, but willow foliar Cd 

concentrations were strongly correlated with soil Cd concentrations. Madejon et al. 

(2005) found a significant correlation between Cd and Zn concentrations in the soil and 

in poplar leaves. For other tree species, few data are available. 

A pot trial was set up to study the effect of increasing Cd and Zn concentrations in the 

soil on 5 tree species. Cd and Zn were chosen because these metals were taken up in 

high amounts by willows and poplars (see Chapter 1). The five tree species tested in 

this greenhouse pot experiment are the species that were planted on the site studied in 

Chapter 1: black alder (Alnus glutinosa L. GAERTN.), white poplar (Populus alba L.), 



Chapter 2 

  

22 

sycamore maple (Acer pseudoplatanus L.), common ash (Fraxinus excelsior L.) and 

black locust (Robinia pseudoacacia L.) 

Although pot trials are not suited to make extrapolations to the site level (Giller et al. 

1998; see also Discussion), this pot experiment is useful to allow for a better 

understanding of the relative differences in metal uptake and tolerance between the tree 

species. 

 

Materials and methods 

Undrained containers (diameter 19 cm, height 21 cm, content 4 l) were filled with 

dredged sediment that was collected from the dredged sediment mound described in 

Chapter1. The chemical properties of the used dredged sediment, same as the mound, 

are summarized in Table 1.1 and Table 1.2. The treatments were blank dredged 

sediment and four different concentrations of Cd added to the sediment (Table 2.1). 

The same setup was repeated for four concentration levels of Zn. For every treatment 

and every tree species, four pots were prepared and planted in April 1997. Three of 

these pots were planted with two seedlings and one pot was planted with one seedling, 

resulting in 7 trees for each treatment and species. The planted seedlings of ash, alder, 

maple, Robinia and white poplar were 1 year old. Four concentration steps were made 

for both Cd and Zn by adding 1 l of a solution of Zn or Cd sulfate. Table 2.1 shows the 

concentrations in this solution and the resulting concentration in the soil of the pots. 

The pots were placed in a greenhouse and watered according to their needs. For each 

tree, the length of the main shoot was determined after the first and the second growing 

season. 
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Table 2.1. Cd and Zn concentrations in the solution added to the pots and resulting 

concentration in the soil for the different treatments 

Cd treatment 

Cd in the 
solution 
(mg l-1) 

Cd in the 
sediment 
(mg kg-1) 

0 0 5.8 

1 0,1 5.9 

2 1 6.1 

3 10 8.9 

4 100 36.1 

Zn treatment 

Zn in the 
solution 

(mg kg-1)

Zn in the 
sediment 
(mg kg-1) 

0 0 355 

1 100 386 

2 500 507 

3 1000 658 

4 5000 1871 
 

 

Leaves were sampled for analysis of metals in the second growing season (1999).  It 

was not possible to take leaf samples for metal analysis from each tree because of 

limited growth of the trees. Even pooling of the leaves of the two trees of one pot gave 

often not enough material for analysis. When possible, one sample was taken in the 

second half of August and as much samples as possible were obtained collecting litter 

fall in October. In both cases, the leaves of both trees of one pot were pooled to obtain 

one sample. Not enough leaf material was available for analysis of the leaves of maple, 

for ash only 1 sample was taken in August.  
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Leaf samples were dried, digested and analyzed for Cd, Cu, Pb and Zn with the same 

methods as described in Chapter 1. No differences could be found between results of 

litter fall and leaves (paired comparison) and these results were presented and 

discussed together. No formal statistical analysis was performed because of the limited 

data set and because all data could be visually presented. 

 

Results and discussion 

Survival and growth 

The data on the survival of the different tree specie in the treatments with Cd and Zn 

suggest that alder and ash are more tolerant to elevated levels of Cd and Zn in the soil 

than the other tree species (Fig. 2.1 and 2.2). Almost no mortality was recorded for 

these species and increased Cd and Zn concentrations did not affect the survival rate of 

these species, except for the highest level of Zn which caused total mortality for all 

species. The survival rate of white poplar, Robinia and maple seemed severely affected 

by the addition of Cd, although there was at least one tree for every species that 

survived at the highest Cd level (Fig. 2.1). Increased Zn concentrations seemed to have 

caused higher mortality of maple but there was no clear correlation with the survival 

rate of white poplar and Robinia (Fig. 2.2). The survival rate for the latter two species 

was lowest in the lowest treatment and at the level of the blank treatment in the higher 

concentration steps. Maple seemed clearly most affected by metals from all species.  
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Fig. 2.1. Number of surviving trees in the treatment with increasing Cd concentrations 
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Fig. 2.2. Number of surviving trees in the treatment with increasing Zn concentrations 
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Addition of Zn or Cd to the soil had little effect on tree growth (Fig. 2.3 and 2.4). The 

response of plants to heavy metals seems hard to predict (Tyler et al. 1989). In 

laboratory experiments exposing organisms to small amounts of toxic elements, 

scientists often recorded for example an increase of growth, especially in the beginning 

of the experiment. The results for tree growth of this experiment should be treated with 

care. The pots were rather small and were not fertilized. Therefore the nutrient pool 

was limited which might be the reason why no growth differences between the species 

were found. 
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Fig. 2.3. Height of the trees in the treatment with increased Cd concentration (Cd 

treatment: 0 = 5.8 mg kg-1; 1 = 5.9 mg kg-1; 2 = 6.1 mg kg-1; 3 = 8.9 mg kg-1; 4 = 36.1 

mg kg-1) 
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Fig. 2.4. Height of the trees in the treatment with increased Zn concentration (Zn 

treatment: 0 = 355 mg kg-1; 1 = 386 mg kg-1; 2 = 507 mg kg-1; 3 = 658 mg kg-1; 4 = 

1871 mg kg-1) 

 

Leaf analysis 

Increased Cd concentrations in the sediment seemed only to increase the concentrations 

in white poplar leaves (Fig. 2.5). For the other tree species, the Cd concentration in the 

leaves remained rather constant or lower than the detection limit (0.23 mg kg-1). No 

interactions with other metals appeared as the other metal concentrations remained 

more or less constant over the soil Cd range. Increased Zn concentrations in the soil 

caused the Zn concentrations in the leaves of poplars to increase, but also Zn 

concentrations in leaves of alder increased (Fig. 2.6).  
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For Robinia and ash, the Zn concentrations did not increase with increasing soil Zn 

concentrations. The data for Cd concentrations in the leaves suggest that increased Zn 

concentration in the soil might slightly increase the Cd concentration in the leaves of 

white poplar. This increase is very limited, from about 1 mg kg-1 to about 2 mg kg-1. 
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The data for Cu suggest that an increase in Zn concentration in the soil caused a 

decrease of Cu concentrations in the leaves of alder. For the other species and the other 

elements, the soil Zn concentration did not seem to influence the leaf metal 

concentrations. 

The Cd and Zn concentrations in the highest treatments are high compared to normal 

values. Nevertheless, most species do not exhibit elevated leaf concentrations in these 

treatments. Planting these species on extremely polluted sites will not enhance the risk 

for input of metals in the food web via uptake by the trees. White poplar however does 

show elevated concentrations in the leaves when soil concentrations increase. 

Therefore this specie should not be planted on highly polluted sites.  

Metal uptake data obtained from pot experiments may not be directly extrapolated to 

possible uptake in field conditions. Plants growing in greenhouses on soils that are 

enriched with metals in general take up higher amounts of metals than the same plants 

growing on the same soil in the field (Impens et al., 1985). Moreover, when soils are 

artificially contaminated using metal salts, the metal speciation will largely differ to 

that from the field where the contamination may have been introduced in a different 

form and was allowed to react with the soil contaminants over an extended period of 

time. Other important factors are the limited dimensions of the pots, influencing 

rooting of the medium and limiting nutrient availability. Also growing conditions in the 

greenhouse are significantly different from site conditions. 
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Fig. 2.5. Leaf concentrations of Cd, Cu, Pb, Ni, Zn (mg kg-1) for the different treatment 

levels of Cd. For the leaf Cd concentration, a number of data is missing because data 

were lower than detection limit (0.23 mg kg-1) 
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Fig. 2.6. Leaf concentrations of Cd, Cu, Pb, Ni, Zn (mg kg-1) for the different treatment 

levels of Zn. For the leaf Cd concentration, a number of data is missing because data 

were lower than detection limit (0.23 mg kg-1) 
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For most species where no enhanced uptake was observed, concentrations in the pot 

trial were not different from the concentrations measured in the field, except for Cd and 

Zn concentrations in white poplar being lower than in the field. Root uptake might have 

been hampered due to the small dimensions of the pots and due to limited availability 

of nutrients as no fertilization was added. Although pot trials are not suited to predict 

the behavior of the trees in the field, the experiment clearly shows differences in the 

uptake pattern of species. Robinia and ash do not take up more metals when soil metal 

concentration is increased, while white poplar shows a clear response to increased soil 

Cd and Zn concentrations. Increased soil Zn concentrations affect Zn concentrations in 

the leaves of alder, but increased Cd concentration seems to have little effect. 

 

Conclusions 

It is often stated that trees are rather tolerant to soil metal pollution, but this pot trial 

indicated that there are some differences between the tree species. Alder and ash 

seemed to be more tolerant to elevated levels of Cd and Zn in the soil than poplar and 

maple. Almost no mortality was recorded for alder and ash and increased Cd and Zn 

concentrations in the soil did not affect the survival rate of these species, except for the 

highest level of Zn which caused total mortality for all species. The survival rate of 

white poplar, Robinia and maple seemed severely affected by the addition of Cd. Tree 

height seemed to be hardly affected for any species by increased soil metal 

concentrations. 

An increased Cd concentration in the soil did only increase the Cd concentration in the 

leaves of white poplar. The other species did not show any change of the leaf 

concentrations due to the Cd treatments. Elevated Zn concentration in the soil increased 

the Zn concentrations in the leaves of white poplar and alder. The concentrations in 
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alder were about half the concentrations in white poplar. Elevated Zn concentrations 

seemed to slightly affect the Cd concentrations in the leaves of white poplar. 

Concentrations of Cu, Ni and Pb did not seem affected by the treatments with increased 

Cd and Zn in the soil. No conclusions can be drawn for maple, as not enough leaf tissue 

was available for analysis.  
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 Chapter 3 
Cd and Zn concentrations in small mammals and 

willow leaves on disposal facilities for dredged 
material* 

 

Abstract  

Disposal sites for dredged material are often polluted with heavy metals. The uptake of 

Cd and Zn by small mammals and willow trees was assessed on three sites with a 

different pollution degree. Detailed soil sampling showed a huge variation in soil 

characteristics within the sites, typical for disposal sites for dredged material. This 

variation made risk assessment and interpretation of soil chemical analyses 

complicated. Small mammals were thought to give a more integral description of the 

contaminant level because they cover a large area. Cd concentrations in small 

mammals were elevated compared with background levels whereas Zn concentrations 

were rather low.  There were no significant differences between sites in Cd or Zn levels 

in animals. Leaf analysis showed a clear response to the pollution degree of the sites. 

The calculations using the BIOMAG model indicated that the Cd of the soil caused low 

risk for predators. However, the elevated Cd and Zn concentrations in the willow 

leaves on the polluted sites and the high Cd concentrations in the small mammals on all 

sites indicated that ecosystem development should be carefully considered. 

 

* Based on: Mertens, J., Luyssaert, S., Verbeeren, S., Vervaeke, P. & Lust, N. (2001). Cd and Zn concentrations in 

small mammals and willow leaves on disposal facilities for dredged material. Environmental Pollution, 115, 17-22.  
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Introduction 

Dredged material of Western European rivers is often polluted with heavy metals. This 

contaminated dredging sludge is not suitable for agricultural purposes, and is therefore 

dumped in disposal facilities. Spontaneous ecosystem development as well as 

forestation of these sites makes it necessary that bioavailability and accumulation of 

heavy metals in these ecosystems are estimated and that the risk for dispersion and 

ecological damage is assessed.  

The potential toxicity of pollutants is strongly determined by the speciation of the 

elements. In this respect, total soil analysis, using a strong acid for the digestion, is 

inadequate to assess the availability and the toxicity of contaminants for humans and 

wildlife (Talmage and Walton 1991, Whitworth et al. 1999). Bioavailability of heavy 

metals in metal-contaminated soils is strongly determined by physical, chemical and 

biological aspects (Ross 1994, Ernst 1996). 

Confined disposal facilities for dredged material have a strong texture gradient due to 

different sedimentation velocities: during hydraulic raising, sand will settle near the 

nozzle while clay will settle further away. This particle size gradient causes a variety in 

soil physical, chemical and biological parameters and will result in strongly varying 

availabilities of pollutants, making risk assessment, only based on soil parameters, even 

more complicated. 

As biological organisms respond to the bioavailable amount of pollution and integrate 

contaminant exposure spatially, temporally, and across media, environmental risk 

should be assessed based on analysis of biota (Beyer et al. 1990, Talmage and Walton 

1991, Abdul Rida and Bouché 1997). Plant analysis gives information on the 

bioavailability of elements in the rooting zone whereas small mammals respond to a 

larger area. Small mammals are often used as bio-indicators of pollution, residues 
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being determined in either whole body or in specific organs (Talmage and Walton 

1991, Shore 1995).  

The objectives of this chapter are to assess the uptake of cadmium and zinc by small 

mammals and willow trees on disposal sites for dredged material and to discuss the risk 

for these organisms. Comparative information is reported on Cd and Zn concentrations 

in small mammals, vegetation i.e. willow leaves, and NH4OAc-EDTA extractable 

concentrations in soil. The risk on food-chain transfer was assessed using a bio-

magnification model. Stress was laid on Cd and Zn because these elements have been 

shown to be the most transferable heavy metals from soil to plants (Labrecque et al. 

1995) and because these elements are taken up by the willows in excessive amounts.  

 

Materials and methods 

Three disposal sites with a different pollution degree were investigated. The sites were 

all hydraulically raised and were mainly covered with willow trees (Salix fragilis L.). 

The disposed material was dredged from freshwater rivers or canals. Stand history and 

characteristics of the disposal sites are shown in Table 3.1. Herbaceous vegetation did 

not exceed 10 % of soil surface, humus form taxa was mull. In the centre of each site, 

an experimental plot was defined of 20 by 20 m, covered with S. fragilis L.. In each of 

these plots, 12 soil samples from the upper layer (0-15 cm) were taken randomly and 

analyzed for pH(KCl), organic carbon and exchangeable Cd and Zn. Organic carbon 

was analyzed using the Walkley and Black method; exchangeable Cd and Zn were 

extracted using NH4OAc-EDTA and determined with flame atomic absorption 

spectroscopy (FAAS).  

 



Chapter 3 

  

36 

Table 3.1. Stand history and characteristics of the disposal sites for dredged material  

 

Site 1 2 3 

Surface area (m²) 110,000 50,000 60,000 

Raising period 1980-1984 1992-1994 1986-1988 

Origin of sediment Canal broadening  Channel maintenance  Channel maintenance  

Stand vegetation Spontaneous willow Planted willow Planted willow and poplar 

 

The soil at site 2 was sampled in detail to assess the variability of its chemical 

variables. 134 samples were collected from a grid at 0-15 cm depth and analyzed for 

pH(H2O), pH(KCl), organic carbon and total Cd and Zn concentrations. Cd and Zn 

were extracted using HNO3. To determine pH and organic carbon, the same methods 

were used as described above.  

In the first week of September 1997, 12 trees were sampled in each of the experimental 

plots. Leaf samples were taken from the upper third of the crown, ashed, dissolved in 

HNO3 and analyzed for Zn and Cd concentrations by FAAS. 

During 12 days at the end of October 1997, 6 days at the beginning of January 1998 

and 6 days at the beginning of March 1998 small mammals were collected using 

conventional snap traps baited with pieces of carrot and peanut butter. Reported 

average habitat areas of the trapped species amounted 2,250 m² for wood mice 

(Apodemus sylvaticus L.), 500 to 2,000 m² for bank voles (Clethrionomys glareolus 

Schreber) and 400 to 650 m² (max. 1,150 m²) for common shrew (Sorex araneus L.) 

(Lange et al. 1994). Because these habitat areas are smaller than the surface areas of the 

disposal sites (Table 3.1) it was assumed that the trapped small mammals fed mainly on 

the disposal sites.  

The liver of the small mammals was removed as described by Talmage and Walton 

(1991) and Shore and Douben (1994). Both the livers and the rest of the small 
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mammals were destructed separately using HNO3 as described by Niazi et al. (1993), 

the extract was analyzed for Cd and Zn by FAAS. Fresh weight (FW) concentrations 

were used because we considered this as having most toxicological and ecological 

relevance. To convert fresh weight concentrations to dry weight, Talmage and Walton 

(1991) used multiplication factors 3.4, 3.67 and 3.5 for the liver of respectively wood 

mouse, bank vole and common shrew, and 3.2, 3.16 and 3.12 for whole body 

concentrations of wood mouse, bank vole and common shrew. 

The Cd concentrations of kidneys of tawny owl (Strix aluco L.) and weasel (Mustela 

nivalis L.) feeding on small mammals trapped on site 3 were calculated using the 

BIOMAG model as described by Gorree et al. (1995). The toxicological part of this 

model uses the concentrations in the food as an input and calculates the internal 

concentrations of the pollutant in organs of the target species known to accumulate this 

pollutant, e.g. the kidney or the liver. In the case of cadmium, the concentration in the 

kidney is calculated using a one-compartment model: 

kidney
tc

out

up cfe
c
c

fooddfitQ out ⋅−⋅⋅⋅= ⋅− )1()( )(  

Where  is the concentration in the target organ; t the exposure time;  the daily 

food intake per gram DW;  the concentration in food of target animal;  an 

uptake constant;  an excretion constant;  the concentration factor 

kidney/body. 

Q dfi

food upc

outc kidneycf

Tawny owl and weasel were chosen because their diet contains predominantly small 

mammals. As a worst-case scenario, the highest concentrations in small mammals were 

used as model input: namely the Cd concentrations in January on site 3 and data of site 

2 for common shrew. Input data that were necessary for modeling but that were not 

measured in this study, were gathered from Lowe (1980) and Gorree et al. (1995) and 
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are given in Table 3.2. As Tawny owl is a generalist predator, we assumed that its diet 

reflects the average abundancy of each specie as determined with the life traps.  

 

Table 3.2. Input parameters for calculation of the internal concentrations of Cd in the 

kidneys of weasel and tawny owl 

Parameter Unit Weasel Tawny owl 
t d 700 1780 
dfi g g-1 DW d-1 0.095 0.10 
cup - 0.05 0.05 
cout - 0.0035 0.0035 
cfkidney - 3 3 
food µg g-1 DW   

% common shrew in diet  5.8 13.4 
% bank vole in diet  85 13.4 
% wood mouse in diet  9.7 73.2 

 

Data were tested for normality and one-way analysis of variance was performed using 

non-parametric Tamhane post-hoc tests for multiple comparison. Outliers were not 

removed. 

 

Results  

The detailed sampling at site 2, given in Table 3.3, revealed that all soil parameters 

except pH varied strongly over the site. This confirms the expectation that the different 

sedimentation velocities created a heterogeneous soil. Under such heterogeneous soil 

conditions, the use of a biomonitor that covers a large area might be crucial to get an 
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integral idea of the pollution and the risk. Besides, organic carbon was significantly 

correlated with Cd (R²adj=0.68; p<0.001) and Zn concentration (R²adj=0.88; p<0.001).  

 

Table 3.3. Soil characteristics based on the detailed sampling of site 2 (0-15 cm depth, 

n=134)  

Characteristics Mean SD CV (%) Min. Max. 

Total Cd (mg kg-1) 5.26 5.05 96 0.05 22.90 

Total Zn (mg kg-1) 528 365 69 1 1760 

% C 2.8 1.9 67 0.1 5.6 

% clay* 54.8 27.5 50 12.0 95.0 

pH-H2O 7.0 -.2 / +.5    7 6.5 8.4 

pH-KCl 6.9 -.2 / +.5   7 6.5 7.5 

 

All three experimental plots had a significantly different pH whereas the organic 

carbon content of the most polluted site was significantly higher compared to the least 

polluted sites (Table 3.4 and Fig. 3.1). Fig. 3.1 shows the Cd and Zn concentrations in 

the willow leaves, in the NH4OAc-EDTA -soluble soil fraction and in small mammal 

tissue. The numbers of small mammals trapped are summarized in Table 3.5. To meet 

instrument requirements the limited amount of liver tissue that was dissolved in strong 

acid had to be diluted. This caused solution concentrations of Cd in the liver of wood 

mice and bank voles to be under quantification limit. The solution quantification limit 

corresponds with an average concentration in liver of 5.3 mg Cd kg-1 FW. Therefore, 

whole body Cd concentrations represented in Fig. 3.1 do not include liver and are 

slightly underestimated. 
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Table 3.4. pH-KCl and percentage organic carbon (% C) on the experimental plots of 

the three sites (0-15 cm depth, N=12) and an indication of homogeneous subsets for 

p=0.05 

  
Site 

 
Mean 

 
SD 

Homogeneous 
subsets 

pH-KCl 1 7.4 -0.1 / +0.2 a 

 2 7.2 -0.1 / +0.2 b 

 
 

3 6.7 -0.1 / +0.1 c 

% C 1 0.4 0.4 b 

 2 0.6 0.5 b 

 3 2.8 0.8 a 

 

The sites showed the same rank order of Cd or Zn concentration for all types of 

analyses, i.e. soil, leaf, small mammal and liver. For each type of analysis, the 

concentrations found on the three sites were mutually compared in Table 3.6. This 

comparison showed that the mean difference between the sites is largest and most 

significant, using leaf analysis. For the analyses of the small mammal species the 

differences between the sites were mostly not significant. 

No influence of capture period or sex was found on the Zn and Cd concentrations in 

small mammal tissue. The weight of the small mammals had little influence on the Cd 

concentration in the small mammals: as the weight of the small mammals increased, 

the whole body Cd concentration slightly decreased. Nevertheless, the correlations 

were very weak (R²<0.35) and not significant.  

Cd concentrations in predators, calculated using the BIOMAG model, amounted to 

4.55 mg kg-1 DW for the kidneys of tawny owl and 6.37 mg kg-1 DW for the kidneys of 

weasel.
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Fig. 3.1. Average Cd and Zn concentrations in soil extract using NH4OAc-EDTA at 0-

15 cm depth, leaves of S. fragilis, liver and whole body concentrations of mice on the 

experimental plots of the sites. WM: wood mouse; BV: bank vole; CS: common shrew 
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Table 3.5. Number of mice trapped on the experimental plots of the three sites  

 

 
Site 

Wood mouse 
(Apodemus 
sylvaticus) 

Bank vole 
(Clethrionomys 
glareolus) 

Common shrew 
(Sorex araneus) 

1 20 7 5 

2 28 - 8 

3 23 6 - 

Total 71 13 13 
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Table 3.6. Comparison of the concentrations found on the three sites using the 

Tamhane post hoc test 

 

   Cd  Zn 

Analysis Site (I) Site (J) Mean Diff. of 
I-J (mg kg-1) 

SD p  Mean Diff. of 
I-J (mg kg-1) 

SD p 

Soil 1 2 -.34 .25 .209  -33.3 11.0 .005 

 1 3 -1.90 .25 .000  -156.7 11.0 .000 

 2 
 

3 -1.56 .24 .000  -123.4 10.7 .000 

Leaves 1 2 -2.57 .58 .000  -254.7 57.3 .000 

 1 3 -4.69 .58 .000  -544.4 57.3 .000 

 2 
 

3 -2.12 .58 .017  -289.7 57.3 .002 

La wood mouse 1 2 - - -  -2.2 1.2 .246 

 1 3 - - -  -3.6 1.3 .017 

 2 
 

3 - - -  -1.4 1.2 .556 

L bank vole b 1 
 

3 - - -  -4.3 1.7 .029 

L common shrew b 1 
 

2 -21.5 15.8 .200  -2.3 1.9 .278 

WBc wood mouse 1 2 -0.00 .03 .999  -1.5 1.5 .750 

 1 3 -0.03 .03 .755  -2.5 1.6 .299 

 2 
 

3 -0.04 .03 .517  -1.0 1.5 .843 

WB bank vole b 1 
 

3 0.00 .01 .992  -2.7 2.4 .279 

WB common shrew b 1 2 -1.18 .61 .083  -.4 2.6 .889 
 

a Liver 
b student t-test because only two groups were available  
c Whole body 
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Discussion  

Salix is a genus known for its high uptake of Cd and Zn (Landberg and Greger 1994). 

Typical background concentrations in terrestrial plants are 1-400 mg Zn kg-1 DW (Ross 

1994, Nissen and Lepp 1997) and 0.2-0.8 mg Cd kg-1 DW (Ross 1994). Nissen and 

Lepp (1997) found values from 75 to 306 mg Zn kg-1 DW in the leaves of 8 Salix 

species on not-contaminated reference soils. For S. fragilis in particular, they found 82 

mg Zn kg-1 DW. The leaves of the willows of site 1 contained 102 mg kg-1 DW Zn and 

0.86 mg kg-1 DW Cd. This means that, from this respect, the experimental plot of site 1 

can be considered as almost normal, while site 2 and 3 showed increased 

concentrations of Zn and Cd (Fig. 3.1). The disposed material of site 1 was indeed 

normal soil, from broadening the canal (Table 3.1), although it had been in contact with 

polluted water of the canal. 

According to Talmage and Walton (1991) the three small mammal species i.e. wood 

mouse, bank vole and common shrew are suitable to be used as biomonitors. Compared 

to data compiled by Talmage and Walton (1991) on non-polluted sites (Table 3.7), Zn 

concentrations in liver and whole body tissue were rather low for all species. Even on 

the most polluted site (site 3) Zn concentrations were lower than background. The 

reason for this might be that the sites had a high pH in the range of 7 to 8, typical for 

dredged material in the studied region. According to Ullrich et al. (1999), there seems 

to be a threshold pH value for Zn of about 6 below which a significant increase in the 

exchangeable fraction was observed. Moreover, Zn is an essential element and can, to a 

certain extent, be regulated in living organisms by homeostatic mechanisms (Alloway 

and Ayres 1997).  
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Table 3.7. Cd and Zn concentrations in mice trapped on reference sites by Talmage and 

Walton (1991), data are converted to fresh weight (mg kg-1 FW) 

 Cd   Zn  

 Liver Whole body  Liver Whole body 

Wood mouse 0.15-0.26 0.09  39.12 30-35 

Bank vole - 0.06  - 32.6-45.3 

Common shrew 0.83-7.26 0.38-1.28  48.3 30.8-41.4 

 

Cd concentrations in small mammals were high compared to literature data (Table 3.7). 

This indicates that Cd was available for the small mammals on all sites, resulting in an 

elevated tissue concentration. Cd is relatively labile, even in slightly alkaline soils with 

a pH range of 7-8 (Ullrich et al. 1999). Especially the Cd concentrations in common 

shrew were very high, a phenomenon that is also reported by other studies. The 

different food habits of this species are said to be the major cause (Hunter et al. 1987, 

Talmage and Walton 1991, Ross 1994). The diet of common shrew consists mainly of 

invertebrates, insects and molluscs while wood mice and bank voles are mainly 

herbivores (Lange et al. 1994). 

Although the small mammals took up Cd, the BIOMAG model did not predict 

accumulation in the food chain. Gorree et al. (1995) stated that the no-effect 

concentration of Cd in kidneys of predators is about 150 mg kg-1 DW, a lot higher than 

the calculated values of 21.9 mg kg-1 DW in tawny owl and 6.37 mg kg-1 DW in 

weasel.  

The analyses of small mammals, soil and leaves all indicated that site 1 had lowest 

pollution degree for Cd and Zn while site 3 had highest. This indicated a correlation 
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between soil concentration and concentrations in plants and animals. Shore (1995) 

reviewed studies on Cd, Pb and F residues in small mammals and found a correlation 

between total soil Cd concentration and Cd residues in liver of common shrew (n = 10; 

R² = 0.671; p<0.005). When applied to the data on the total concentration of site 2, the 

regression of Shore predicted a Cd concentration in the liver of common shrew of 66.3 

mg kg-1 FW. This is surprisingly close to the measured concentration of 68.3 mg kg-1 

FW. The regression will probably be less accurate for site 2 and 3. Because no total 

concentrations were measured on this site, this cannot be verified exactly. 

Willow leaf analysis showed the biggest and most significant differences in Cd and Zn 

concentration (Table 3.6) compared to analyses of soil and small mammals. The 

NH4OAc-EDTA extractable Cd and Zn concentrations in the soil fraction were 

measured because this was thought to be a good measure for the bioavailable amount in 

the soil. This method was slightly less sensitive while small mammal analysis could 

hardly detect any differences between the sites. However, analyses of small mammals 

give a better overall view because of the larger area that small mammals cover.  

 

Conclusion 

Three sites were selected with different soil concentrations of Cd and Zn. Cd levels, but 

not Zn, were elevated in small mammals compared with background levels, but there 

were no significant differences between sites in Cd or Zn levels in animals. In contrast, 

there was inter-site variation in contaminant levels in soil and in willow leaves. Small 

mammals were not found to accumulate Zn, probably because of the effect of 

homeostasis. Cd, on the other hand, was clearly accumulated, even on the site where 

soil and leaf analysis did not indicate a pollution problem. 
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The calculations using the BIOMAG model indicated that the Cd in the soil of the 

investigated disposal facilities probably caused low risk for predators. However, the 

elevated Cd and Zn concentrations in the willow leaves on site 2 and 3 and the high Cd 

concentrations in the small mammals on all the sites indicated that ecosystem 

development should be considered carefully. 
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 Chapter 4 
Redistribution of Cd and Zn in the upper soil layer 

after 10 years of poplar growth 
 

Abstract 

Biota can play a significant role in metal cycling. We determined the metal content in 

soil and biomass compartments in a 10-year-old poplar plantation on a disposal site for 

dredged material. Because of the strong texture gradient, two plots with different soil 

texture were sampled. In both plots, the poplars took up large amounts of Cd and Zn 

(8.1 mg Cd kg-1 DM and 475 mg Zn kg-1 DM in the fresh leaves). When the estimated 

concentrations of the decomposed litter were higher than the soil concentrations, the 

concentrations in the upper soil layer increased due to redistribution of the metals via 

litter fall. This occurred for Cd and Zn on the least polluted part of the site and the 

increase even caused the Cd concentrations for this horizon to exceed the legislative 

limits. Risk assessment should not only account for the concentrations in the soil, but 

also for the amounts of metals in the biota and the redistribution caused by the biota.  
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Introduction 

Dredged material from Western European rivers is often contaminated with metals and 

other pollutants. Because this contamination limits its possible uses, the dredged 

sediment is often dumped on land in confined disposal facilities. Afforestation is a 

common restoration technique for such sites (Luyssaert et al. 2001, Vandecasteele et al. 

2002). Most poplars (Populus spp.) and willows (Salix spp.) are well adapted to the 

sediment-derived soils and are often used for afforestation. Both genera are well-

known accumulators of Cd and Zn in aboveground biomass compartments (Pulford and 

Watson 2003, Mertens et al. 2004, Vandecasteele et al. 2004b) and are said to be suited 

for soil sanitation by phytoextraction of soil Cd (Meers et al. 2005, Dickinson and 

Pulford 2005). Nevertheless, the high uptake of Cd and Zn might pose a risk for the 

dispersal of these metals to the food web (Mertens et al. 2004). 

Accumulation of metals in leaves causes recycling in the food web through litter fall 

and litter decomposition (Kuzovkina and Quigley 2005). Besides the uptake of metals, 

tree growth has the potential to change the solubility and availability of metals in the 

soil through root respiration, root exudation, the formation and decomposition of 

organic matter, the stimulation of soil life and acidification of the soil (Hinsinger 2000, 

Vervaeke et al. 2004). These changes in solubility and availability can result in a 

redistribution of the metals in the soil-tree system.  

Many studies on metal fluxes and dynamics report laboratory experiments (e.g. Tack et 

al. 1996, Marseille et al. 2000, Han et al. 2003, Ekvall and Greger 2003). These 

controlled experimental results need to be tested and validated in the field over 

extended periods of time, because the behavior of chemical contaminants in soils 

involves numerous processes which operate simultaneously and vary continuously over 

time (Hesterberg 1998). The aim of our study is to describe the distribution of trace 
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metals, especially Cd and Zn, between different compartments of the soil-tree system 

of a 10-year-old poplar plantation on dredged sediment. Especially the soil distribution 

of metals after 10-years of poplar growth is focused on. 

  

Materials and methods 

Description of the site 

Two sample plots were established in March 2003 on a 280 m long and 20 m wide 

disposal site for hydraulically raised dredged river sediments. The site is located in 

Menen (Belgium) and was raised with sediments from the river Leie up to 2 m thick. It 

was planted with 2-year-old rooted poplar cuttings (Populus interamericana ‘Boulare’ 

and ‘Beaupré’) in the spring of 1993, 1 year after disposal. The trees were planted 

following a 2 x 2 m square design.  

Hydraulic raising of a sediment disposal site causes a texture gradient to be established 

across the site. Coarse particles settle near the pipe exhaust, while silt and clay settles 

further away from the inlet. Along this gradient, two sample plots were established 

with different soil texture, one at the beginning of the site, near the inlet (further called 

“inlet plot”) and one at the end of the site, near the outlet (further called “outlet plot”). 

The plots were rectangular (25 m x 20 m) and the distance between the two plots was 

215 m.  

 

Soil characterization 

Soil samples were collected on both sampling plots in March 2003, 10 years after 

planting. At that time, no litter layer was distinguished and soil samples were taken 
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from 3 soil horizons. The upper sampling horizon (H1) was about 3 cm thick and had a 

marked darker color than the soil underneath. This layer consisted of mineral soil 

intensely mixed with organic material. The second horizon sampled (H2) was located at 

about 3-20 cm depth. This layer was well-structured and aggregated and had a lighter 

color than H1. The third horizon (H3) was situated beneath H2 and was less structured 

and less rooted and was sampled at 40 to 50 cm depth. Four replicates were taken in 

each sampling plot. Each plot was divided in 4 quadrants. In the centre of each 

quadrant, soil samples were collected with an auger in triplicate within a 2 m radius 

around each centre point and then pooled for each horizon. 

Soil samples were dried at 40°C in a forced air oven to a constant weight. Aggregates 

were broken and the soil was passed through a 2 mm sieve. Total nitrogen content was 

analyzed using the Kjeldahl method (Bremner 1996). The pH(KCl) was measured in a 

1/5 soil/KCl solution (1 mol l-1) using an ion-specific electrode (Loeppert and Suarez 

1996). Soil texture was measured using the conventional pipette method (Labex 8903-

11-2-1). Loss on ignition (LOI) was determined after ashing during 4 h at 450°C and 

weighing the residue.  

Pseudo- total Cd, Cr, Cu, Pb, and Zn concentrations were determined by digesting the 

sediment in an aqua regia solution (3 g sample in 21 ml HCl, 12 mol l-1, and 7 ml 

HNO3, 15.8 mol l-1) under reflux for 2 hours (ISO 11466), and then analyzing the 

solution by flame atomic absorption spectrophotometry (Varian SpectrAA 220).  

 

Biomass  

The aboveground biomass (DM stem wood, twigs and leaves) was estimated for both 

plots based on stem diameters at 1.3 m height using the biomass equations of 

Johansson et al. (1999) constructed for stands of Populus tremula L. in Sweden. 
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In each sampling plot, four healthy trees with average diameter were selected for 

sampling, one in each quadrant. Wood samples were obtained by augering small cores 

with a Pressler borer at 1.3 m height and bark was sampled with a fine knife (March 

2003). Leaves were collected from the upper third of the crown using telescopic 

pruning scissors in August 2003. The leaf samples were not rinsed before drying 

because the total leaf concentration was assumed to be relevant for the eventual 

changes in soil concentration. The wood, bark and leaf samples were dried at 70°C in a 

forced air oven to constant weight, subsequently milled and sieved and 0.5 g sample 

was digested in 2 ml concentrated HClO4 (11.6 mol l-1) and 12 ml concentrated HNO3 

(14 mol l-1) during 2.5 hrs on a heating block. Wood and bark solutions were analyzed 

for Cd, Cr, Cu, Pb and Zn by flame atomic absorption spectrophotometry (Varian 

SpectrAA 220), leaf solutions were analyzed with inductively coupled plasma atomic 

emission spectroscopy (ICP/OES - Perkin-Elmer OPTIMA 3300 DV). 

 

Data analysis 

Means of soil layers were compared using the non-parametric Mann-Whitney U test. 

Following Moran (2003), the p-values were not corrected for multiple comparisons.  

 

Results 

The plots were selected on both ends of the dredged sediment disposal site (10 m away 

from the edge) to get an idea of metal compartmentalization over the entire site (Table 

4.1). The soil of the inlet plot contained more than 85 % sand while silt and clay 

dominated the texture of the outlet plot. The top layer of the soil was most affected by 

biological activity. This was reflected in slight but significantly lower pH-values in the 
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upper horizon (H1) than in the deeper horizons, this difference being more pronounced 

in the inlet plot. The soil LOI and N concentration were for both plots markedly higher 

in the upper horizon compared to deeper layers.  

Total biomass of the inlet plot was estimated to be 81 ton wood ha-1 (stems and twigs) 

and 2.2 ton DM leaves ha-1. Higher production was observed on the more clayey outlet 

plot, estimated at 179 ton wood ha-1 and 3.3 ton DM leaves ha-1.  

 

Table 4.1. Soil texture (%), pH-KCl and nitrogen concentration (mg kg-1 DM) in the 

three soil horizons (n=4), *: the value is significantly different from the value of H3 at 

p<0.05 (H1≈0-3 cm depth; H2≈3-10 cm depth; H3=40-50 cm) 

Horizon < 2 µm  2-50 µm  > 50 µm  pH-KCl  LOI  N  

     Inlet      

H1 6 ± 2  8 ± 3  86 ± 4  7.1 ± 0.1 * 6.2 ± 2.4 * 2185 ± 735 *

H2 4 ± 1  5 ± 1  91 ± 2  7.4 ± 0.1 * 1.6 ± 0.3 * 528 ± 127 *

H3 4 ± 1  7 ± 1  89 ± 2  7.6 ± 0.1  1.1 ± 0.1  338 ± 42  

     Outlet      

H1 39 ± 7   53 ± 5   8 ± 4  6.9 ± 0.1 * 19.2 ± 3.1 * 7347 ± 1108 *

H2 39 ± 22  51 ± 18  10 ± 6  7.1 ± 0.1  10.7 ± 1.3  3613 ± 423  

H3 28 ± 11  63 ± 9   10 ± 5  7.1 ± 0.0  10.8 ± 1.0  3461 ± 363  

 

The Cr, Cu and Pb concentrations in the biomass compartments (Table 4.2) were in the 

range of reference values compiled from different literature references (see Table 1.5). 

The Cd and Zn concentrations on the other hand were high compared to these reference 

values (Cd up to 30 times higher), but comparable to results of former studies on 

poplars on dredged sediment (Mertens et al. 2004, Vandecasteele et al. 2003). When 

white poplar was compared to other tree species on a site for dredged material, it took 
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up elevated amounts of Cd and Zn while the other tree species did not show abnormal 

concentrations in leaves or wood (Mertens et al. 2004). 

Table 4.2. Concentrations of metals in the different biomass compartments (mg kg-1 

DM). The figures between brackets are the value of the detection limit and indicate that 

the results were lower than the detection limit 

  Cd Cr Cu Pb Zn 

    Inlet   

bark  7.4 ± 1.3 (< 5.3) (< 6.6) 11.7 ± 2.2  294 ± 30 

wood  3.4 ± 0.7 9.6 ± 1.2 (< 6.7) (< 9.3) 68 ± 18 

leaf   6.9 ± 2.7 1.7 ± 0.3 10.9 ± 0.8 6.5 ± 1.7 475 ± 129 

       

    Outlet   

bark  8.1 ± 1.8  (< 5.1) (< 6.5) (< 9.1) 227 ± 47 

wood  3.8 ± 0.5 12.1 ± 10.1 (< 6.7) (< 9.3) 56 ± 10 

leaf   8.1 ± 0.9 1.6 ± 0.6 10.9 ± 1.2 4.8 ± 0.5 402 ± 95 

 

On the inlet plot, total soil concentrations of Cd and Zn in H1 were significantly higher 

than in the deeper horizons (Table 4.3). For the other elements on the inlet plot and for 

all elements on the outlet plot, no significant differences were found between the soil 

horizons. 

Estimates of the metal amounts in soil, wood and leaves are presented in Table 4.4. The 

amount of metals in the soil was calculated using a density of 1300 kg m-³ and a depth 

of the rooted zone of 0.5 m. Amounts in the biomass compartments were calculated by 

multiplying the amount of wood or leaves with the corresponding biomass 

concentrations.  
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Table 4.3. Concentrations of metals in the different soil layers (mg kg-1 DM) and loss 

on ignition (LOI; %) (*: the value is significantly different from the value of H3 at 

p<0.05; (H1≈0-3 cm depth; H2≈3-10 cm depth; H3=40-50 cm) 

 Cd  Cr  Cu  Pb  Zn  

     Inlet      

H1 2.7 ± 0.9 a * 44 ± 6  47 ± 5   91 ± 13  397 ± 66 * 

H2 1.1 ± 0.1 * 39 ± 5  44 ± 5   74 ± 6   261 ± 9   

H3 0.9 ± 0.1  41 ± 7  54 ± 11  82 ± 11  246 ± 37  

   Outlet     

H1 15.5 ± 2.8 a  215 ± 30 a  175 ± 33  300 ± 38  1404 ± 219 a  

H2 15.1 ± 2.1 a  236 ± 25 a  182 ± 21  340 ± 37 a  1510 ± 185 a  

H3 15.7 ± 2.1 a  237 ± 23 a  174 ± 17  341 ± 35 a  1532 ± 175 a  

a : the concentration is higher than the limit for area for nature conservation purposes (VLAREBO 1998) 

 

Table 4.4. Amounts of metals (g ha-1) in the standing wood biomass, leaf biomass and 

the upper 0.5 m soil 

 Cd Cr Cu Pb Zn 

      inlet     

soil 6500 260000 318500 507000 1647750 

wood 282.2 796.8 556.1 771.9 5644 

leaf  15.2 3.7 24.0 14.3 1045 

      outlet     

soil 100100 1537250 1157000 2213250 9886500 

wood 600.4 1896 1058.6 1469.4 8848 

leaf  30.0 5.9 40.3 17.8 1487 
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Discussion 

Soil characteristics were expected to be more or less homogeneous over the soil profile 

depth because intense mixing occurred within the sampled profile (only 50 cm) at the 

time of hydraulically raising (see also Vandecasteele et al. 2005a). This is reflected in 

the similarity in soil texture with depth (Table 4.1) and in the concentrations of Cr, Cu 

and Pb (Table 4.3). Yet, Cd and Zn concentrations in the upper soil layer (H1) on the 

inlet plot were significantly higher than in the deeper horizons. The latter observation 

may suggest that within the past 10 years, a significant redistribution of Cd and Zn in 

the soil profile of the inlet plot has occurred, leading to an increase of the concentration 

of Cd and Zn in the upper soil layer (H1) and/or a decrease of the concentrations in the 

deeper layers. The question is why a redistribution was found for Cd and Zn, and solely 

on the inlet plot?  

A decrease of Cd and Zn concentrations in the deeper soil layers might be caused either 

by leaching or uptake by plant roots. Significant leaching of metals from these dredged 

sediment derived soils is not expected. These sediments are highly buffered against 

acidification due to the presence of high amounts of CaCO3 (Singh et al. 2000, 

Luyssaert et al. 2001, Cappuyns et al. 2004). Leaching tests performed on similar 

dredged sediment derived soils led to the conclusion that metal migration would be 

very small and of no environmental concern (Tack et al. 1998, Tack et al. 1999). 

Additionally, leaching would cause a depletion of metal concentrations in the top layer, 

as pH in this layer was lowest. Uptake is an other process that might have decreased the 

soil concentration, but as the amounts of metals that are taken up in the biomass 

compartments are small compared to the amount of metals in the soil, uptake will have 

had limited effect. Because of the rooting depth of poplar, uptake is expected to occur 

throughout the sampled profile (0-50 cm). Uptake and leaching thus eventually would 

lead to a slight decrease over the sampled profile. An accumulation of metals in the top 
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layer, however, must be attributed to significant amounts of these metals in litter. High 

amounts of metals are taken up from the soil, are transported to the canopy and are 

recycled to the forest floor by litter fall. The litter decomposes and will be mixed with 

the top soil by the biota and by soil perturbation. 

But is it possible that this process results in redistribution of metals in the soil profile, 

only on the inlet plot and not on the outlet plot? In fact there are two main conditions 

that have to be fulfilled before the concentration of a given soil layer can increase. The 

first condition is obviously that the total amount of input metals in this top layer is 

greater than the output by leaching and uptake. This was not measured but the fact that 

redistribution occurred on the inlet plot suggests that on this plot this input flux was 

indeed higher than the output flux. The second condition is that the concentration of the 

input material must be higher than the concentration in the soil. The litter decomposes 

and will be mixed with the top soil. The concentration in this top layer can only 

increase if the concentration in the decomposed litter is higher than the concentration in 

the soil. To calculate the degree of decomposition of the litter, we used the single 

exponential decay model (Olson 1963; Wieder and Lang, 1982): 

Wt = W0 e-kt (4.1) 

In which Wt  and W0 are litter masses at time t and time 0; k is the decomposition 

constant (yr-1). Taylor (1989) found k-values of 0.191 for Populus tremuloides. Based 

on the model and supposing a constant litter production over the period of 10-years, it 

was calculated that about 58% of the litter was decomposed at the time of sampling. 

Berg et al. (2003) found that in boreal area the decomposition of poplar leaves 

(Populus tremula) proceeds to a certain ‘limit value’ (=fraction of litter that does not 

decompose) of 55% of the dry weight after three years (Berg et al. 2003). Assuming 

42% of the litter remaining, metal concentrations will at least double during 

decomposition from fresh leaves to decomposed litter. Thus, Cd and Zn concentrations 

of the decomposed litter material would become in the order of 15 mg Cd kg-1 and 800 



Chapter 4 

  

58 

mg Zn kg-1 dry weight. These concentrations are significantly higher than the soil 

concentration levels of the inlet plot. On the outlet plot, the Cd concentrations in the 

litter are in the same order of magnitude as the soil, and for Zn they are below soil 

concentration levels. 

The soil concentration in H1 was estimated with a simple model calculation to verify 

our hypothesis that leaf concentrations might determine metal concentrations in the top 

soil. The topsoil H1 is assumed to consist of original sediment mixed with decomposed 

litter.  The concentration of this soil layer can be calculated from the amount of metals 

in this original sediment and in the decomposed litter that are present in the topsoil as 

shown by formula 1, assuming that there was no output from H1 through leaching or 

uptake and no input through aerial deposition. The amount of metals in the 

decomposed litter is equal to the amount of metals in the litter that has been produced.  

CH1= (CH*Ws + Cleaf*Wleaf*T)/WH1 (4.2) 

Where CH1 is the concentration in H1; CH is the concentration of the original soil, at the 

start of the experiment; Ws is the weight of the mineral soil in H1; Cleaf is the 

concentration in the leaves; Wleaf is the weight of leaves that is produced annually per 

unit area; T is the time trees have been growing in years. The weight of the mineral soil 

in H1 is the weight of H1 minus the weight of the decomposed litter in this soil layer: 

Ws = WH1 - WDL  (4.3) 

Where WH1 is the weight of the upper soil layer per unit area; WDL is the weight DM of 

the decomposed litter in H1 per unit area. 

CH1 can not be calculated exactly as we do not know to what extent the leaves have 

been decomposed, we do not know the proportion of litter and proportion of soil in H1 

and we also do not know the exact depth to which the litter is mixed in the soil. Several 
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assumptions had to be made: annual litter fall and leaf concentrations were assumed to 

be constant over the past 10 years, and all the decomposed litter was distributed in the 

upper 3 cm of the soil profile. We assumed CH to be best estimated by the 

concentration in H3. The soil density was assumed to be 990 kg m-³ on the inlet plot 

and 630 kg m-³ on the outlet plot as calculated with the pedotransfer function given by 

Harrison and Bocock (1981) for topsoils. This function calculates the density based on 

LOI (data in Table 4.1). WDL was assumed to be 42% of the amount of leaves (modeled 

by formula 4.1) and T was 10 years. Leaf biomass estimates were low compared to 

other data on poplar plantations on fertile soils. We also calculated CH1 using leaf 

biomass production of 4.8 ton DM ha-1.y-1 as was measured by Deckmyn et al. (2004) 

in a plantation of 3 years old. The results of the calculations are presented in Table 4.5. 

Calculated concentrations in H1 were generally slightly underestimated as compared to 

the measured concentrations (Table 4.5). Nevertheless, the calculation also results in 

elevated concentrations of Cd and Zn in H1 of the inlet plot and little differences for the 

other elements and on the outlet plot. In spite of the limitations and simplifications, the 

results of the calculations suggest that high leaf concentrations can result in increased 

surface soil concentrations, depending on the soil conditions. 

It cannot be excluded that aerial deposition also contributed to elevated Cd and Zn 

concentrations in the leaves. Although it can be assumed that the major fraction 

originated from uptake from the soil. High uptake of Cd and Zn from the soil by 

poplars has been reported before and was related to the soil concentration (see e.g. 

Vandecasteele et al. 2003, Madejon et al. 2004). When white poplar was compared to 

other tree species on a site for dredged material, it took up elevated amounts of Cd and 

Zn while the other tree species did not show abnormal concentrations in leaves or wood 

(Mertens et al. 2004). Total atmospheric deposition of Cd and Zn in forests in 1994 in 

the Netherlands, was estimated to be averagely 1.2 g Cd ha-1 y-1 and 41 g Zn ha-1 y-1 

(Bronswijk et al. 2003). This is low compared to the amounts of metals in the leaves 

(Table 4.4). 
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Table 4.5. Calculated concentrations in H1 (mg kg-1) 

 leaf biomass 
(ton DM ha-1) Cd Cr Cu Pb Zn 

    inlet   

Initial conc.  0.9 41 54 82 246 

Calculated  2.2a 1.4 40 53 80 274 

 4.8b 2.0 38 52 77 306 

Measured after 
10 years 

 2.7 ± 0.9 44 ± 6 47 ± 5 91 ± 13 397 ± 66 

    outlet   

Initial conc.  15.7 237 174 341 1532 

Calculated  3.3a 16.0 220 163 316 1490 

 4.8b 16.1 212 158 306 1471 

Measured after 
10 years 

15.7 ± 2.1 237 ± 23 174 ± 17 341 ± 35 a 1532 ± 175

 
a: As calculated using the biomass equation of Johansson et al. (1999) 
b: As reported by Deckmyn et al. (2004) for 3-year-old poplar stands 
 

If atmospheric deposition is also added to the upper soil layer H1, equation (4.2) can be 

extended to: 

CH1= (CH*( WH1– WDL) + Cleaf*Wleaf*T + AD*T)/WH1 (4.4) 

where AD is annual atmospheric deposition per unit area. When the atmospheric 

deposition data of Bronswijk et al. (2003) were entered in this equation, the metal 

concentrations in H1 increased with no more than 0.04 mg kg-1 Cd and 1.4 mg kg-1 Zn 

on the inlet plot, and 0.06 mg kg-1 Cd and 2.2 mg kg-1 for Zn.  
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An increase of the Cd concentration in the upper soil layer was thought to be possible 

on a great part of the site. The Cd concentrations in the decomposed litter 

(=concentration in the leaves / limit value) were about equal to the soil concentration in 

the outlet plot. As the soil concentrations of the site decreased from the outlet plot 

towards the inlet plot, the concentration in the decomposed litter might be higher than 

the soil concentration on most part of the plots. An increase of the Cd concentration in 

the upper soil layer might therefore be possible on a great part of the site. This will of 

course depend on the (unknown) output fluxes due to root uptake and leaching. 

 

Implications for risks and management 

The accumulation of Cd and Zn in the top layer as a result of cycling through plant 

uptake and leaf fall may increase ecotoxicological risks towards organisms living in 

these soils. Elevated concentrations of Cd were found in small mammals living on 

dredged sediment sites covered with willow (Mertens et al. 2001). Willow spp give 

evidence of comparable uptake characteristics as poplars and cadmium was thought to 

be introduced into the food web by willow litter fall. It seems therefore that this 

increase of metal concentrations in the upper soil layer should be avoided. Poplar spp 

thus appear not suited for introduction on contaminated dredged sediment-derived 

soils. Maple (Acer pseudoplatanus), alder (Alnus glutinosa), ash  (Fraxinus excelsior) 

and black locust (Robinia pseudoacacia) did not take up elevated amounts of metals on 

dredged sediment (Mertens et al. 2004) and seem better suited to be planted on these 

sites.  

Although the observed increase of Cd and Zn in H1 was limited to a restricted soil layer 

(only 3 cm thick) and limited to a part of the site, the results of this investigation may 

have consequences for the practical management of polluted sites. It seems for example 

that the accumulation of Cd and Zn can lead to an exceedance of the legislative limits. 
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Observed concentrations in H1 on the inlet plot exceeded limits for soils in use for 

agriculture or nature conservation areas according to the Flemish Decree on Soil 

Sanitation (VLAREBO 1996). The concentrations in the deeper horizons did not 

exceed these limits, indicating that original concentrations in the soil profile might have 

been lower than legislative limits (limit for Cd: 1.6 mg kg-1). Exceedance of the limits 

means that according to Flemish legislation, the polluted soil layer has to be 

remediated. The relevancy for this site is limited as a large part of the site will have 

exceeded the limits from the beginning, but it shows that, depending on site 

characteristics and legislative limits in force, poplar growth might cause a site to 

exceed legislative limits. 

The accumulation in the surface soil might also arise when willows or poplars are used 

for phytoextraction of metals without annual harvesting of the leaves. Dickinson and 

Pulford (2005) state that clean-up of Cd-contaminated land can be achieved through 

cultivation and harvest of selected clones of short-rotation coppice willow within a 

realistic crop lifecycle. This clean-up is only possible at sites with low-level 

contamination of Cd (Klang-Westin & Eriksson 2003, Dickinson and Pulford 2005). 

For these slightly polluted sites, the leaf concentration will be most probably higher 

than the soil concentration. Therefore, although the Cd concentration over the entire 

soil profile will decrease, the concentration of Cd in the surface soil layer might 

increase, depending on the output fluxes (leaching and uptake). It is therefore very 

important that leaf litter is annually harvested, as was also stated by Dickinson and 

Pulford (2005). On the other hand, accumulation in a small soil layer might constitute a 

strategy for subsequent clean-up with traditional methods as only the upper thin soil 

layer will have to be removed. 

Legislative limits and risk assessment are often based on total concentrations in the 

soil. However, this investigation shows that it should also account for the 

concentrations in the biota and the redistribution caused by the biota. The analysis of 

soil and biomass samples is an important tool for risk assessment, but these samples are 
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only random samples at one moment in time. The metal distribution in the soil horizon 

might contain more integrated information over a longer time period and is a result of 

all the processes that took place in the past. This investigation shows that risk 

assessment should account for the role of plants in metal cycling and the wider 

ecotoxicological implications of this redistribution process should be investigated. 

 

Conclusion 

Depending on the site characteristics, accumulation of Cd and Zn in the leaves of 

poplar may cause accumulation of Cd and Zn in the upper soil horizon, resulting in 

concentrations exceeding legislative limits. Increase of the soil concentrations are 

possible when the concentrations in decomposed litter are higher than the soil 

concentrations and when the input flux of metals is higher than the output flux by 

leaching and uptake. This study revealed again that poplars might not be suited for 

planting on sites for dredged material. Other species that do not accumulate metals in 

their aboveground biomass such as maple, ash, Robinia and alder will have to be 

chosen. When poplars (or willows) are used for phytoextraction, leaf harvesting might 

be indispensable. 
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 Chapter 5 
Tree species effect on the redistribution of soil metals 

after 33-years of tree growth  
 

 

Abstract 

Phytostabilization of metals in polluted soils using trees is often promoted although it is 

not clear what influence different tree species have on the mobilization of soil metals. 

Four tree species (Quercus robur, Fraxinus excelsior, Acer pseudoplatanus, Populus 

‘Robusta’) were planted in a monoculture plot experiment on a site for dredged 

sediment and soil and biomass compartments were sampled 33-years after planting. 

Poplar took up high amounts of Cd and Zn and this was associated with increased Cd 

and Zn concentrations in the upper soil layer. The other species contained normal 

concentrations of Cd, Cu, Cr, Pb and Zn in their tissues. Oak acidified the soil more 

than the other species and acidification caused a decrease of the concentration of metals 

in the upper soil layer due to leaching. The pH under poplar was lower than expected 

and associated with high carbon concentrations in the top soil. This might possibly be 

assigned to retardation of the litter decomposition due to the elevated concentrations of 

Cd and Zn in the litter and upper soil layer.  
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Introduction 

Metal polluted sites for dredged sediments are mostly set aside. These sites are often 

afforested or develop spontaneously into woodland. Growth of trees might induce 

several changes in the soil characteristics, and forests showed to play an important role 

in metal cycling and partitioning (Watmough et al. 2005, Andersen et al. 2004).  

Trees are often postulated to be suited for phytostabilization, as they might stabilize 

metals in the soil. The vegetation cover and root growth will protect the soil surface 

from dispersal by wind and water erosion (Eviner & Chapin 2003). Elevated 

evapotranspiration in forests reduces the flow of water through the soil and therefore 

might reduce the amount of metals that leach from the soil to the ground and surface 

waters (Glimmerveen 1996, Pulford and Watson 2003). Garten (1999) modeled the 

effect of a forest cover on the loss of 90Sr by leaching from contaminated soil, mainly 

in shallow subsurface flow, and showed that such losses were reduced by 

approximately 16% under trees relative to grass. This was attributed to the greater rate 

of evapotranspiration by the trees. Plants can also enhance retention of elements by 

binding them with phenolics (Hattenschwiler & Vitousek 2000), or root mucilage 

(Glinski & Lipiec 1990).  

On the other hand, tree growth might enhance metal mobility. Species that decrease pH 

increase metal solubility (Finzi et al. 1998) and can enhance leaching of metals. Plant 

species influence metal availability by promoting low-molecular-weight organic acids 

through root exudation or litter decomposition. These acids act as ligands and, 

depending on the type exuded, have different effects on metal solubility and speciation 

(Jones & Darrah 1994). Organic acids rich in humic acid form water-soluble complexes 

with metals, increasing solubility (Marschner 1995). Preferential uptake of metals from 

the soil in the aboveground biomass actively mobilizes the metals and transports them 

to the crown canopy and the litter layer, two important parts of the food web. 
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Plant species differ in their effect on the biogeochemical cycles of metals through e.g. 

organic acid input, cation uptake, and effects on soil pH and redox (Finzi et al. 1998, 

Eviner & Chapin 2003). The aim of this study was to investigate if important 

differences between tree species could be found in metal compartmentalization on a 

disposal facility for dredged sediment after 33 years of tree growth. The metal 

concentrations in the different compartments are the net result of many biogeochemical 

interactions that took place over the preceding 33 years. The interest of this study is 

that different tree species can be compared on identical, new soil. At the time of 

planting, the site was very homogeneous and no soil profile had yet developed. This is 

in contrast to most polluted sites where a developed soil profile is gradually polluted 

from the surface soil down. Four broadleaved species had been planted: poplar (Populus 

‘Robusta’), oak (Quercus robur), ash (Fraxinus excelsior) and maple (Acer 

pseudoplatanus). Poplar is a species that takes up high amounts of Cd and Zn in its 

biomass (Vandecasteele et al. 2003, Mertens et al. 2004, Laureijsen et al. 2004) and 

this can be compared to the other species showing normal concentrations (Mertens et 

al. 2004). Oak tends to acidify the soil more than for example ash and maple because of 

high lignin content in the litter and low amount of Ca in the litter (Augusto et al. 2002, 

Reich et al. 2005). Ash and maple have good litter quality and will promote fast 

decomposition, lower production of acids and formation of stable humus (Reich et al. 

2005). 

 

Materials en methods 

Site description 

This study area was a disposal site for hydraulically raised dredged harbor sediments 

near the harbor of Rotterdam (The Netherlands). It covers an area of 2.5 ha and was 

raised in the period 1960-1967. It was raised in 4 layers resulting in a package of 7 m 



Tree species effect after 33-years 

 

67 

thick dredged sediment. The last layer was raised in 1966-1967 and was 2 m thick. In 

1970 the site was planted and, due to dewatering, the sediment layer depth had 

decreased to 5.3 m (Oosterbaan and van den Berg 2002). In 1981, 8 samples spread 

over the site were taken and analyzed for texture and metal concentration (Table 5.1). 

The soil contained a rather high amount of clay (about 30 %). The metal concentrations 

in the two sampling depths were not different. 

 

Table 5.1. Results of soil sampling and analysis of 1981 (n=8; Peeters 1994) 

Depth < 2 µm 2-63 µm >63 µm 

0-2 cm 30.9 ± 1.5 37.5 ± 2.6 31.6 ± 2.4 
25-30 cm 31.4 ± 1.5 39.8 ± 1.3 28.9 ± 2.1 

 

Depth Cd Cr Cu Pb Zn Ni As 

0-2 cm 10.5 ± 0.8 202 ± 14 189 ± 10 303 ± 16 1196 ± 74 60.6 ± 3.2 64.6 ± 5.6 
25-30 cm 10.1 ± 0.6 204 ± 13 184 ± 10 290 ± 16 1166 ± 62 58.1 ± 2.6 65.5 ± 5.3 

 

 

Four blocks (20 m by 200 m) were planted in 1970-1972, each one with one of the 

following tree species: poplar (Populus ‘Robusta’), oak (Quercus robur), ash (Fraxinus 

excelsior) or maple (Acer pseudoplatanus). The trees were planted at distances of 1.8 m 

in the row and 2.75 m between the rows (densities of about 1970 trees ha-1). In between 

shrubs and auxiliary trees were planted. In one half of each block main tree species and 

shrubs were thinned few times, the other half remained unthinned. In 2003, these 

shrubs and auxiliary trees had densities ranging from 480 to 1500 individuals per ha. 

The sampling places for the further investigation were selected so that no shrubs or 

auxiliary trees grew over it, aimed at observing primarily the effect of the main tree 

species. 
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Both the biomass and soil were sampled and analyzed in August 2003. At that time, the 

trees were in their 33rd growing season. Based on the results of this sampling, an 

extended soil sampling was done in July 2005.  

Biomass 

All biomass measurements were done in 2003. Stem biomass was calculated by 

multiplying the stem volume and the wood densities for the given species (densities 

given by Rijsdijk and Laming (1994). The stem volume was determined based on the 

measurements of the stem diameter at 1.3 m height (transect, n≥36 per species) and the 

tree height measurements (n=12 per species, equally distributed over the diameter 

classes) using the wood yield tables of Faber and Tiemens (1975) for poplar and 

Dagnelie et al. (1999) for the other tree species. The biomass of the branches was 

assumed to be one third of the stem wood biomass (Oosterbaan and van den Berg 

2002).  

From each tree species, 4 healthy trees with average diameter, equally spread over the 

length of the blocks were selected for sampling. Near every sample tree, autumn litter 

fall was collected with circular traps of 0.24 m². The traps were emptied every month 

from September to November 2003 and weight was determined after drying at 70°C in 

a forced air oven to constant weight. Wood was sampled by augering small cores with 

a Prezzler auger at 1.3 m height and bark was removed with a fine knife in March 

2004. Samples were dried at 70°C in a forced air oven to constant weight. 

Subsequently the samples were milled and sieved before analysis. The metals were 

extracted by heating 0.5 g sample in 10 ml 65% HNO3 p.a. and 2 ml 70% HClO4 p.a. 

during 2 hours of heating. Extracts were diluted and analyzed for Ca, Cd, Cr, Cu, Pb 

and Zn on ICP/OES (Perkin-Elmer OPTIMA 3300 DV). Samples were not rinsed 

before drying. 
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Soil  

In 2003, soil samples were collected at the same places where biomass samples were 

taken. Thus 4 replicates in each block were taken. The litter layer (less than 1 cm thick) 

was removed. The upper horizon (H1) was sampled, this horizon was about 5 cm thick 

and had a marked darker color than the soil underneath. The second horizon sampled 

(H2) started directly under H1 and was about 4 to 15 cm thick. This layer was well-

structured and aggregated and had a lighter color than H1. The third horizon (H3) was 

less structured and less rooted and started directly under H2. This horizon was sampled 

at 40 to 50 cm depth.  

Soil samples taken in 2003 were dried at 40°C in a forced air oven to a constant weight. 

Aggregates were broken and the soil was passed through a 2 mm sieve. Soil pH was 

determined in a 1/5 sediment/water solution and in a 1/5 sediment/KCl solution (1mol 

l-1) with an ion-specific electrode. Pseudo-total Ca, Cd, Cr, Cu, Pb, and Zn contents 

were determined by digesting the sediment in an aqua regia solution (3 g sample in 21 

ml HCl, 12 mol l-1, and 7 ml HNO3, 15.8 mol l-1) under reflux for 2 hours and diluting 

the filtrate in 100 ml water (ISO 11466), and then analyzing the solution by ICP/OES.  

Based on this first sampling campaign a second sampling campaign was executed in 

July 2005. For a more robust statistical analysis of the differences between the species, 

8 replicates were taken in each block, evenly spread over the block (against 4 in the 

first campaign). For poplar only 4 samples could be taken because a large part of the 

site had been felled. Psuedo-total Ca, Cd, Cr, Cu, and Zn were determined in the same 

way as in the first campaign. Pb was not measured this time because no tree species 

effect on Pb in the soil had been found in the first campaign. Only two soil depths (H1 

and H3) were sampled because in 2003, little or no difference was found between H2 

and H3. An estimation of a mobile pool of Cd, Cr, Cu and Zn was made by extracting 

the sediment with NH4OAc-EDTA (1.8615 g EDTA and 38.5 g ammonium acetate 

diluted to 0.5 l and set to pH 7 with 1M NH4, 5 g sample in 50 g extractant) and by 
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analyzing with ICP/OES. Soil pH was determined in a 1/5 sediment/water solution and 

in a 1/5 sediment/KCl solution with an ion-specific electrode. Organic carbon was 

determined using Walkley and Black (Kalra and Maynard 1991). 

Data analysis 

The differences between the tree species were tested using non-parametric analysis of 

variance (Kruskal-Wallis), and the non-parametric Mann Whitney U test was used for 

pairwise comparison. Soil data of the two sampling campaigns (2003 and 2005) were 

not pooled to avoid pseudo-replication. The soil data of 2003 were used as a 

preliminary study. In the results and discussion data, only the soil data of 2005 are 

presented and discussed. A principal component analysis (PCA) of the soil results was 

used for the discussion of the global effect of the tree species on the soil characteristics. 

Without being restricted by assumptions of normally distributed data or independence 

of variables, principal component analysis can be used for describing and interpreting 

complex biological and chemical data (Gauch 1982). By least-square regressions 

through the multidimensional space created by the original variables, new, more 

complex variables, called principal components (PC), are formed. The first PC created 

describes the largest variation in the data set. The second pc describes the maximum of 

the residual variation and so on. Since the second pc is orthogonal to the first, they are 

independent.  

 



Tree species effect after 33-years 

 

71 

Results 

pH and organic material 

Soil pH in the upper soil layer H1 was significantly different under different tree 

species (Table 5.2). The pH in this soil layer was lowest under oak (pH-KCl 5.2) and 

highest under ash (6.9). The pH in H1 generally was 1 to 2 units lower in comparison to 

H3. No tree species effect could be found on the pH in the deeper soil layers, except for 

a small difference in pH- H2O between oak and maple in H3.  

Also for organic carbon content, a clear species effect was recognized: oak and poplar 

had high carbon contents in the upper soil layer (oak 23.5% and poplar 23.2%) and ash 

had significantly lower carbon content (17.1%). Again no tree species effect could be 

found in the deeper soil layer. For all data on pH, %C and Ca concentration, there was 

a significant difference between H1 and H3. 

 

Table 5.2. Results for pH(KCl), pH(H2O), %C and Ca concentration measured in 2005 

(n=8), for both sampled soil horizons (H1= 0-5 cm; H3 = 40-50 cm). Values followed 

by the same letter did not differ (p<0.05)  

  pH(KCl) 
 
pH(H2O) 

 
% C 

 
Ca (mg 100g-1) 

 H1 H3 H1 H3 H1 H3 H1 H3 

oak 5.2 ± 0.5c 7.6 ± 0.1a 5.6 ± 0.4c 7.8 ± 0.2 a 23.5 ± 2.8a 5.0 ± 0.7 a 1934 ± 296b 6262 ± 547 a 

ash 6.9 ± 0.2a 7.6 ± 0.2 a 7.1 ± 0.2a 8.0 ± 0.1 a 17.1 ± 4.2b 4.4 ± 0.9 a 3398 ± 769a 6828 ± 935 a 

maple 6.6 ± 0.2b 7.7 ± 0.1 a 6.8 ± 0.2b 8.0 ± 0.1 a 19 ± 7.1ab 4.5 ± 0.4 a 2963 ± 399a 6892 ± 1580 a 

poplar 6.3 ± 0.5b 7.7 ± 0.1 a 6.5 ± 0.5b 7.9 ± 0.1 a 23.2 ± 2.1a 5.3 ± 0.3 a 3296 ± 767a 6400 ± 317 a 
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It is remarkable that poplar showed a rather low pH and high C content in the upper 

layer because poplar is known for having good litter quality that easily degrades and 

having high Ca content in the litter. The latter was confirmed by the Ca concentrations: 

the Ca concentration under poplar was not different from ash and maple, only oak 

showed significantly lower Ca concentrations.  

There was a significant correlation between pH, C and Ca concentration in the upper 

soil layer (Table 5.3). Only the correlation between Ca and C was not significant.  

 

Table 5.3. Pearson correlation coefficient between the data of H1 from 2005 (n=8) 

 pHKCL  pH-H2O  C 

pH-H2O 0.99 *    

C  -0.59 * -0.60 *  

Ca  0.80 * 0.78 * -0.31

 
* Correlation is significant at the 0.01 level (2-tailed). 

 

Biomass 

Data on the amount of biomass produced are necessary for the calculation of the metal 

stock in the biomass compartments. Ash showed the highest wood production per ha, 

poplar the lowest (Table 5.4). Standing stock per ha of poplar was low because of more 

intensive thinning regime typical for poplar management. Mortality of this species was 

rather high due to attacks by leaf fungi like Melampsora species. Litter production per 
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ha was estimated from the amount of litter that was caught in the litter traps and litter 

production seemed highest for maple, followed by ash.  

 

Table 5.4. Biomass of standing wood and litter for each tree species in 2003  

  
Wood biomass 
(t DM ha-1) 

Litter biomas 
(t DM ha-1) 

Number of 
trees ha-1 

Volume wood 
(m³ ha-1) 

Wood biomass 
(kg DM tree-1) 

Litter biomass 
(kg DM tree-1) 

oak 108 ± 5 2.8 ± 1.3 674 209.3 160 ± 7 4.2 ± 1.9 

ash 189 ± 14 3.1 ± 0.9 530 407.7 360 ± 26 5.8 ± 1.7 

maple 85 ± 5 3.8 ± 0.4 454 189.7 190 ± 11 8.4 ± 0.9 

poplar 67 ± 6 2.2 ± 0.5 178 188.6 380 ± 34 12.4 ± 2.8 

 

 

Metal and Ca concentrations and contents in the biomass compartments 

For all elements (metals and Ca) measured in the biomass compartments, differences 

could be found between the species (Table 5.5). These differences were greatest for Cd 

and Zn, the concentrations in poplar being about 5 to 80 times higher than in the other 

species. The differences between oak, ash and maple were small. The high uptake by 

poplars was also found in other research. Cd and Zn concentrations in poplars were 

lowest in the wood and highest in the litter, something that was also found in other 

research (Greger and Landberg 1999, Klang-Westin and Eriksson 2003).  

For Cr and Cu, the differences between the species were rather small and no clear 

pattern was found. The Pb concentration did not show much variance between the 

species, except for the bark of poplar that contained much higher concentrations. Also 

the bark concentration of oak was rather high.  
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The observed metal concentrations (Table 5.5) were within the normal range which 

was compiled from different literature sources (Table 1.5), except for poplar. Poplar 

litter concentrations of Cd and Zn exceeded the normal range and it was the only 

species in which bio-accumulation occurred. The litter Cd and Zn concentrations for 

poplar were higher than the Cd and Zn concentrations in the sediment. 

 

Table 5.5. Metal and Ca concentrations in the biomass compartments (mg kg-1) (n=4). 

Values followed by the same letter did not differ (p<0.05) 

 
  Ca 

 

Cd  
 

Cr  
 

Cu  
 

Pb  
 

Zn  
 

  
 

 
 

 
 

Wood 
 

 
 

 
 

oak 61 ± 31 b <0.5  b <1.0  b 1.2 ± 0.2 (1)  <1.0   <5.0  b 

ash 86 ± 33 b <0.5 b 1.1 ± 0.1 (1)  ab 1.5 ± 0.6 (2)  <1.0  13 (3)  b 

maple 174 ± 51 a <0.5  b 1.5 ± 0.6  a 1.2 ± 0.3 (2)   <1.0  6.1 ± 0.9 (1)  b 

poplar 209 ± 44 a 2.5 ± 0.7  a 1.5 (3)  ab 1.5 ± 0.4   <1.0   71.6 ± 9.9  a 

       Bark      

oak 1363 ± 121 b <0.5   b 2.2 ± 1.7 (2)   6.6 ± 1.6 a 10.7 ± 5.2 ab 16.4 ± 7.4  c 

ash 1477 ± 319 b <0.5  b <1.0   3.3 ± 0.9 b 2.5 ± 0.5 c 11.1 ± 4.7  c 

maple 2561 ± 175 a <0.5  b 1.13 (3)   6.4 ± 1.0  a 5.7 ± 1.5 b 42.4 ± 8.3  b 

poplar 1332 ± 150 b 5.6 ± 0.4  a <1.0   7.1 ± 0.9 a 23.5 ± 14.5 a 250.9 ± 29.9 a 

       
Litter fall 

     

oak 1516 ± 115 c <0.5 b 2.7 ± 0.7 a 6.2 ± 0.3 b 4.4 ± 0.1  b 42.9 ± 4.0 b 

ash 2568 ± 191 bc <0.5 b <1.0 b c 5.1 ± 0.7 c 4.4 ± 0.1  b 25.6 ± 1.8  c 

maple 3099 ± 109 a <0.5 b 1.8 ± 0.2 b 3.5 ± 0.5 d 5.4 ± 0.3 a 37.8 (3) c 

poplar 2730 ± 75 b 10.0 ± 1.6 a 1.7 (3)  bc 8.0 ± 1.1 a 4.5 ± 1.2  ab 1306.5 ± 105.5 a 

 
< : if all values were lower than determination limit, the determination limit was given, preceded by “<” 
( ) : the number between brackets is the number of values lower than the determination limit. The 
determination limits were: 0.5 for Cd; 1.0 for Cr; 1.0 for Cu; 1.0 for Pb and 5.0 for Zn 
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The amount of elements in the wood and litter were calculated by multiplying the 

concentrations with the estimated biomass (Table 5.6). These data are used to estimate 

the flux of elements caused by immobilization in the wood and by litter fall. The 

amount of metals in the bark was not accounted for because there were no data on the 

amount of bark. The initial amount of metals in the upper 0.5 m of the soil profile was 

calculated based on the concentrations measured in 1981 (Table 5.1; Ca concentration 

was based on the average concentration in H3) and an estimated soil density of 1300 kg 

m-³. 

 

Table 5.6. Amounts of metals (g ha-1) in woody biomass and litter biomass of the 4 tree 

species and amount of metals in the upper 0.5 m of the soil (based on data of Table 5.4 

and Table 5.5) 

 Ca  Cd  Cr  Cu  Pb  Zn 

 

 
  

 

 

 
 

Wood 

 

 

 

 

 

oak 6534 ± 3340  <54.1 <108 130 ± 22 * <108  <541

 

ash 16160 ± 6152  <94.4 208 ± 24 * 245 ± 78 *  <189  1322 ± 761 *

 

maple 14748 ± 4324  <42.6 128 ± 52 94 ± 18 *  <85  494 ± 83 *b 

 

poplar 13970 ± 2962  168 ± 50 74 ± 15 * 101 ± 29 <67  4819 ± 809

 

   Leaf fall    

 

oak 4244 ± 322  <1.4 ** 7.6 ± 1.9 17.4 ± 1.0 12.3 ± 0.2  120 ± 11 

 

ash 7961 ± 591  <1.6 <3.1 15.8 ± 2.1 13.6 ± 0.4  79 ± 5

 

maple 11776 ± 415  <1.9 6.8 ± 0.9 13.3 ± 1.7 20.5 ± 1.0  60 ± 72*

 

poplar 6005 ± 166  22.0 ± 3.4 2.6 ± 0.8 * 17.6 ± 2.5 9.9 ± 2.6  2874 ± 232.1

 

   Soil   

 

 42 . 106  65650 1326000 1196000 1885000  7579000
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The amount of Ca in the litter differs significantly between each tree species (Table 

5.6): maple contained the highest amount (almost 12000 g ha-1) and oak the lowest 

(about 4000 g ha-1). The amount of Cd and Zn in the wood and litter of the poplars was 

much higher than in the other species. High amounts of Cr and Cu were found in the 

wood of ash, but differences between species in the litter concentrations were rather 

small. For Cr, Cu and Pb, the differences in the amounts found in the litter were small. 

For Zn, the lowest amounts in the litter were found in maple and ash.  

 

Metals in the soil 

‘Total’ concentrations 

The most distinct species effect on the total soil metal concentrations in the soil was the 

high amount of Cd and Zn in the upper soil layer under poplar (2 to 3 times higher than 

under the other species; Table 5.7). There was a clear pattern in oak showing the lowest 

concentrations for all elements. This difference was however not significant, probably 

due to shortage of replicates. If the data of 2003 and 2005 were pooled, the 

concentrations under oak were significantly lower than under ash and maple (p<0.05), 

as were the concentrations of Cr and Cu under poplar (p<0.05).  

The concentrations in the deeper soil layer (H3) were not different between the species, 

except for Cr. This difference for Cr was significant between ash and poplar but was 

rather small and not linked to the concentrations in the upper soil layer or above ground 

biomass. It might have been caused by differences in the root characteristics.  

The concentrations of Cd and Zn in H1 under poplar were higher than H3 but for all 

other cases, the concentration in H1 was significantly lower than that in H3 (p<0.05). 

This difference was highest under oak for all elements.  
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Table 5.7. Metal concentrations (mg kg-1) in the soil profiles H1 (= 0-5 cm) and H3 (40-50 cm) 

in 2005 (n= 8). Values followed by the same letter did not differ (p<0.05, per horizon) 

 Cd   Cr  Cu  Zn  

 H1 H3 H1 H3 H1 H3 H1 H3 

oak 4.5 ± 1.8a 7.7 ± 0.8a 92 ± 46a 195 ± 16ab 96 ± 33a 196 ± 14a 514 ± 236a 1007 ± 73a

ash 5.9 ± 2.1a 7.6 ± 1.3a 124 ± 36a 181 ± 21 a 117 ± 31a 189 ± 24a 746 ± 190a 926 ± 104a

maple 5.6 ± 0.5a 7.3 ± 0.6a 129 ± 15a 194 ± 15ab 123 ±   9a 198 ± 11a 719 ± 216a 980 ±   74a

poplar 16.7 ± 2.5b 8.1 ± 1.1a 103 ± 31a 204 ± 23 b 112 ± 16a 211 ± 28a 1564 ± 97b 1010 ± 105a

 

Extractable concentrations 

The NH4OAc-EDTA extractable concentrations of Cd and Zn in H1 were significantly 

highest under poplar (Table 5.8). Very few and only small differences were found 

further on. Extractable Cu concentrations under maple were higher than under ash and 

poplar and its Zn concentrations were higher than under ash. 

 

Table 5.8. NH4OAc-EDTA extractable concentration (mg kg-1 DW), for both sampled soil 

horizons (H1= 0-5 cm; H3 = 40-50 cm) in 2005 (n=8). Values followed by the same letter did 

not differ (p<0.05) 

  Cd   Cr  Cu   Zn 

 H1 H3 H1 H3 H1 H3 H1 H3 

oak 0.36 ± 0.14a 0.48 ± 0.05 0.10 ± 0.02 0.05 ± 0.00 3.41 ± 1.11ab 8.37 ± 1.00 54.0 ± 20.0ab 59.3 ± 6.3 

ash 0.38 ± 0.20a 0.41 ± 0.13 0.15 ± 0.18 0.19 ± 0.30 2.88 ± 1.01a 6.88 ± 2.42 50.6 ± 19.1a 51.4 ± 14.2

maple 0.46 ± 0.07a 0.45 ± 0.08 0.08 ± 0.01 0.04 ± 0.01 4.03 ± 0.43b 8.47 ± 1.17 73.9 ± 11.5b 60.3 ± 7.5 

poplar 1.37 ± 0.27b 0.49 ± 0.05 0.05 ± 0.01 0.04 ± 0.01 2.87 ± 0.42a 8.56 ± 0.90 170 ± 24.7c 56.8 ± 3.40
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Principal component analysis  

The principal components analysis (PCA, varimax rotated solution), applied to the soil 

data set of H1 of 2005 (Table 5.2, Table 5.7 and Table 5.8), reduced the data set to two 

relevant factors that accounted for 60 % of the variability in the data examined. The 

first PC explained 33% of the variance in the soil data set and was mainly influenced 

by Cd and Zn concentrations (Fig. 2.5). The second PC accounted for 27 % of the 

variance of the data set and was strongly correlated with pH and organic matter related 

variables: pHKCl (O.94), pH-H2O (0.94), C (-0.78) and Ca (0.65). The factor scores 

show clear groups of tree species (Fig. 5.1). 

 

Discussion 

The data of 1981 (Table 5.1) demonstrate that the soil on the site was initially very 

homogeneous. This might also be concluded from the properties of the deeper soil 

layer (H3). The concentrations in this soil layer were little different from the data of 

1981 and, because there is little difference between the tree species blocks, it can be 

assumed that tree growth did not have much influence on this soil layer. Although the 

site was rather homogeneous at the time of planting, the variance in H1 had increased 

greatly at the time of sampling (Table 5.9). The relative variance for Cd and Zn was up 

to 10 times higher in H1 in 2005 than in 1981. For Cr and Cu, the variance was about 5 

times higher. This increase in variance might have different reasons but an important 

part of the increase is related to tree growth. For many characteristics that were 

measured, there was a significant difference between the tree species in H1. It is well 

known that trees have influence on the soil characteristics as explained in the 

introduction.  
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Fig. 5.1. Results of the PCA of the soil data of H1 (0-5 cm) (a) scatter plot of the first two PC-

scores of the data; (b) scatter plot of the scores of the variables 
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Table 5.9. Coefficient of variation (%) for the entire site in 1981 and in H3 (40-50 cm) and H1 

(0-5 cm) in 2005 

 pHKCL Cd Cr Cu Zn Ca 

1981 6.8 6.3 5.4 5.7

H3 1.6 12.4 10 9.8 9.3 15.4

H1 12.3 63 31.7 23.5 48.6 28.4

 

The first two PCs of the PCA accounted for 60% of the variance in H1. On the first axis 

(PC1), mainly determined by Cd and Zn data, two groups can be distinguished: the 

poplars, showing high values on this axis, and the other tree species, showing low 

values (Fig. 5.1). This is most likely linked to the uptake of Cd and Zn in the litter, 

poplar showing high amounts of Cd and Zn against normal concentrations and normal 

amounts for the other species. Populus spp, and Salix spp as well, are generally known 

to take up Cd and Zn from polluted soil and to accumulate these metals in their 

biomass, including shoots, leaves and wood, distinctly more than other tree species 

(Sawidis et al. 2001, Vandecasteele et al. 2003, Brekken and Steines 2004, Laureijsen 

et al. 2004). The causal relationship between the high uptake of Cd and Zn and an 

increase of the concentration in H1 is further discussed in the section “Fluxes”. 

On the second axis (PC2), which is the axis determined by pH and organic carbon data, 

oak is the species with the lowest values while ash has the highest values. It is 

generally known that plant species can differ in their effect on soil pH, base cation 

saturation and organic matter content, and differences between tree species for these 

characteristics have been reported in the past (Finzi et al. 1998, Augusto et al. 2002). 

Base cation leaching and soil acidification are enhanced by species with high litter 

concentrations of organic acids (particularly tannins) and low litter concentrations of 

base cations (Ovington 1953, Finzi et al. 1998). According to Raulund-Rasmussen & 

Vejre (1995), acidification might largely be caused by input of organic acids that 
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originate from the incomplete decomposition of organic matter. Lower pH under 

spruce and beech was explained by slower litter decomposition in these species. This 

leads to the production of organic acids and also delays the return of base cations to the 

soil sorption complex (Hagen-Thorn et al. 2004).  

The surface soil under oak showed lowest pH and Ca concentration and highest carbon 

content. The scores of oak for PC2 were significantly different of these of ash and 

maple (p<0.05). The reasons for the low pH were probably the low concentration of Ca 

in the litter and a retarded decomposition of the litter as could be seen from the high 

organic carbon content in the soil. Litter of oak growing on loamy sand contained 

higher concentrations of lignin than maples on the same site (Reich et al. 2005). On 

former agricultural land (sand to loam) that was afforested, differences in soil pH 

between oak (Q. robur) and ash (F. excelsior) were not measured after 30-40 years of 

tree growth (Hagen-Thorn et al. 2004), but the upper mineral soil layer under oak had, 

in general, lower base saturation than soils under ash (Hagen-Thorn et al. 2004). Muys 

et al. (1992) found the thickness and quality of holorganic layer and soil pH to be 

different under different tree species. These effects could be explained by the quality 

and quantity of the annual litter. Under oak litter accumulated and moder humus 

formation started, while under ash a well-functioning forest mull was found. Finzi et al. 

(1998) found lower soil pH under red oak than under white ash.  

The PCA shows that ash had a positive effect on the characteristics related to pH and 

organic matter (PC2), as can also be seen in the soil data tables: ash had highest pH and 

Ca concentrations and lowest C concentrations. Ash litter has been shown to be easily 

decomposable and rich in nutrients (Hagen-Thorn et al. 2004), which promoted a high 

base cation return to the soil. A high content of base cations in the foliage and high leaf 

susceptibility to leaching led to increased base cation input via throughfall as well 

(Eviner & Chapin 2003).   
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The relatively low pH and high carbon content under poplar suggest that litter 

decomposition under this species might have been retarded. The pH under poplar was 

0.6 units lower than under ash. This is remarkable as on a former agricultural loamy 

soil that was afforested 25-years before measurements were done, the pH in the upper 5 

cm of the soil was significantly highest under poplar compared to other species (Table 

5.10). Leaf litter from poplars and willows generally has high nutritional quality, 

facilitating rapid litter decomposition and nutrient release to soils (Cooke and Weih 

2005). In an other study (Muizenbos, Belgium; Verstraeten 2004) soil pH under ash 

and maple was compared in two neighboring plots of at least 80-years old on sandy 

loam. The soil pH-CaCl2 of the upper (5-10 cm) and deeper (10-20 cm) soil layers were 

comparable on both plots, being slightly higher under poplar in the upper layer.  

Table 5.10. pH of the upper 5 cm of the soil on a former agricultural land after 25-years 

of forest growth (Dossche, 1998; values followed by the same letter did not differ, 

p<0.05 )  

Species  pH  
Poplar Populus ‘robusta’ 4.97 a 

Poplar Populus ‘harff’ 4.66 a 

Ash Fraxinus Americana 4.12 b 

Lime Tillia cordata 3.99 b 

Oak Quercus rubra 3.49 c 

Maple Acer pseudoplatanus 3.36 c 

 

Litter Ca concentration in poplar was indeed high, almost double that of the oak litter 

and higher than the ash litter. The amount of Ca recycled to the soil via litter fall was 

lower than the amount of maple and ash, but higher than oak. This suggests that the 

low pH was not mainly caused by depletion of base cations, but rather by the formation 

of acids. The (organic) carbon content in the upper soil layer was highest compared to 

the other species, although the amount of litter produced was lowest of all. Both 

unexpected low pH and high carbon content indicate that the decomposition of the litter 

might have been retarded.  
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This retardation might be caused by the high concentrations of Cd and Zn in the litter. 

Numerous studies also reported retarded decomposition of litter when Cd and Zn were 

present in elevated amounts (see for example Coughtrey et al. 1979, Derome and 

Lindroos 1998, Berg et al. 2003). Laskowski et al. (1994) reported a significant 

decrease in forest litter respiration rate after 4 weeks at levels of 1000 mg kg-1 Zn and 

50 mg kg-1 Cd. It was not clear if at lower metal levels the respiration rate would 

decline. Niklinska et al. (1998) reported significant inhibition of respiration rate at 

levels from 10 mg kg-1 Cd and levels of about 500-1000 mg kg-1 Zn. It is therefore 

possible that, at the levels that were measured at this site (10 mg kg-1 Cd and 1300 mg 

kg-1 Zn in the litter), the decomposition of the poplar litter had decreased. The retarded 

decomposition might have resulted in a decreased pH and relatively high carbon 

contents in the soil, almost as high as the content under oak. 

The combined effect of soil acidification and high uptake of Cd and Zn makes poplar 

not desirable to be planted on these sites. The high amount of Cd and Zn in the crown, 

litter and surface soil layer might cause transport of these metals into the food web. The 

low pH will probably increase the mobility of these metals in the surface soil as the 

mobility of both Cd and Zn in soils is predominantly determined by soil pH (Bergkvist 

et al. 1989). Higher mobility might increase the risk for leaching and uptake.  

 

Fluxes 

The input and output fluxes determine the metal concentrations and metal amounts in 

the different soil layers (Fig. 5.2). Output of metals from the soil layers is mainly 

controlled by leaching and uptake by plant roots. Input in the upper soil layer is 

determined by input via litter fall and atmospheric deposition. Input via atmospheric 

deposition was not accounted for in this study. As all species are broadleaved species, 

because it was assumed that differences in deposition rate between the species are 



Chapter 5 

limited, especially when compared to the differences caused by root uptake and soil 

acidification.   
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Fig. 5.2. Metal fluxes related to the uptake of metals in the litter 

 

The total metal concentrations in H1 were all lower than H3, except for Cd and Zn 

under poplar. Under poplar, high concentrations in H1 might have been caused by the 

high input of Cd and Zn by the litter. Whether uptake of metals in the litter causes an 

increase of the soil concentration depends on two conditions: 1) the concentration in 

the decomposed litter is higher than the soil concentration and 2) the input flux is 

greater than the output flux. Decomposition of poplar leaves mostly stops at a ‘limit 

value’ (=fraction of litter that does not decompose) of 55% of the dry weight (Berg et 

al. 2003). As the amount of metals remains equal, metal concentrations might double 

during decomposition from fresh leaves to decomposed litter. The Cd and Zn 
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concentrations of the decomposed litter will be significantly higher than the soil 

concentration and an increase of the concentration is possible. This is however only 

possible if the output fluxes of metals does not exceed the input flux. Output is mainly 

the result of uptake by the roots and leaching.  

The decrease of the metal concentrations in H1 measured under oak, ash and maple 

might be caused by leaching, uptake by plant roots and addition of less polluted 

material, e.g. litter with lower metal concentrations. Plant uptake and leaching of heavy 

metals depend on the mobility and availability of the metals in the soil, which in turn 

are affected by pH and contents of solid and dissolved organic C (see for example 

Seuntjens et al. 2002, Dijkstra et al. 2004, Strobel et al. 2005). Low pH favors 

solubility, and hence mobility. In addition, complexation by dissolved organic C may 

enhance the solubility of heavy metals. Because of lowest pH under oak and poplar, 

more metals might have leached from H1 under these species. The metal concentrations 

in H1 under these species were lowest, except for Cd and Zn under poplar because of 

high litter concentration. We couldn’t find an effect of pH on the NH4OAc-EDTA 

extractable concentrations. This extraction is buffered at pH 7 and this might have 

masked pH effects due to isothermal adsorption/desorption equilibrium.  

The soil layer in which acidification occurs was limited (about 5 cm), and because of 

the high acid neutralizing capacity of the deeper soil layers (Singh et al. 2000, 

Luyssaert et al. 2001, Cappuyns et al. 2004), the risk for leaching to the groundwater 

will still be limited. For the estimation of leaching fluxes, information is needed on the 

soluble metal concentration in the soil and the soil water flux (Moolenaar et al. 1998). 

The soil water flux also depends on the tree species (Van der Salm et al. 2006).  

More detailed information on the fluxes is needed to understand the processes going on 

and to be able to make predictions for the future. Leaching needs more attention, 

especially because of risk for groundwater pollution. On the other hand, Ross (1994) 

stated that the input of metals into the food web is potentially more harmful than metal 
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leaching into the groundwater. It was recently shown that metals might have a stronger 

effect on the microbial diversity in the soil than it was generally believed (Gans et al. 

2005). The upper soil layer H1 was only about 5 cm thick but it is a very important 

layer because it has the highest biological activity and the litter is an important basis of 

the food web. Therefore special protection of this soil layer might be important and a 

decrease of the metal concentration might have more ecological advantages than it 

might pose risks.  

 

Conclusions 

After 30 years of tree growth, we found a redistribution of metals in the soil profile that 

was dependant on the tree species. Two processes seem to determine the soil 

concentration in the upper soil layer: uptake of metals in the leaves and species specific 

soil acidification. Poplar took up high amounts of Cd and Zn and this resulted in 

increased concentrations of these metals in the upper soil layer. Oak acidified the soil 

more than ash and maple and this resulted in higher leaching from the upper soil layer 

and associated lower metal concentrations in this soil layer. The high amounts of Cd 

and Zn in the litter and upper soil layer seemed to retard litter decomposition which 

might have caused unexpected low pH values and high carbon contents under poplar.  
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 Chapter 6 
Interpretation of metal concentrations in plant tissue 

for biomonitoring and phytoextraction studies* 
 

Abstract 

Some plant species accumulate trace metals from the soil in their aboveground 

biomass. Therefore, some scientists have concluded that these species are suitable for 

biomonitoring trace metal concentrations in the soil or for removing excessive trace 

metals from the soil by means of phytoextraction. A significant correlation between the 

chemical composition of foliage and soil is not a sufficient condition for using the 

chemical composition of foliage as a biomonitor for the quality of the soil. This 

composition can, however, provide additional information to the traditional soil 

samples. The phytoextraction potential of a plant species cannot solely be evaluated on 

the basis of the trace metal concentrations in the plant and soil tissue. Data on the depth 

of the rooting zone, the density of the soil and the harvestable biomass should also be 

taken into account. Although plant tissue analysis is a useful tool in a wide range of 

studies and applications, trace metal concentrations in plant tissue cannot be viewed in 

isolation. Instead it should be analyzed and interpreted in relation to other information 

such as soil concentrations, rooted zone, biomass production, etc. 

 

* Based on: Mertens, J., Luyssaert, S. & Verheyen, K. (2005). Use and abuse of trace metal concentrations in plant 

tissue for biomonitoring and phytoextraction. Environmental Pollution, 138, 1-4.  
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Introduction 

Chapter 1 partly considered phytoextraction and part of Chapter 3 considered 

biomonitor. Some discussion is however necessary on these two topics. The uptake of 

soil metals by plants growing on polluted sites has been the subject of many research 

studies. Some plant species were reported to accumulate metals from the soil in their 

aboveground biomass. This observation has led some scientists to conclude that plants 

can be used to monitor soil pollution or to remediate polluted soils. However, we 

believe that these conclusions were often based on a superficial evaluation and 

interpretation of trace metal concentrations in plant tissues.  

 

Bioindicators and biomonitors 

An organism that provides qualitative information on the quality of its environment is 

called a bioindicator and one that provides quantitative information a biomonitor 

(Bargagli 1998). Bioindicators and biomonitors can be passive or active. The terms 

bioindicator and biomonitor have been and still are mistakenly used as synonyms. 

However, the terminological confusion is not the main problem. More important are 

the logical flaws that have led to an excessive use of the terms bioindicator and 

biomonitor for what is often no more than a correlation between trace metal 

concentrations in tree foliage and trace metal concentrations in the soil. Many articles 

published in a variety of journals assume that as a result of this correlation, plant 

analysis can be used to monitor soil pollution.  

We have selected the article of Madejon et al. (2004) to illustrate some of the logical 

flaws which occur in scientific literature. Madejon et al. (2004) were interested in the 

environmental quality of the soil. Therefore soil samples were taken and the Cd and Zn 
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concentrations determined. On the same site, foliar samples from white poplars 

(Populus alba L.) were also taken and analyzed for Cd and Zn. The foliar Cd and Zn 

concentrations were reported to be positively correlated to the soil concentrations. The 

positive correlation persuaded Madejon et al. (2004) to suggest that the leaves of white 

poplar could be used for biomonitoring Cd and Zn in the soil. Given the definition of a 

bioindicator and a biomonitor this is a correct statement. However, we fail to see the 

advantage of using foliar samples to determine soil concentrations whenever it is 

possible to analyze the soil. Soil analyses are certainly the most straightforward method 

for assessing the soil quality, whereas using foliar analysis to monitor soil pollution has 

some practical constraints.  

1. Trace metal uptake is dependent on the species or even clonal species (Landberg 

and Greger 1994). Therefore, monitoring is in practice restricted to areas where 

the specific species or clone is growing. Consequently the plant or clonal 

species has to be determined before analysis. In the case of clonal species, 

determination may be difficult and laborious.  

2. At present, no plant species are known that respond to a wide range of elements. 

In the case of white poplars, biomonitoring is likely to reveal Cd, Zn and As 

pollution in the soil. However, the same biomonitoring strategy would fail to 

reveal soil pollution by, for example, Pb and Cu (Mertens et al. 2004). A soil 

sample which has been analyzed for a wide range of elements would reveal the 

total concentration for those elements.  

3. The trace metal concentration in tree foliage varies with the crown class, stand 

management, crown dimensions, infections, season, etc. (Luyssaert et al. 2002). 

Consequently, the variability in trace metal concentrations in tree foliage should 

be known and understood when designing a suitable leaf sampling procedure. 

For example, Cd, Zn, Cu and Pb concentrations in tree leaves are reported to 

vary during the growing season (Luyssaert et al. 2002). If the assessment of the 
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soil quality is now based on the chemical composition of the foliage, the soil 

quality in terms of Cd, Zn, Cu and Pb concentrations will also vary during the 

growing season. Therefore, foliage sampling should be done in a predefined 

manner, which restricts the possibilities for determining the pollution on a site.  

4. Due to the height of trees, collecting foliar samples is often impractical. 

Even if the aforementioned difficulties could be overcome, would tree foliage analysis 

have advantages over soil analysis?  

1. It has been argued that bioindicators and biomonitors contain integrated 

information for a longer time period and over a larger space, whereas a soil 

sample provides information about the specific sampling time and location. 

Does this argument hold in the case of Madejon et al. (2004)? Tree roots cover a 

large soil volume. However, tree roots were reported to avoid zones 

contaminated with heavy metals. Avoidance was thought to be an efficient 

survival strategy of the plant (Dickinson et al. 1991, Breckle and Kahle 1992). 

This means that the tree roots might avoid the hot spots, despite these spots 

having a considerable influence on the assessment of the soil’s environmental 

quality (Hsiao et al. 2000). Tree roots stay in the soil year round and are 

therefore expected to contain time-integrated information. However, Madejon et 

al. (2004) analyzed the leaves not the roots. Element concentrations in the roots 

are not simply reflected in the leaves. Foliar concentrations of trace metals are 

driven by accumulation, antagonism, accretion, resorption and excretion. 

Consequently, it is unlikely that the tree foliage contains the time-space-

integrated information sought.  

2. Environmental risk and damage occurs when the metals are available to the 

living organisms. Analysis of the total soil concentration provides no 

information about the availability. What does the availability for white poplar 
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tell us about the availability for other living organisms at the site? Availability 

to poplars is not the same as availability to other species. Oak or ash, for 

example, did not accumulate Cd, Cu, Cr, Pb or Zn on sites where white poplars 

accumulated Cd and Zn (Mertens et al. 2004). This means that the availability is 

highly dependent on the species. Yet total soil analysis or sequential extractions 

are not a valid alternative for determining the availability of soil trace metals to 

living organisms. The availability of trace metals in an ecosystem can only be 

evaluated by simultaneously analyzing soil and plant samples (Bargagli 1998). 

So far, foliar trace metal concentrations have not been successfully predicted 

from the trace metal concentrations in the soil. The estimation of available 

concentrations of elements in the soil from the elemental composition of plants, 

or vice versa, can only be used for overall estimates on a broad scale (Bargagli 

1998). 

Do the above objections mean that there is no need for foliar analyses? No! Firstly the 

objections raised for biomonitoring soil quality do not hold for biomonitoring other 

abiotic components of the ecosystem. Tree foliage has been reported to be a sensitive 

bioindicator and biomonitor for assessing ozone and sulphur oxide concentrations in 

remote areas (Bennett 1996) and for assessing large-scale patterns of atmospheric trace 

metal concentrations (Landolt et al. 1989). In addition, foliar analysis is used as a tool 

for monitoring the effects of air pollution on the health of forest ecosystems (UN/ECE-

EC 1998). Secondly, both leaf and soil analyses are needed when studying the effects 

of soil trace metals on the chemical composition of foliage or assessing the 

environmental quality of ecosystems, and these two approaches should be treated as 

complementary information (Kabata-Pendias and Pendias 1992, Ross 1994, Pilgrim 

and Hughes 1994). Thirdly, foliar analysis should be considered when assessing the 

environmental quality of a food web in an ecosystem. After all, foliage represents that 

part of the aboveground biomass which is most susceptible to herbivory. Even when 

the trace metals in the soil are not highly available, their uptake by accumulator plants 

can make them available to insects, grazers and soil organisms. This was shown on a 
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disposal site for dredged sediment covered with willow. The high uptake of Cd in the 

leaves of the willows was thought to be the cause of high Cd concentrations in the 

small mammals living on the site (Mertens et al. 2001). 

We certainly want to encourage the use of plant analysis to describe plant and 

ecosystem functioning (implying biological productivity, soil quality, etc.). Resources 

should be invested in improving the interpretation of plant analysis in terms of 

environmental quality. Therefore, the chemical composition of plants or plant parts 

should be linked to ecophysiological characteristics that give information on biological 

productivity or plant functioning (see for example Luyssaert et al. 2005). If this step is 

made, plant analysis can become an essential part of assessing environmental quality 

including soil quality. 

In conclusion, foliage sampling and analysis is a useful tool for studying the effects of 

metals and for monitoring atmospheric pollution. However, we believe that it has little 

value for the straightforward biomonitoring of soil pollution.  

 

Phytoextraction 

Metal extraction ratio 

Phytoextraction aims to remove trace metals from the soil by repeatedly harvesting 

plant biomass from a polluted site. Harvesting continues until metal concentrations in 

the soil have reached a predefined target concentration. Target concentrations are 

usually a legally defined threshold. The discovery of metal-accumulating plant species 

lead to the idea of phytoextraction. Web of Science, a web based reference tool, has 

recorded 86 articles concerning “Phytoextraction and metal*” published in 2005 and 

more than two decades have passed since the idea of phytoextraction was developed. 
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Yet is phytoextraction as promising as many authors would have us believe? Up until 

now, the scientific basis for the practical application of phytoextraction has been 

limited (Keller & Hammer 2004). Accumulating plants are still being sought and few 

studies have evaluated the extraction capacity of hyperaccumulators under field 

conditions (McGrath and Zhao 2003). How can the extraction capacity of a plant be 

evaluated? Some authors define accumulating plants as plants that have higher 

concentrations than other species. Many authors define it as plants which have higher 

tissue concentrations of the metals concerned than the concentrations found in the soil 

(McGrath & Zhao 2003). This means that the bioconcentration factor (BCF), defined as 

the ratio of metal concentration in plant shoots to metal concentration in soil, should be 

larger than 1.  

In one of our studies, the woody biomass of willows had rather high Cd concentrations 

(3.2 mg kg-1) and a corresponding bioconcentration factor of 1.2 (unpublished results). 

Based on these data the willow stand studied would be described an accumulator and 

suitable for phytoextraction. However, when evaluating the possibilities for 

phytoextraction it is meaningless to compare plant concentrations to normal ranges or 

to the soil concentrations. As well as the trace metal concentrations in the soil and 

plants, an evaluation of the extraction capacity should take into account the depth of the 

rooting zone, the density of the soil and the biomass production and mortality of the 

aboveground biomass components harvested. Expressing the extraction capacity as a 

ratio which takes into account the produced biomass and the soil volume to be cleaned 

would be more informative. We therefore propose the metal extraction ratio (MER), 

which is calculated as follows: 

MER = (Cplant x Mplant / Csoil x Mrooted zone) x 100 

Where, Mplant is the mass of the harvestable aboveground biomass produced in 1 

harvest, Cplant is the metal concentration in the harvested component of the plant 

biomass, Mrooted zone is the mass of the soil volume rooted by the species under study, and 
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Csoil is the metal concentration in the soil volume. For example, a metal exchange ratio 

of 10% means that 10% of the soil metals can be removed in 1 harvest. For the 

aforementioned willow stand, the metal exchange ratio was 0.3%, and therefore only 

0.3% of the metals would be removed by the concerned harvest. An even more 

informative ratio for evaluating the extraction capacity would take into account the 

target concentration of the trace metal in the soil. This gives the following formula for 

calculating the metal exchange ratio:  

MERtarget conc =( Cplant x Mplant / (Csoil – Ctarget) x Mrooted zone) x 100 

Where Ctarget is the target concentration as defined by, for example, environmental 

legislation. In our example the metal exchange ratio conditional on the target 

concentration is 1.0%, which means that one harvest removes 1% of the amount of 

metals that have to be removed. Although the bioconcentration factor was greater than 

1, both indexes for the metal exchange ratio indicate that in our example, the prospects 

for phytoextraction are limited. However, the metal exchange ratio should be used with 

care. As the bioconcentration factor decreases with increasing soil concentrations, 

(Efroymson et al. 2001), the metal exchange ratio will also change if soil 

concentrations change.  

Feasibility  

The amounts of Cd that could be exported annually (Mexp) using poplars ranged from 

about 20 g ha-1 (Chapter 1) to 90 g ha-1 (Chapter 4, outlet plot). Previous calculations of 

the amount of Cd offtake from Salix harvest using direct evidence from field trials at 

contaminated sites (Klang-Westin and Eriksson 2003; Pulford et al. 2002, Berndes et 

al. 2004) were also low with a range of 2.6–76.7 g ha-1 year-1. In a recent study with 

willow on dredged sediment, Meers et al. (2005) extracted annually 83 g Cd ha-1. This 

means that our data are consistent with phytoextraction studies with Salix spp.  
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The highest MER that could be calculated from the field data of the previous chapters 

was 0.35%. This MER accounted for the inlet plot on the site of chapter three and 

means that annually, 0.35% of the amount of Cd in the upper 1 m layer of the soil 

could be extracted annually. For Zn, the highest MER found was 0.12% while for the 

other elements MER’s were disappointingly low. A MER of 0.35% means that, 

assuming that growth, uptake and soil characteristics remain constant, about 30 years 

are needed to decrease the soil concentration with 10%.   

Above calculation is however an overestimation as the assumptions of constant growth, 

uptake and soil characteristics are not realistic. It is known that Cd availability in the 

soil can decrease with time but the rate of this decline is poorly known. In willow 

stands on dredged sediment, the ammonium acetate extractable Cd and Zn 

concentration seemed to decrease with time, as did the concentration in the biomass 

(Mertens et al. 2006). The extractable concentration on 1- and 2-year-old willow plots 

on dredged sediment was about 17-18%of the total concentration, while on a 4-year-old 

plot it was 13%, and on a 6-year-old plot it was only 6%. For the other elements, the 

extractable fraction was very similar among the plots of different ages. Eriksson and 

Ledin (1998) found that long-term cropping of Salix resulted in a 30-40% decrease in 

plant-available Cd, although the effects on concentrations of total Cd were negligible. 

This decrease in available Cd might partly be compensated because metal availability 

in the vicinity of willow roots can increase compared to unrooted bulk soil (Vervaeke 

et al. 2004). Pulford et al. (2002) also showed that the concentrations of EDTA-

extractable Cd, Cu, Ni, and Zn in sewage-sludge amended soil were higher under 

willows than in unplanted areas. This topic certainly needs further investigation as it is 

important for the feasibility of phytoremediation.  

Furthermore, it is doubtful that biomass production will remain constant for every 

rotation period. From 3 to 6 year rotations it can be expected that this will be true, 

based on reports on traditional short rotation forests (SRF) practices (Willebrand et 

al.1993). Short rotation forests managed this way are generally characterized with 
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constant biomass production for every rotation as long as soil fertility is maintained. 

Only toward the end of the 20 year period in which SRF stands are generally operated 

can a decline in production be expected as a result of root and stump dieback. For the 

reduction of the risk of metal spreading to the environment, leaves and wood should be 

harvested annually before leaf fall. Reducing the rotation time to one year can, 

however, result in a decline of biomass production (Kopp et al. 2001).  

A practical limitation is that if soil concentration is above the legislation limit, it needs 

to be cleaned until background values are achieved, not until the legislation limit is 

achieved. 

Nevertheless, phytoextraction has some clear advantages above the commonly used 

soil remediation techniques. Although current technologies for cleaning contaminated 

sites such as isolation and containment, mechanical/pyrometallurgical separation, or 

chemical treatment are efficient, they are usually expensive, labor intensive, and soil 

disturbing (Mulligan et al. 2001) Phytoremediation, on the other hand, can be 

accomplished in situ, is relatively inexpensive, environmentally friendly, and the soil 

can be utilized immediately after treatment application (Gardea-Torresdey et al. 2005). 

Further research is therefore needed. If the exported amount of metals can be 

significantly increased, there might be some possibilities to clean Cd and Zn polluted 

soils. In further research attention should be paid to: 

1. the sustainability in terms of biomass production and soil quality of short 

rotation forestry that annually harvests wood and leaves 

2. the practical possibilities for phytoextraction of harvesting the root bole at the 

end of a period of remediation  
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3. further selection and further improvement of species aimed at increasing the 

biomass production and biomass metal concentrations. Eventually, the 

technique can be improved with biotechnology. 

 

Conclusions  

Plants can definitely be a suitable tool for monitoring soil quality by means of for 

example the occurrence or abundance of particular species, mortality, growth or the 

chemical composition of plant tissues. The existence of a correlation between the 

chemical composition of plants and soils is not a sufficient condition for using the 

chemical composition of foliage as a biomonitor. In our opinion, a biomonitor should 

not reproduce the information already contained in soil analyses but should provide 

additional information on the environmental quality, of which soil quality is an 

essential part.  

When evaluating the possibilities for phytoextraction it is meaningless to compare plant 

concentrations to normal ranges or to the soil concentrations. It was concluded that, to 

know whether a species is suitable for phytoextraction on a specific site, the amount of 

metals that are annually removed should be considered. The metal extraction ratio 

(MER) was proposed as the ratio of the amount of metals in the harvestable plant 

biomass to the amount to be extracted from the soil. This MER was thought to give 

more useful information for evaluating phytoextraction projects. On disposal sites for 

dredged sediments, phytoextraction of metals using trees seems not a realistic option 

for soil decontamination using the present best available techniques. 
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 General discussion and conclusions 
 

 

Sites for dredged sediment are often afforested as a measure to embed the sites in the 

landscape and to put these, otherwise useless sites, to a beneficial use. By doing so, the 

forested area increases (Flanders is a poorly forested region), soil and pollution are 

stabilized, recreational area might be provided, wood can be produced and buffer areas 

between hard to combine land uses might be established. Sites for dredged material are 

often polluted with a wide array of pollutants and the risk for spreading of pollutants in 

the environment should be avoided. As it is known that biota might play an important 

role in pollutant cycling, the main objective of this study was to investigate the species 

specific influence of afforestation of dredged sediments on the fate of metals. Specific 

aims were i) to evaluate and compare different tree species within the scope of 

reclamation and phytoremediation of metal polluted dredged sediment derived soils  

and ii) to quantify the reallocation of soil metals and ecosystem on the short and longer 

term under different tree species. This work compiles results of in situ studies from 2 to 

33-years-old plantations with different tree species. 

In the next paragraphs, the main results, in relation to the above objectives, are outlined 

and discussed, with special attention to the effect of tree species on the metal 

redistribution in the system and to the possibilities of trees to be used for 

phytoremediation (extraction or stabilization).  
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Main findings 

Following conclusions were drawn:  

Tree species can be divided in two groups based on the uptake patterns  

When the uptake of metals in the aboveground biomass was considered, two groups 

could be distinguished. The biomass compartments of most tested tree species did not 

reveal elevated concentrations of metals compared to reference data while willows and 

poplars revealed elevated concentrations of Cd and Zn in their aboveground tissue. 

This holds as well for the young as for the old plantations, and the leaf concentrations 

on both young and old plantations were similar (see Chapter 1, 2 and 5). Hereafter, the 

possibilities and eventual risks of the elevated uptake of Cd and Zn by willows and 

poplars will be discussed first, followed by discussion of the tree species effects not 

related to uptake of metals.  

 

Possibilities of uptake 

Phytoextraction of metals using trees seems not realistic on disposal sites for dredged 

sediments using the present best available techniques  

The high Cd and Zn concentrations in Salicaceae have been reported before and have 

lead to the idea that these species can be used for cleaning the soil by phytoextraction 

of Cd and Zn. This work showed that the possibilities for phytoextraction by trees on 

dredged sediments are limited (as was also shown by Vervaeke et al. 2003). Only Cd 

and Zn are taken up in high amounts, but the amounts were too small and remediation 

of the soil would take several hundreds of years. The amount of metals that can be 

exported from the soil by yearly harvesting wood and leaves is about 60 g of Cd and 
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3500 g Zn per ha (Chapter 1). Hundred years of annual harvesting would decrease the 

soil concentration with less than 0.5 mg kg-1 Cd and 27 mg kg-1 Zn, supposed that 

metals were extracted only from the upper 1 m of the soil (soil concentrations in this 

study were about 1-15 mg Cd kg-1 and 300-1500 mg Zn kg-1).  

Several authors claim however that there are possibilities for the use of willows to 

remediate soils from Cd pollution, in cases where the concentration of Cd in a soil is 

just above guideline values (Meers et al. 2005; Dickinson and Pulford 2005). 

Nevertheless, in practice, some remarks have to be made. Firstly, sites that are only 

polluted with Cd will not be easy to find, especially not dredged sediments. Secondly, 

according to Flemish legislation the soil has to be cleaned till background values. In 

case of a slight exceedance of limits it might be possible to decrease the concentration 

of Cd below the limit in a ‘realistic’ timescale, but decrease till the background values 

will require an excessive amount of time. The third problem is a problem that was 

shown to be very relevant namely the risk of spreading the metals through uptake in the 

leaves. It is therefore said that it might be better to harvest both wood and leaves, 

although it is not yet sure if site productivity will be sustainable in that way.  

The metal extraction ratio (MER) was suggested for the evaluation of phytoextraction 

capacity of plant species  

The evaluation of the phytoextraction capacity of plants is often made by comparing 

the biomass concentrations to reference concentrations or by calculating the ratio of the 

plant to soil concentration (=BCF). However, when evaluating the possibilities for 

phytoextraction it is meaningless to compare plant concentrations to normal ranges or 

to the soil concentrations. It was concluded that, to know if a species is suitable for 

phytoextraction on a specific site, the amount of metals that are removed annually 

should be considered. The metal extraction ratio (MER) was proposed as the ratio of 

the amount of metals in the harvestable plant biomass to the amount to be extracted 

from the soil (Chapter 6). This MER was thought to give more useful information.  
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Possibilities for biomonitoring  

Accumulation of Cd and Zn from the soil in the aboveground biomass of willows and 

poplars and a correlation between the soil and plant concentration do not mean that the 

chemical composition of foliage of these species is suitable for biomonitoring trace 

metal concentrations in the soil (Chapter 6). The chemical composition of foliage can, 

however, provide additional information to the traditional soil samples.  

 

Metal mobilization due to uptake 

Sites for disposal of dredged sediment might cause a risk for metal transfer to the 

ecosystem   

Cd levels, but not Zn, were elevated in small mammals living on disposal sites for 

dredged sediment of about 10-years-old, as compared with background levels (Chapter 

3). No significant differences were found between sites in Cd or Zn levels in animals. 

In contrast, there was inter-site variation in contaminant levels in soil and in willow 

leaves. Small mammals were not found to accumulate Zn, probably because of the 

effect of homeostasis. Cd, on the other hand, was clearly accumulated, even on the site 

where soil and leaf analysis did not indicate an important pollution problem. The 

calculations using the BIOMAG model indicated that the Cd in the soil of the 

investigated disposal facilities probably caused low risk for predators. However, the 

elevated Cd and Zn concentrations in the willow leaves on the polluted sites and the 

high Cd concentrations in the small mammals on all the sites indicated that ecosystem 

development should be considered carefully. 

Poplars can cause elevated Cd and Zn concentrations in the upper soil layer  

The accumulation of Cd and Zn in the aboveground biomass of poplars mobilizes these 
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metals to the crown canopy, the forest floor and the surface soil layer. Redistribution of 

the metals via litter fall can cause the metal concentrations in the upper soil layer to 

increase. This is only possible when the estimated leaf concentrations in the 

decomposed litter were substantially higher than the concentrations in the soil. This 

occurred in poplar stands for Cd and Zn on the least polluted part of the 10-years-old 

site in Menen (Chapter 4) and on the 33-years-old site in Rotterdam (Chapter 5). Such 

redistribution might even cause the Cd or Zn concentrations for this horizon to exceed 

the legislative limits. These findings are relevant as the surface soil layer has most 

biological activity. Nevertheless, the soil layer that showed elevated concentrations was 

only about 3-5 cm thick, which might implicate that the risk and the extent of this 

process are rather limited. 

Elevated Cd and Zn concentration in the litter might cause retardation of the litter 

decomposition rate and acidification   

The upper soil layer under poplars in the 33-years-old site for dredged sediment 

showed not only elevated Cd and Zn concentrations, but also high organic carbon 

contents and low pH, as compared to the other tree species (Chapter 5). Litter 

decomposition was supposed to be retarded under poplars due to the high metal 

concentrations in the litter. Retarded litter decomposition causes higher acidification. 

The pH under poplar was indeed lower than expected. This might enhance the risk 

posed by the high soil concentrations because acidification tends to mobilize metal 

mobility. 

It was not investigated if the high uptake of Cd and Zn by willows and poplars also 

caused higher risk for the ecosystem and uptake in the food web (see further), but in 

anticipation of further research, it seems that willows and poplars are not suited to be 

planted on sites for dredged sediments. 
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Metal mobilization not related to uptake 

Oak causes highest acidification and highest leaching from the surface soil layer  

Trees can also influence metal mobility in other ways than through uptake of metals. 

After 33-years of tree growth, we found a redistribution of metals in the soil profile that 

was dependant on the tree species (Chapter 5). Two major processes seemed to 

determine the soil concentration in the upper soil layer: the metal concentration of the 

leaves and species specific soil acidification. Oak seemed to acidify the surface soil 

layer more than ash and maple. The metal concentrations in this surface layer were 

lower under oak than under ash and maple because acidification increases metal 

mobility. Again, the surface soil layer was very thin and it is not sure if risks are higher 

when growing oak or ash and maple. The metal concentrations in the soil profile under 

ash seemed to have changed less of all species.  

 

Implications and research needs 

Phytostabilization 

Although willow and poplar species are well adapted to the sediment derived soils, these 

species are not suited for phytostabilization. According to Ross (1994), the input of 

metals into the food web is potentially more harmful than metal leaching into the 

groundwater. Therefore, uptake of metals in the leaves should be avoided and species 

that do not take up metals such as maple, ash, oak, Robinia and alder should be chosen 

to be planted on these sites. If acidifying species, such as oak, are chosen, metals will 

leach from the surface soil layer. On the dredged sediment derived soils, this 
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acidification and leaching will be limited because of the high buffering capacity of 

these soils.  

Further investigation should indicate to what extent acidification of the upper soil layer 

is desirable. Acidification of the soil will increase the risk for leaching of metals to the 

groundwater. On the other hand, the metal concentrations in the surface soil layer will 

decrease due to acidification, possibly causing the risk for uptake in the food web to 

decrease. The ecotoxicological and environmental risks involved with acidification 

should be investigated and weighed against the risk when soil was not acidified. 

Because of the high buffering capacity and low risk for leaching on dredged sediments 

(Tack et al. 1999), oaks might be more suited as the metal concentration in the surface 

soil layer decreases.  

Other research needs concerning phytostabilization are i) the effects of afforestation on 

metal distribution should be compared to the effect of other vegetation types or other 

practices such as covering the sites with different materials. ii) Mobilizing and 

immobilizing processes should be investigated more in detail and need to be weighed 

against each other. Examination of the biota effects on these processes and process 

interactions will provide information for site and risk management. 

 

Phytoextraction  

Phytoextraction of soil metals using trees did not seem a realistic option due to the 

moderate and selective metal uptake. Unless metal accumulation in willow or poplar 

biomass or the biomass production itself can be drastically increased, the prospect of 

willow or poplar based phytoextraction systems becoming an interesting option for the 

remediation of contaminated sediments is small. More research might be needed to find 

species or clones with higher metal extraction ratios. A higher MER means that the 
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metal concentrations in the harvestable biomass are higher and/or biomass production 

is higher.  

Risk assessment and monitoring 

Risk assessment and monitoring should not only account for the concentrations in the 

soil, but also for the amounts of metals in the biota and the redistribution caused by the 

biota. We certainly want to encourage the use of plant analysis to describe plant and 

ecosystem functioning (implying biological productivity, soil quality, etc.). Resources 

should be invested in improving the interpretation of plant analysis in terms of 

environmental quality. Therefore, the chemical composition of plants or plant parts 

should be linked to ecophysiological characteristics that give information on biological 

productivity or plant functioning (see for example Luyssaert et al. 2005). If this step is 

made, plant analysis can become an essential part of assessing environmental quality 

including soil quality.  
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 Summary 
As a consequence of former river water pollution, dredged sediment is often polluted 

with trace metals. Dredged sediment sites, disposal sites as well as for example mounds 

constructed of dredged sediments, are often overgrown by trees, spontaneously 

developed or planted by men. Recently, the potential use of trees for the remediation of 

metal contaminated land has received increasing attention. Trees are said to be 

potentially suited for phytoextraction of metals or for phytostabilization. 

Phytoextraction aims at removal of the metals from the site by repeated coppicing of 

the trees, phytostabilization aims at fixation of metals in the soil. The central aim of 

this dissertation was to investigate the short and long term influence of tree growth on 

the reallocation of metals present in the dredged sediment and particularly to 

investigate the differences between tree species. This reallocation was measured in 

aboveground biomass compartments, soil compartments and small mammals living on 

the study sites.  

A first survey was performed to explore the uptake of metals by different tree species 

and to evaluate the prospects of the use of trees for site reclamation by means of 

phytoextraction of metals or phytostabilization. The biomass concentrations of five tree 

species (black alder, white poplar, sycamore maple, common ash and black locust) 

growing on a dredged sediment mound were assessed.  

Except for white poplar, the other tested species showed normal metal concentrations 

in their leaves. It was found that white poplar accumulated high concentrations of Cd 

(8.0 mg kg-1) and Zn (465 mg kg-1) in its leaves. Despite this elevated concentrations, 

phytoextraction of metals from the soil by harvesting stem and/or leaf biomass of white 
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poplar is not a realistic option because it will require an excessive amount of time to be 

effective. If woody biomass is harvested together with the leaves, at most 0.12% of the 

total Cd stock in the upper 1 m soil could be removed with annual harvest. 

Furthermore, the high metal concentrations in its leaves cause risks of Cd and Zn 

dispersal in the food web of the ecosystem because of autumn litter fall. Therefore, this 

species was evaluated as being unsuitable for planting on dredged sediment sites.  

Black alder, sycamore maple, common ash and black locust contained normal 

concentrations of Cd, Cu, Pb and Zn in their foliage, as compared to literature data. As 

a consequence these species cause low risk of metal dispersal in the ecosystem and are 

therefore more suitable species for phytostabilization under the given conditions.  

The next step was to evaluate the risk for metal dispersal in the food chain. Therefore, 

the uptake of Cd and Zn by small mammals and willow trees was assessed on three 

sites of about 10-years-old with a different pollution degree. Willow species showed 

high concentrations of Cd and Zn in the aboveground biomass, similar to poplar 

species. The Cd concentrations in small mammals were elevated compared to 

background levels whereas Zn concentrations were rather low. There were no 

significant differences between sites in Cd or Zn levels in animals. Leaf analysis 

showed a clear response to the pollution degree of the sites. The calculations using the 

BIOMAG model indicated that the Cd of the soil caused low risk for predators. 

However, the elevated Cd and Zn concentrations in the willow leaves on the polluted 

sites and the high Cd concentrations in the small mammals on all sites indicated that 

ecosystem development should be carefully considered. 

Further, the impact of tree growth on the soil metal concentrations was evaluated after 

10 years of poplar growth. When the estimated concentrations of the decomposed litter 

were higher than the soil concentrations, the concentrations in the upper soil layer 

increased due to redistribution of the metals via litter fall. This occurred for Cd and Zn 

on the least polluted part of the site and the increase caused the Cd concentrations for 
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this horizon to exceed the legislative limits set by the Flemish authorities. When the 

metal concentration in the decomposed litter was lower than the concentration in the 

soil, no increase of the soil concentration occurred. Risk assessment is traditionally 

based on the soil concentrations but these results give a clear indication that risk 

assessment should not only account for the concentrations in the soil, but also for the 

amounts of metals in the biota and the redistribution caused by the biota.   

Finally, on a 33-years-old disposal site for dredged material, the reallocation of metals 

was investigated to determine the species effect on the longer term and to distinguish 

the processes responsible for the metal reallocation. The reallocation in the soil 

depended on the tree species (poplar - Populus ‘Robusta’, oak - Quercus robur, ash - 

Fraxinus excelsior and maple - Acer pseudoplatanus). The thriving processes 

responsible for this reallocation were found to be accumulation of metals in the leaves 

and soil acidification due to tree growth. The typically high uptake of Cd and Zn by 

poplar caused a significant increase of Cd and Zn concentrations in the surface soil 

layer. Oak and poplar seemed to acidify the soil which caused a decrease of the 

concentration of metals in the upper soil layer due to leaching. The low pH under 

poplar, associated with high carbon concentrations, was unexpected and was assigned 

to retardation of the litter decomposition due to the elevated concentrations of Cd and 

Zn in the litter and upper soil layer. Leaching of metals from the upper soil layer might 

cause a risk for contamination of the ground water. On the other hand, the risks for 

uptake in the food web and for biomagnification might become smaller. At the 

moment, our results indicate that, within the scope of risk minimizing, ash and maple 

are most suited species for planting sites for dredged material. These species cause 

least reallocation of the metals in the soil and biomass compartments, making them 

most suitable for phytostabilization of polluted dredged sediment sites.  
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 Samenvatting 
Baggerslib uit rivieren is vaak vervuild met zware metalen als gevolg van historische 

vervuiling van het rivierwater. Baggerterreinen, zowel baggerstorten als bijvoorbeeld 

baggerdijken, zijn vaak begroeid met bomen, spontaan ontwikkeld of aangeplant. Sinds 

enkele jaren kan het gebruik van bomen voor remediatie van vervuilde terreinen 

rekenen op een verhoogde belangstelling. Bomen worden verondersteld mogelijks 

geschikt te zijn voor fytoextractie van metalen of voor fytostabilisatie. Fytoextractie 

heeft tot doel het verwijderen van metalen uit de bodem door herhaaldelijk oogsten van 

met zware metalen aangerijkte biomassa, fytostabilisatie heeft tot doel het vastleggen 

van de vervuiling in de bodem. De algemene doelstelling van dit onderzoek was de 

korte en lange termijn invloed van boomgroei op de reallocatie van de in het slib 

aanwezige metalen te onderzoeken. Hierbij werd in het bijzonder gefocust op het 

verschil tussen boomsoorten. De reallocatie van de metalen werd gemeten in de 

bovengrondse biomassa, de bodemcompartimenten en op een aantal terreinen ook in 

muizen die op deze terreinen leefden. 

Op een pas aangeplante site werden de verschillen in metaalopname tussen de soorten 

onderzocht. Aan de hand van deze gegevens werden de mogelijkheden voor remediatie 

van baggerterreinen via fytoextractie of fytostabilisatie onderzocht. De aangeplante 

soorten op dit terrein waren: abeel (Populus alba L.), zwarte els (Alnus glutinosa L. 

GAERTN.), esdoorn (Acer pseudoplatanus L.), gewone es (Fraxinus excelsior L.) en 

robinia (Robinia pseudoacacia L.). Al deze soorten, met uitzondering van abeel, 

vertoonden normale metaalconcentraties in hun bladeren. Abeel accumuleerde hoge 

concentraties Cd (8.0 mg kg-1) en Zn (465 mg kg-1) in zijn bladeren. Niettegenstaande 

deze hoge concentraties bleek dat fytoextractie van metalen uit de bodem door middel 

van het regelmatig oogsten van de stam- en bladbiomassa geen realistische optie was 

vanwege onaanvaardbaar lange remediatietermijnen. Door het oogsten van blad- en 

stambiomassa kan jaarlijks maximaal 0.12% van de totale Cd hoeveelheid uit de 

bovenste meter bodem verwijderd worden. Voor de andere metalen ligt dit percentage 
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nog veel lager. Daarbovenop zouden de verhoogde Cd en Zn concentraties in de 

bladeren een risico kunnen veroorzaken voor verspreiding van deze elementen in het 

ecosysteem. Daarom wordt abeel niet aangeraden om te planten op deze terreinen.  

De andere soorten vertoonden normale concentraties Cd, Cu, Pb en Zn in hun bladeren, 

vergeleken met literatuurgegevens. Deze soorten veroorzaken bijgevolg een lager risico 

voor verspreiding van metalen naar de omgeving. Deze soorten lijken ook meer 

geschikt voor fytostabilisatie in de gegeven omstandigheden.  

De volgende stap in het onderzoek was het evalueren van het risico voor verspreiding 

van metalen door verhoogde opname van metalen. Hiervoor werd de opname van Cd 

en Zn door wilgen en muizen begroot op drie baggerstortterreinen van ongeveer 10 jaar 

oud met een verschillende vervuilingsgraad. De wilgen vertoonden eveneens hoge Cd 

en Zn concentraties in de bovengrondse biomassa. De concentraties in de bladeren 

waren gecorreleerd met de vervuilingsgraad van de terreinen. De Cd concentraties in de 

muizen waren vrij hoog vergeleken met achtergrondwaarden uit de literatuur terwijl de 

Zn concentraties vrij laag waren. Deze verschillen in concentraties tussen de muizen 

die op de verschillende terreinen gevangen werden waren niet significant. 

Berekeningen met het BIOMAG model gaven aan dat de Cd in de bodem van het meest 

vervuilde terrein slechts een laag risico veroorzaakte voor predatoren. De hoge Cd en 

Zn concentraties in de wilgenbladeren op de meer vervuilde sites en de hoge Cd 

concentraties in de muizen op alle terreinen tonen echter aan dat natuurontwikkeling 

goed moet overwogen worden.  

Verder werd ook de impact van boomgroei op de metaalconcentraties in de bodem 

geëvalueerd op een 10 jaar oude populierenaanplant. Waar de geschatte 

metaalconcentratie van het strooisel na afbraak hoger was dan de bodemconcentratie 

bleek de concentratie in de bovenste bodemlaag gestegen omwille van redistributie van 

de metalen via bladval. Dit fenomeen deed zich voor voor Cd en Zn op het minst 

vervuilde gedeelte van het terrein en veroorzaakte zelfs een overschrijding van de 



Samenvatting 

  

114 

bodemsaneringsnormen voor Cd voor deze bodemlaag. Het risico van vervuilde 

bodems wordt traditioneel ingeschat vertrekkende van de bodemconcentraties maar de 

resultaten van dit onderzoek gaven een duidelijke indicatie dat risico-bepaling niet 

enkel rekening moet houden met bodemconcentraties maar ook met hoeveelheid 

metalen in de biota en met de door de biota veroorzaakte redistributie van de metalen.  

Finaal werd ook de reallocatie van metalen onderzocht op een 33 jaar oud baggerstort 

bebost met populier (Populus ‘Robusta’), zomereik (Quercus robur), gewone es 

(Fraxinus excelsior) en esdoorn (Acer pseudoplatanus). De reallocatie van metalen in 

de bodem was duidelijk afhankelijk van de boomsoort. De sturende processen voor de 

reallocatie bleken opname van metalen door de bomen te zijn en soortspecifieke 

bodemverzuring. De hoge opname van Cd en Zn door populier veroorzaakte ook hier 

een significante stijging van de concentratie van deze elementen in de bovenste 

bodemlaag onder deze soort. Eik en populier bleken de bovenste bodemlaag meer te 

verzuren dan es en esdoorn wat dan weer een daling van de metaalconcentraties in deze 

laag tot gevolg had door de hiermee gepaard gaande hogere uitspoeling. De lage pH 

onder de populieren, die gerelateerd was aan een hoog gehalte aan organisch materiaal, 

was niet helemaal verwacht en zou kunnen veroorzaakt zijn door vertraagde afbraak 

van het strooisel omwille van de hoge Cd en Zn concentraties in het strooisel en de 

bovenste bodemlaag. Uitspoeling van metalen vanuit de bovenste bodemlagen kan 

eventueel een risico veroorzaken voor vervuiling van het grondwater. Van de andere 

kant zal uitspoeling uit de bovenste bodemlagen er ook voor zorgen dat het risico voor 

verspreiding in het voedselweb en voor biomagnificatie kleiner zal worden. Op dit 

ogenblik duiden onze resultaten er op dat, met het oog op zo laag mogelijke risico’s, es 

en esdoorn de meest geschikte soorten zijn voor het beplanten van baggerterreinen. 

Deze soorten zullen de minste reallocatie van metalen veroorzaken in de bodem en de 

biomassacompartimenten. Dit maakt hen van de geteste soorten meest geschikt voor 

fytostabilisatie van metaal vervuilde baggerterreinen.  



 

 

115 

 

 References 
 

Abdul Rida, A.M.M., Bouché, M.B., 1997. Heavy metal linkages with mineral, organic 

and living soil compartments. Soil Biology and Biochemistry 29, 649-655. 

Alloway BJ. 1995. Heavy metals in soils. Blackie Academic & Professional, London, 

386 p. 

Alloway, B.J., Ayres, D.C. 1997. Chemical principles of environmental pollution. 

Blackie Academic and Professional, London, 395 p. 

Andersen, M.K., Raulund-Rasmussen, K., Strobel, B.W., Hansen, H.C.B. 2004. The 

effects of tree species and site on the solubility of Cd, Cu, Ni, Pb and Zn in soils. 

Water, Air, and Soil Pollution 154, 357-370. 

Augusto, L., Ranger, J., Binkley, D., and Rothe, A. 2002. Impact of several common 

tree species of European temperate forests on soil fertility. Annals of Forest Science 59, 

233-253. 

Bargagli, R. 1998. Trace elements in terrestrial plants - An ecophysiological approach 

to biomonitoring and biorecovery. Springer, Berlin, 324 p. 

Bauske, B., Goetz, D. 1993. Effects of de-icing-salts on heavy metal mobility. Acta 

Hydrochimica  et Hydrobiologica 21, 38-42. 



 

  

116 

Bennet, J.P. 1996. Floristic summary of plant species in the air pollution literature. 

Environmental Pollution 92, 253-256. 

Berg, B., De Santo, A.V., Rutigliano, F.A., Fierro, A., Ekbohm, G. 2003. Limit values 

for plant litter decomposing in two contrasting soils-influence of litter elemental 

composition. Acta Oecolica 24, 295-302. 

Bergkvist, B., Folkeson, L., Berggren, D. 1989. Fluxes of Cu, Zn, Pb, Cd, Cr, and Ni in 

temperate forest ecosystems. Water, Air and Soil Pollution 47, 217-286. 

Berndes, G., Fredrikson, F., Borjesson, P. 2004. Cadmium accumulation and Salix 

based phytoextraction on arable land in Sweden. Agriculture, Ecosystems & 

Environment 103, 207-23. 

Beyer, W.N., Miller, G., Simmers, J.W. 1990. Trace elements in soil and biota in 

confined disposal facilities for dredged material. Environmental Pollution 65, 19-32. 

Breckle, S.W., Kahle, H. 1992. Effects of toxic heavy metals (Cd, Pb) on growth and 

mineral nutrition of beech (Fagus sylvatica L.). Vegetatio 101, 43-53. 

Brekken, A., Steinnes, E. 2004. Seasonal concentrations of cadmium and zinc in native 

pasture plants: consequences for grazing animals. Science of the Total Environment 

326, 181–195. 

Bremner, J.M. 1996. Nitrogen-total. In: Bigham JM, editor. Methods of soil analysis, 

Part 3-Chemical Methods. SSSA Book Series no 5. Madiscon: American Society of 

Agronomy, p. 1085-1122. 



 

 

117 

Bronswijk, J.J.B., Groot, M.S.M., Fest, P.M.J., van Leeuwen, T.C. 2003. Landelijk 

meetnet bodemkwaliteit; resultaten eerste meetronde 1993-1997. RIVM rapport 

714801031/2003, 149 p. 

Cappuyns, V., Swennen, R., Verhulst, J. 2004. Assessment of acid neutralizing 

capacity and potential mobilisation of trace metals from land-disposed dredged 

sediments. Science of the Total Environment 333, 233-247. 

Catlin, P.B., Hoffman, G.J., Mead, R.M., Johnson, R.S. 1993. Long-term response of 

mature plum trees to salinity. Irigation Science 13, 171-176. 

Cauwenberghs, K. 2000. Begroting en ruimtelijke afbakening van sedimentafvoer: 

bodemerosiemodellering op stroomgebiedsniveau: een bodemerosiekaart voor 

Vlaanderen, Studiedag Erosiebestrijding in Vlaanderen, Technologisch Instituut, 

genootschap Land, Natuur en Water, 27/09/2000, Bierbeek. 

Coughtrey, P., Jones, C., Shales, S. 1979. Litter accumulation in woodlands 

contaminated by Pb, Zn, Cd and Cu. Oecologia 39, 51-60. 

Cooke, J.E.K., Weih, M. 2005. Nitrogen storage and seasonal nitrogen cycling in 

Populus: bridging molecular physiology and ecophysiology. New Phytologist 167, 19-

30. 

Dagnelie, P., Palm, R., Rondeux, J., Thill, A. 1999. Tables de Cubage des Arbres et des 

Peuplements Forestiers. 2nd édition, Gembloux, Les Presses Agronomiques de 

Gembloux, 126 p. 

Deckmyn, G., Laureysens, I., Garcia, J., Muys, B., Ceulemans, R. 2004. Poplar growth 

and yield in short rotation coppice: model simulations using the process model 

SECRETS. Biomass & Bioenergy 26, 221-227. 



 

  

118 

Derome, J., Lindroos, A.J. 1998. Effects of heavy-metal contamination on 

macronutrient availability and acidification parameters in forest soil in the vicinity of 

the Harjavalta Cu-Ni smelter, SW Finland. Environmental Pollution 99, 225-232. 

Dickinson, N.M. 2000. Strategies for sustainable woodland on contaminated soils. 

Chemosphere 41, 259-263. 

Dickinson, N.M., Pulford, I.D. 2005. Cadmium phytoextraction using short-rotation 

coppice Salix: the evidence trail. Environment International 31, 609-613. 

Dickinson, N.M., Turner, A.P., Lepp, N.W. 1991. Survival of trees in a metal-

contaminated environment. Water, Air, and Soil Pollution 57-58, 627-633. 

Dijkstra, J.J., Meeussen, J.C.L., Comans, R.N.J. 2004. Leaching of heavy metals from 

contaminated soils: An experimental and modeling study. Environmental Science and 

Technology 38, 4390-4395. 

Djingova R, Wagner G, Kuleff I, Peshev D. 1996. Investigations on the time-dependant 

variations in metal concentration in leaves of Populus nigra 'Italica'. Science of the 

Total Environment 184, 197-202. 

Dossche, T. 1998. Ecologische effecten van bladstrooisel van loofboomsoorten op de 

ontwikkeling van recent beboste landbouwgronden (Mortagnebos-Zwevegem). Thesis, 

Universiteit Gent, 126 p. 

Efroymson, R.A., Sample, B.E., Suter, G.W. 2001. Uptake of inorganic chemicals from 

soil by plant leaves: regressions of field data. Environmental Toxicology and 

Chemistry 20, 2561-2571. 



 

 

119 

Ekvall, L., Greger, M., 2003. Effects of environmental biomass-producing factors on 

Cd uptake in two Swedisch ecotypes of Pinus sylvestris. Environmental Pollution 121, 

401-411. 

Eriksson, J., Ledin, S. 1999. Changes in phytoavailability and concentration of 

cadmium in soil following long term salix cropping. Water, Air, and Soil Pollution 114, 

171-184. 

Ernst, W.H.O., 1996. Bioavailability of heavy metals and decontamination of soils by 

plants. Applied Geochemistry 11, 163-167. 

Faber, P.J., Tiemans, F. 1975. De opbrengstniveaus van populier. Uitvoerig verslag 

band 13 nr.1, Wageningen, Rijksinstituut voor onderzoek in de bos- en 

landschapsbouw “De Dorschkamp”. 117 p. 

Felix, H. 1997. Field trials for in situ decontamination of heavy metal polluted soils 

using crops of metal-accumulating plants. Zeitschrift für Pflanzenernährung und 

Bodenkunde 160, 525-529. 

Finzi, A.C., Canham, C.D., van Breemen, N. 1998. Canopy tree-soil interactions within 

temperate forests: species effect on pH and cations. Ecological Applications 8, 447-

454. 

Förstner, U., Calmano, W. 1998. Characterisation of dredged materials. Water Science 

and Technology 38, 149-157. 

Gans, J., Wolinsky, M., Dunbar, J. 2005. Computational improvements reveal great 

bacterial diversity and high metal toxicity in soil. Science 309, 1387-1390. 



 

  

120 

Gardea-Torresdey, J.L., Peralta-Videab, J.R., de la Rosa, G., J.G. Parsons, J.G. 2005. 

Phytoremediation of heavy metals and study of the metal coordination by X-ray 

absorption spectroscopy. Coordination Chemistry Reviews 249, 1797–1810. 

Garten, C.T. 1999. Modeling the potential role of a forest ecosystem in 

phytostabilization and phytoextraction of Sr-90 at a contaminated watershed. Journal of 

Environmental Radioactivity 43, 305-323. 

Gauch, H.G. 1982. Multivariate analysis in community ecology. Cambridge University 

Press, Cambridge, 314 p. 

Geuzens, P., Cornelis, C., Afdeling Leefmilieu, VITO. 1994. Bodemverontreiniging en 

-aantasting. In: Verbruggen, A. (ed.), Leren om te Keren. Milieu en natuurrapport 

Vlaanderen. Garant, Leuven, Apeldoorn. 347-372. 

Giller, K.E., Witter, E., McGrath, S.P. 1998. Toxicity of heavy metals to 

microorganisms and microbial processes in agricultural soils: a review. Soil Biology 

and Biochemistry 30, 1389-1414. 

Glimmerveen I. 1996. Should trees now be more actively used in the rehabilitation of 

heavy metal contaminated sites? Aspects of Applied Biology 44, 357-361. 

Glinski, J., Lipiec, J. 1990. Soil physical conditions and plant roots. Boca Raton, FL.: 

CRC. 250 p.  

Gorree, M., Tamis, W.L.M., Traas, T.P., Elbers, M.A. 1995. BIOMAG: a model for 

biomagnification in terrestrial food chains. The case of cadmium in the Kempen, The 

Netherlands. Science of the Total Environment 168, 215-223. 



 

 

121 

Greger, M., Landberg, T. 1999. Use of willow in phytoextraction. International Journal 

of Phytoremediation 1, 115-123. 

Hagen-Thorn, A., Callesen, I., Armolaitis,K., Nihlgard, B. 2004. The impact of six 

European tree species on the chemistry of mineral topsoil in forest plantations on 

former agricultural land. Forest Ecology and Management 195, 373-384. 

Han, F.X., Banin, A., Kingery, W.L., Triplett, G.B., Zhou, L.X., Zheng, S.J., Ding, 

W.X., 2003. New approach to studies of heavy metal redistribution in soil. Advances in 

Environmental Research 8, 113-120. 

Harrison, A.F., Bocock, K.L. 1981. Estimation of soil bulk-density from loss-on-

ignition values. Journal of Applied Ecology 18, 919-927. 

Hattenschwiler, S., Vitousek, P.M. 2000. The role of polyphenols in terrestrial 

ecosystem nutrient cycling. Trends in Ecology and Evolution 15, 238-243.  

Hesterberg, D., 1998. Biogeochemical cycles and processess leading to changes in 

mobility of chemicals in soils. Agriculture, Ecosystems and Environment 67, 121-133 . 

Hinsinger, P. 2000. Bioavailability of trace elements as related to root-induced 

chemical changes in the rhizosphere.  in: Gobran, G.R., Wenzel, W.W., Lombi, E. 

(Eds.), Trace elements in the rhizosphere. CRC Press, Boca Raton, Florida, p. 25-41. 

Hsiao, C.K., Juang, K.-W., Lee, D.-Y. 2000. Estimating the second-stage sample size 

and the most probable number of hot spots from a first-stage sample of heavy-metal 

contaminated soil. Geoderma 95, 73-88. 



 

  

122 

Hunter, B.A., Johnson, M.S., Thompson, D.J. 1987. Ecotoxicology of copper and 

cadmium in a contaminated grassland ecosystem, III. Small mammals. Journal of 

Applied Ecology 24, 601-614. 

Impens, R., Delcarte, E., Piret, T. 1985. Heavy Metals Transfer in the System Air-Soil-

Plant, in: Rondia (Eds.), Belgian Research Metal Cycling in the Environment. Presses 

Universitaires des Liege, Luik, pp. 203-216. 

Johansson, T. 1999. Biomass equations for determining functions of European aspen 

growing on abandoned farmland and some practical implicatons. Biomass and 

Bioenergy 17, 471-480. 

Johnson, D.W., Lindberg, S.E. 1992. Atmospheric deposition and forest nutrient 

cycling. Ecological Studies 91. Springer-Verlag, New York, 707 p. 

Jones, D.L., Darrah, P.R. 1994. Role of root derived organic-acids in the mobilization 

of nutrients from the rhizosphere. Plant and Soil 166, 247-257.  

Kabata-Pendias, A., Pendias, H., 1992. Trace elements in soils and plants. CRC press, 

Boca Raton, Florida, 365 p. 

Kalra, Y.P., Maynard, D.G. 1991. Methods for forest soil and plant analysis. 

Information report NOR-X-319. Forestry Canada, Northwest Region, Northern 

Forestry Centre, 116 p. 

Keller, C., Hammer, D. 2004. Metal availability and soil toxicity after repeated 

croppings of Thlaspi caerulescens in metal contaminated soils. Environmental 

Pollution 131, 243-254. 



 

 

123 

Klang-Westin, E., Eriksson, J. 2003. Potential of Salix as Phytoextractor for Cd on 

Moderately Contaminated Soils. Plant and Soil 249, 127-137. 

Kopp, R.F., Abrahamson, L.P., White, E.H., Volk, T.A., Nowak, C.A., Fillhart, R.C. 

2001. Willow biomass production during 10 successive annual harvests. Biomass & 

Bioenergy 20, 1-7. 

Kozlowski, T.T. 1997. Responses of woody plants to flooding and salinity. Tree 

Physiology 1, 1-29. 

Kuzovkina, Y.A., Quigley, M.F. 2005. Willows beyond wetlands: uses of Salix L. 

species for environmental projects. Water, Air, and Soil Pollution 162, 183–204 

Labrecque, M., Teodorescu, T., Daigle, S., 1995. Effects of wastewater sludge on 

growth and heavy metal bioaccumulation of two Salix species. Plant and Soil 171, 303-

316. 

Landberg, T., Greger, M. 1994. Can heavy metal tolerant clones of Salix be used as 

vegetation filters on heavy metal contaminated land?, in: Aronsson, P., Perttu, K. 

(Eds.), Willow vegetation filters for municipal wastewaters and sludges; A biological 

purification system. Swedish University of Agricultural Sciences, Uppsala, pp. 133-

144. 

Landberg, T., Greger, M. 1996. Differences in uptake and tolerance to heavy metals in 

Salix from unpolluted and polluted areas. Applied Geochemistry 11, 175-180. 

Landolt, W., Guecheva, M., Bucher, J.B. 1989. The spatial distribution of different 

elements in and on the foliage of Norway spruce growing in Switzerland. 

Environmental Pollution 56, 155-167. 



 

  

124 

Lange, R., Twisk, P., Van Winden, A., van Diepenbeek, A., 1994. Zoogdieren van 

West-Europa. KNNV Uitgeverij, Utrecht, Holland, 400 p. 

Laskowski, R., Maryanski, M., Niklinska, M. 1994. Effect of heavy metals and mineral 

nutrients on forest litter respiration rate. Environmental Pollution 84, 97-102. 

Laureysens, I., Blust, R., De Temmerman, L., Lemmens, C., Ceulemans, R. 2004. 

Clonal variation in heavy metal accumulation and biomass production in a poplar 

coppice culture: I. Seasonal variation in leaf, wood and bark concentrations. 

Environmental Pollution 131, 485-494. 

Ledin, S., 1998. Environmental consequences when growing short rotation forests in 

Sweden. Biomass & Bioenergy 15, 49–55. 

Loeppert, R.H., Suarez, D.L. 1996. Carbonate and gypsum. In: Bigham JM, editor. 

Methods of soil analysis, Part 3-Chemical Methods. SSSA Book Series no 5. 

Madiscon: American Society of Agronomy. p. 437-474. 

Lowe, V.P.W. 1980. Variation in digestion of prey by the tawny owl (Strix aluco). 

Journal of Zoology 192, 283-293. 

Luyssaert, S., Mertens, J., Vervaeke, P., De Vos, B., Lust, N. 2001. Preliminary results 

of afforestation of brackish sludge mounds. Ecological Engineering 16, 567-572. 

Luyssaert, S., Raitio, H., Vervaeke, P., Mertens, J., Lust, N. 2002. Sampling procedure 

for the foliar analysis of deciduous trees. Journal of Environmental Monitoring 4, 858-

864. 



 

 

125 

Luyssaert, S., Sulkava, M., Raitio, H., Hollmen, J. 2005. Are N and S deposition 

altering the mineral composition of Norway spruce and Scots pine needles in Finland? 

Environmental Pollution 138, 5-17.  

Madejón, P., Marañon, T., Murillo, J.M., Robinson, B. 2004. White poplar (Populus 

alba) as a biomonitor of trace elements in contaminated riparian forests. Environmental 

Pollution 132, 145-155. 

Marschner, H. 1995. Mineral nutrition of higher plants. London: Academic, 889 p. 

Marseille, F., Tiffreau, C., Laboudigue, A., Lecomte, P. 2000. Impact of vegetation on 

the mobility and bioavailability of trace elements in a dredged sediment deposit: a 

greenhouse study. Agronomie 20, 547-556. 

Mayer, R. 1998. Soil acidification and cycling of metal elements: sause-effect 

relationships with regard to forestry practices and climatic changes. Agriculture, 

Ecosystems and Environment 67, 145-152. 

McGrath, S.P., Zhao, F.-J. 2003. Phytoextraction of metals and metalloids from 

contaminated soils. Current Opinion in Biotechnology 14, 277-282. 

Meers, E., Lamsal, S., Vervaeke, P., Hopgood, M., Lust, N., Tack F.M.G. 2005. 

Availability of heavy metals for uptake by Salix viminalis on a moderately 

contaminated dredged sediment disposal site. Environmental Pollution 137, 354-364. 

Mertens, J., Lust, N. 1999. Groei van bomen en bossen op brakwaterslib aangerijkt met 

zware metalen. Eindrapport Overeenkomst B 206/1, Laboratorium voor Bosbouw – 

Universiteit Gent en Minsterie van de Vlaamse Gemeenschap – AWZ – Afdeling 

Zeeschelde, 109 p. 



 

  

126 

Mertens, J., Luyssaert, S., Verbeeren, S., Vervaeke, P., Lust, N. 2001. Cd and Zn 

concentrations in small mammals and willow leaves on disposal facilities for dredged 

material. Environmental Pollution 115, 17-22. 

Mertens, J., Vervaeke, P., De Schrijver, A., Luyssaert, S. 2004. Metal uptake by young 

trees from dredged brackish sediment: limitations and possibilities for phytoextraction 

and phytostabilisation. Science of the Total Environment 326, 209-215. 

Mertens, J., Vervaeke, P., Meers, E., Tack, F.M.G. (2006). Seasonal changes of metals 

in willow (Salix sp.) stands for phytoremediation on dredged sediment. Environmental 

Science & Technology 40, 1962 -1968. 

Moolenaar, S.W., Temminghoff, E.J.M., De Haan, F.A.M. 1998. Modeling dynamic 

copper balances for a contaminated sandy soil following land use change from 

agriculture to forestry. Environmental Pollution 103, 117-125. 

Moran, M.D. 2003. Arguments for rejecting the sequential Bonferroni in ecological 

studies. Oikos 100, 403-405. 

Mulligan, C.N., Yong, R.N., Gibbs, B.F. 2001. An evaluation of technologies for the 

heavy metal remediation of dredged sediments. Journal of Hazardous Materials 85, 

145-163.  

Munns, R. 2002. Comparative physiology of salt and water stress. Plant Cell and 

Environment 25, 239-250. 

Muys, B., Lust, N., Granval, P. 1992. Effects of grassland afforestation with different 

tree species on earthworm communities, litter decomposition and nutrient status. Soil 

Biology and Biochemistry 24, 1459-1466. 



 

 

127 

Niazi, S., Littlejohn, D., Halls, D. 1993. Rapid partial digestion of biological tissues 

with nitric acid for the determination of trace elements by atomic spectrometry. Analyst 

118, 821-825. 

Niklinska, M., Laskowski, R., Marya´nski, M. 1998. Effect of heavy metals and storage 

time on two types of forest litter: basal respiration rate and exchangeable metals. 

Ecotoxicology and Environmental Safety 41, 8-18. 

Nissen, L.R., Lepp, N.W. 1997. Baseline concentrations of copper and zinc in shoot 

tissues of a range of Salix species. Biomass and Bioenergy 12, 115-120. 

Olson, J.S. 1963. Energy storage and the balance of producers and decomposers in 

ecological systems. Ecology 44, 322-331. 

Oosterbaan, A., van den Berg, C.A. 2002. Ontwikkeling van bos en bodem in een 

beplantingsproef van 1970 op sterk verontreinigde baggerspecie. Alterra-rapport 438. 

Alterra, Research Instituut voor de Groene Ruimte, Wageningen, 31 p. 

Ovington, J. 1953. Studies of the development of woodland conditions under different 

trees. I. Soils pH. Journal of Ecology 41, 13–34. 

Pilgrim, W., Hughes, R.N. 1994. Lead, cadmium, arsenic and zinc in the ecosystem 

surrounding a lead smelter. Environmental Monitoring and Assessment 32, 1-20. 

Pulford, I.D., Watson, C. 2003. Phytoremediation of heavy metal-contaminated land by 

trees - a review. Environment International 29, 529-540. 

Pulford, I.D., Riddell-Black, D., Stewart, C. 2002. Heavy metal uptake by willow 

clones from sewage sludge-treated soil: the potential for phytoremediation. 

International Journal of Phytoremediation 4, 59–72. 



 

  

128 

Raulund-Rasmussen, K., Vejre, H. 1995. Effect of tree species and soil properties on 

nutrient immobilization in the forest floor. Plant and Soil 168-169, 345-352. 

Reich, P.B., Oleksyn, J., Modrzynski, J., Mrozinski, P., Hobbie, S.E., Eissenstat, D.M., 

Chorover, J., Chadwick, O.A., Hale, C.M., Tjoelker, M.G. 2005. Linking litter calcium, 

earthworms and soil properties: a common garden test with 14 tree species. Ecology 

Letters 8, 811–818. 

Reuter DJ, Robinson JB. 1997. Plant analysis - An interpretation manual. CSIRO, 

Australia, 572 p. 

Riddell-Black, D. 1994. Heavy metal uptake by fast growing willow species. In: 

Aronsson P, Perttu K, editors. Willow vegetation filters for municipal wastewaters and 

sludges; A biological purification system. Swedish University of Agricultural Sciences, 

Uppsala, p. 145-153. 

Rijsdijk, J.F., Laming, P.B. (1994). Physical and related properties of 145 timbers: 

information for practice. Dordrecht, Kluwer Academic Publishers, 392 p. 

Robinson, B., Fernandez, J.E., Madejon, P., Maranon, T., Murillo, J.M., Green, S., 

Clothier, B.  2003. Phytoextraction: an assessment of biogeochemical and economic 

viability. Plant and Soil 249, 117-125. 

Robinson, B.H., Mills, T.M., Petit, D., Fung, L.E., Green, S.R., Clothier, B.E. 2000. 

Natural and induced cadmium-accumulation in poplar and willow: Implications for 

phytoremediation. Plant and Soil 227, 301-306. 

Roselli, W., Keller, C., Boschi, K. 2003. Phytoextraction capacity of trees growing on a 

metal contaminated soil. Plant and Soil 256, 265-272. 



 

 

129 

Ross, S.M., 1994. Toxic metals in soil-plant systems. John Wiley & Sons, Chichester, 

451 p. 

Rulkens, W.H., Tichy, R., Grotenhuis, J.T.C. 1998. Remediation of polluted soil and 

sediment: perspectives and failures. Water Science and Technology 37, 27-35. 

Salt, D.E., Smith, R.D., Raskin, I. 1998. Phytoremediation. Annual review in plant 

physiology and plant molecular biology 49, 643-668. 

Sawidis, T., Chettri, M.K., Papaioannou, A., Zachariadis, G., Stratis, J. 2001. A study 

of metal distribution from lignite fuels using trees as biological monitors. 

Ecotoxicology and Environmental Safety 48, 27-35. 

Schnoor, J.L. 2000. Phytostabilization of metals using hybrid poplar trees. In: Raskin, 

I., Ensley, B.D. (Eds.). Phytoremediation of toxic metals: using plants to clean up the 

environment. John Wiley & Sons. 133-150. 

Schnoor, J.L., Erickson, L.E., Pierzynski, G.M., Just, C. 1996. Metal soil pollution and 

vegetative remediation. Great Plains/Rocky Mountain HSRC, USA. 

http://es.epa.gov/ncer.  

Seuntjens, P., Mallants, D., Simunek, J., Patyn, J., Jacques, D. 2002. Sensitivity 

analysis of physical and chemical properties affecting field-scale cadmium transport in 

a heterogeneous soil profile. Journal of Hydrology 264, 185-200. 

Shore, R.F., 1995. Predicting cadmium, lead and fluoride levels in small mammals 

from soil residues and by species-species extrapolation. Environmental Pollution 88, 

333-340. 



 

  

130 

Shore, R.F., Douben, P.E.T. 1994. The ecotoxicological significance of cadmium 

intake and residues in terrestrial small mammals. Ecotoxicology and Environmental 

Safety 29, 101-112. 

Singh, S.P., Ma, L.Q., Tack, F.M.G., Verloo, M.G. 2000. Trace metal leachability of 

land-disposed dredged sediments. Journal of Environmental Quality 29, 1124-1132. 

Strobel, B.W., Borggaard, O.K., Hansen, H.C.B., Andersen, M.K., Raulund-

Rasmussen, K. 2005. Dissolved organic carbon and decreasing pH mobilize cadmium 

and copper in soil. European Journal of Soil Science 56, 189–196. 

Tack, F., Callewaert, W., Verloo, M. 1996. Metal solubility as a function of pH in a 

contaminated, dredged sediment affected by oxidation. Environmental Pollution 91, 

199-208. 

Tack, F.M.G., Singh, S.P., Verloo, MG. 1998 Heavy metal concentrations in 

consecutive saturation extracts of dredged sediment derived surface soils. 

Environmental Pollution 103, 109-115. 

Tack, F.M.G., Singh, S.P., Verloo, MG. 1999 Leaching behaviour of Cd, Cu, Pb and 

Zn in surface soils derived from dredged sediments. Environmental Pollution 106, 107-

114. 

Talmage, S.S., Walton, B.T., 1991. Small mammals as monitors of environmental 

contaminants. Reviews of Environmental Contamination and Toxicology 119, 48-143. 

Tang, C., Unkovich, M.J., Bowden, J.W. 1999. Factors affecting soil acidification 

under legumes. III. Acid production by N2-fixing legumes as influenced by nitrate 

supply. New Phytologist 143, 513-521. 



 

 

131 

Taylor, B.R., Parkinson, D., Parsons, W.F.J. 1989. Nitrogen and lignin content as 

predictors of litter decay rates: a microcosm test. Ecology 70, 97-104.  

Turner, M.A. 1973. Effect of cadmium treatment on cadmium and zinc uptake by 

selected vegetable species. Journal of Environmental Quality 2, 118-119. 

Tyler, G., Pahlsson, A.M.B., Bengtsson, G., Baath, E., Tranvik, L. 1989. Heavy-metal 

ecology of terrestrial plants, microorganisms and invertebrates: a review. Water, Air 

and Soil Pollution 47, 189-215. 

Ullrich, S.M., Ramsey, M.H., Helios-Rybicka, E. 1999. Total and exchangeable 

concentrations of heavy metals in soils near Bytom, an area of Pb/Zn mining and 

smelting in Upper Silesia, Poland. Applied Geochemestry 14, 187-196. 

UN/ECE-EC, 1998. Manual on methods and criteria for harmonized sampling, 

assessment, monitoring and analysis of the effects of air pollution on forests. PCC-

BFH. International cooperative programme on assessment and monitoring of air 

pollution effects on forests. Part IV, p. 1-30. 

Van Breemen, N., Driscoll, C.T., Mulder, J., 1984. Atmosferische depositie en 

verzuring van bodem en water zure regen. Oorzaken, effecten en beleid. In: Adema, 

E.H., van Ham, J. (Eds.), Proceedings of the Symposium’s-Hertogenbosch, 1983, p. 

121–127. 

Van der Salm, C., van der Gon, H.D., Wieggers, R., Bleeker, A., van den Toorn, A. 

2006. The effect of afforestation on water recharge and nitrogen leaching in The 

Netherlands. Forest Ecology and Management 221, 170–182. 

Van Ranst, E., Verloo, M., Demeyer, A., Pauwels, J.M. 1999. Manual for the soil 

chemistry and fertility laboratory. Ghent University, Ghent, Belgium, 243 p. 



 

  

132 

Vandecasteele, B., De Vos, B., Tack F.M.G. 2002. Cadmium and zinc uptake by 

volunteer willow species and elder rooting in polluted dredged sediment disposal sites. 

Science of the Total Environment 299, 191-205. 

Vandecasteele, B., Lauriks, R., De Vos, B., Tack, F.M.G., 2003. Cd and Zn 

concentration in hybrid poplar foliage and leaf beetles grown on polluted sediment-

derived soils. Environmental Monitoring and Assessment 89, 263-283. 

Vandecasteele, B., Quataert, P., De Vos, B., Tack, F.M.G., 2004a. Assessment of the 

pollution status of alluvial plains: a case-study for the dredged sediment-derived soils 

along the Leie river. Archives of Environmental Contamination and Toxicology, 47, 

14-22.  

Vandecasteele, B., Quataert, P., De Vos, B., Tack, F.M.G., Muys, B. 2004b. Foliar 

concentrations of volunteer willows growing on polluted sediment-derived sites versus 

sites with baseline contamination levels. Journal of Environmental Monitoring 6, 313-

321. 

Vandecasteele, B., De Vos, B., Muys, B., Tack, F.M.G. 2005a. Rates of forest floor 

decomposition and soil forming processes as indicators of forest ecosystem functioning 

on a polluted dredged sediment landfill. Soil Biology and Biochemistry 37, 761-769. 

Vandecasteele, B., Meers, E., Vervaeke, P., De Vos, B., Quataert, P., Tack, F.M.G., 

2005b. Growth and trace metal accumulation of two Salix clones on sediment-derived 

soils with increasing contamination levels. Chemosphere 58, 995–1002. 

Vangronsveld, J., Colpaert, J., Tichelen, V.K. 1995. Reclamation of a bare industrial 

area contaminated by non-ferrous metals : in situ metal immobilization and 

revegetation. Environmental Pollution 87, 51-59. 



 

 

133 

Verstraeten, A., De Bruyn, L., De Keersmaeker, L., Vandekerkhove, K., Smets, K., 

D’Havé, H., Lust, N., De Schrijver, A., Willems, L. 2004. Evaluatie van 

beheermaatregelen om de ecologische waarde van populierenbossen te optimaliseren. 

Rapport IBW Bb 2004.004, 284 p. 

Vervaeke, P., Tack, F. M. G., Lust, N., Verloo, M. 2004. Short- and longer-term effects 

of the willow root system on metal extractability in contaminated dredged sediment. 

Journal of Environmental Quality 33, 976-983. 

VLAREA, 1998. Besluit van de Vlaamse regering houdende vaststelling van het 

Vlaams reglement inzake afvalvoorkoming en –beheer. Belgisch Staatsblad, 16 april 

1998. 

VLAREBO, 1996. Besluit van de Vlaamse regering houdende vaststelling van het 

Vlaams reglement betreffende de bodemsanering. Belgisch Staatsblad, 27 maart 1996. 

Watmough, S.A., Dillon, P.J., Epova, E.N. 2005. Metal partitioning and uptake in 

central Ontario forests. Environmental Pollution 134, 493–502. 

Wieder, R.K., Lang, G.E. 1982. A critique of the analytical methods used in examining 

decomposition data obtained from litter bags. Ecology 63, 1636-1642. 

Willebrand, E., Ledin, S., Verwijst, T. 1993. Willow coppice systems in short rotation 

forestry - effects of planting design, rotation length and clonal composition on biomass 

production. Biomass & Bioenergy 4, 323-331. 

Whitworth, D.-J., Achterberg, E.P., Herzl, V., Nimmo, M., Gledhill, M., Worsfold, P.J. 

1999. Development of a simple extraction procedure using ligand competition for 

biogeochemically available metals of estuarine suspended particulate matter. Analytica 

Chimica Acta 392, 3-17. 



 

  

134 

 



 

 

135 

 Curriculum Vitae van de auteur 
 

Jan Mertens (° 11 december 1972) behaalde in 1995 het diploma van Bio-ingenieur 

specialisatie milieutechnologie aan de Universiteit Gent. Sinds 1997 werkt hij als 

wetenschappelijk medewerker aan het Laboratorium voor Bosbouw (UGent), eerst  op 

het project ‘Groei van bomen en bossen op brakwaterslib aangerijkt met zware 

metalen’ in opdracht van de Administratie Waterwegen en Zeewezen (AWZ) van het 

Ministerie van de Vlaamse Gemeenschap (tot eind 1999). Van begin 2000 tot februari 

2006 werkte hij mee aan het project ‘Onderzoeksproject landschapsdijken. Risico’s, 

ontwikkelingsmogelijkheden en beheer van dijken uit brak baggerslib’ in opdracht van 

het Havenbedrijf Antwerpen. Sinds januari 2002 is hij lid van de Editorial Board van 

Environmental Pollution.  

 

Publicaties 

Publicaties in internationale tijdschriften met leescomité 

Gepubliceerd of in druk  

Mertens, J., Luyssaert, S., Verbeeren, S., Vervaeke, P. & Lust, N. (2001). Cd and Zn 

concentrations in small mammals and willow leaves on disposal facilities for dredged 

material. Environmental Pollution, 115, 17-22. (IF 2.205) 

Mertens, J., Vervaeke, P., De Schrijver, A. & Luyssaert, S. (2004). Metal uptake by 

young trees from dredged brackish sediment: limitations and possibilities for 



 

  

136 

phytoextraction and phytostabilisation. Science of the Total Environment, 326, 209-

215. (IF 1.925) 

Mertens, J., Luyssaert, S. & Verheyen, K. (2005). Use and abuse of trace metal 

concentrations in plant tissue for biomonitoring and phytoextraction. Invited Paper. 

Environmental Pollution, 138, 1-4. (IF 2.205) 

Mertens, J., Vervaeke, P., Meers, E., Tack, F.M.G. (2006). Seasonal changes of metals 

in willow (Salix sp.) stands for phytoremediation on dredged sediment. Environmental 

Science & Technology, 40, 1962 -1968. (IF 3.557) 

Mertens, J., Luyssaert, S. & Verheyen, K. (2006). Comment on “In defense of plants as 

biomonitors of soil quality”. Environmental Pollution, in press. (IF 2.205) 

Luyssaert, S., Mertens, J., Vervaeke, P. & Lust, N. (2001). Preliminary results of 

afforestation of brackish sludge mounds. Ecological Engineering, 16, 567-572. (IF 

0.890) 

Luyssaert, S., Mertens, J., Raitio, H. (2003). Support, shape and number of replicate 

samples for tree foliage analysis. Journal of Environmental Monitoring, 5, 500-504. (IF 

1.366) 

Piesschaert, F., Mertens, J., Huybrechts, W. & De Rache, P. (2005). Early vegetation 

succession and management options on a brackish sediment dike. Ecological 

Engineering, 25, 349-364. (IF 0.89) 

De Schrijver, A., Mertens, J., Geudens, G., Staelens, J., Campforts, E., Luyssaert, S., 

De Temmerman, L., De Keersmaeker, L., De Neve, S. & Verheyen, K. (2006). 

Acidifcation of forested podzols in north Belgium during the period 1950-2000. 

Science of the Total Environment, in press. (IF 1.925) 

http://wos3.isiknowledge.com/CIW.cgi?PwVH8Qrg-ACLs-0_4BDB1260_PwVH8Qrg-GgAAG-ACLs-0&Func=Abstract&doc=1/1
http://wos3.isiknowledge.com/CIW.cgi?PwVH8Qrg-ACLs-0_4BDB1260_PwVH8Qrg-GgAAG-ACLs-0&Func=Abstract&doc=1/1


 

 

137 

Vervaeke, P., Luyssaert, S., Mertens, J., De Vos, B., Speleers, L. & Lust, N. (2001). 

Dredged sediment as a substrate for biomass production of willow trees established 

using the SALIMAT technique. Biomass and Bioenergy, 21, 81-90. (IF 1.216) 

Luyssaert, S., Raitio, H., Mertens, J., Vervaeke, P. & Lust, N. (2002). Should foliar 

cadmium concentrations be expressed on a dry weight or dry ash weight basis? Journal 

of Environmental Monitoring, 4, 306-312. (IF 1.366) 

Vervaeke, P., Luyssaert, S., Mertens, J., Meers, E., Tack, F.M.G., Lust, N., (2003). 

Phytoremediation prospects of willow stands on contaminated sediment: a field trial. 

Environmental Pollution, 126, 275-282. (IF 2.205) 

Van Camp, N., Vande Walle, I., Mertens, J., De Neve, S., Samson, R., Lust, N., Lemeur, 

R., Boeckx, P., Lootens, P., Beheydt, D., Mestdagh, I., Sleutel, S., Verbeeck, H., Van 

Cleemput, O., Hofman, G. & Carlier, L. (2004). Inventory-based biomass carbon stock of 

Flemish forests: a comparison of European biomass expansion factors. Annals of Forest 

Science, 61, 677-682. (IF 1.407) 

De Schrijver, A., Devlaeminck, R., Mertens, J., Hermy, M. and Verheyen, K. (2006) 

Higher deposition load in forest edges must be considered for calculating exceedances of 

critical loads for acid and nitrogen deposition in forests. Applied Vegetation Science, 

accepted with minor revisions. (IF 1.571) 

Luyssaert, S., Raitio, H., Vervaeke, P., Mertens, J., Lust, N. (2002). Sampling procedure 

for the foliar analysis of deciduous trees. Journal of Environmental Monitoring, 4, 858-

864. (IF 1.366) 

 

 



 

  

138 

Ingediend of in revisie 

Mertens, J., Piesschaert, P., De Schrijver, A., Luyssaert, S., Tack, F.M.G., Verheyen, K. 

Redistribution of Cd and Zn in the upper soil layer after 10 years of poplar growth on 

dredged sediment. Journal of Environmental Monitoring. (IF 1.366) 

Geudens, G., Mertens, J., Verheyen, K. (2006). The horizontal distribution of coarse lateral 

roots of crowded Scots pine seedlings and the neighbourhood constellation. Trees: 

Structure and Function, Submitted. (IF 1.386) 

De Schrijver, A., Geudens, G., Staelens, J., Mertens, J. & Verheyen, K. A meta-analysis of 

forest type effects on element deposition and leaching. Ecosystems, submitted. (IF 3.283)  

 

Publicaties in tijdschriften zonder leescomité 

Luyssaert, S., Mertens, J., Speleers, L., Vervaeke, P., Leyman, A. & Lust, N. (1998). 

Growth of pedunculate oak (Quercus robur L.) seedling on blend-substrates based 

consolidated brackish dredging sludge. Silva Gandavensis, 63, 110-119. 

 

Abstracts van lezingen 

Mertens, J., Luyssaert S., Vervaeke, P., Van Mieghem, J., Speleers, L. & Lust, N. (1999). 

Brackish dredging sludge: possibilities and limitations for afforestation. Proceedings, 

Characterisation and treatment of sediments, Cats 4, Antwerpen, 425-435. 

 



 

 

139 

Mertens, J. (1999). Bebossen van baggerslibheuvels. Referatenmap Studiedag “Landbouw, 

bos en natuur op baggergronden” Grimminge, 19 november 1999. 

Mertens, J., Piesschaert, F., De Rache, P. (2006). Reuse of dredged sediments in landscape 

construction: ecotoxicological risks and ecological implications. REUSED 3rd European 

Conference on Contaminated Sediments, Budapest. Abstract en artikel voor proceedings 

accepted. 

Luyssaert, S., Mertens, J., Vervaeke, P., Speleers, L. & Lust, N., 1999. Sludge mounds as 

buffer zones between hard to combine landuses. Proceedings, Characterisation and 

treatment of sediments, Cats 4, Antwerpen, 447-457. 

Vervaeke P., Mertens, J., Luyssaert, S., Speleers, L. & N. Lust. 2000. The SALIMAT 

method for phytoremediation. Proceedings of Topical day on phytoremediation, SCK, Mol, 

p 69-73. 

Vervaeke, P., Mertens, J., Meers, E., Tack, F.M.G., Lust, N. 2003. Revaluation of 

contaminated sediments with Short Rotation Forestry systems. In: Vanek, T., 

Schwitzguébel, J.-P. (Eds.), Phytormediation Inventory, a COST Action 837 View. 

UOCHB AVCR, Czech Republic. pp. 69. 

Vervaeke, P., Luyssaert, S., Mertens, J., Speleers, L., De Vos, B. & Lust, N., 1999. 

Biomass production and the detoxification of land disposed dredging sludge by means of 

willow cultures. Proceedings, Characterisation and treatment of sediments, Cats 4, 

Antwerpen, 523-531. 

 

 

 



 

  

140 

Vulgariserende publicaties 

Oosterbaan, A., Mertens, J. (2004). Bos op bagger? Silva Belgica, 5/2004, 12-15. 

De Schrijver A., Overloop S. & Mertens J. 1998. Moet er nog mest zijn: het MAP 

doorgelicht. De Boskrant, 28, 42-43. 

 

Interne verslagen 

Mertens, J., Lust, N. (1999). Groei van bomen en bossen op brakwaterslib aangerijkt 

met zware metalen. Eindrapport Overeenkomst B 206/1, Laboratorium voor Bosbouw 

– Universiteit Gent en Minsterie van de Vlaamse Gemeenschap – AWZ – Afdeling 

Zeeschelde, 109 p. 

Mertens, J., Piesschaert, F. (2003). Onderzoeksvoorstel landschapsdijken. Halftijds 

verslag. Een studie in opdracht van het Gemeentelijk Havenbedrijf Antwerpen, 123 p. 

Mertens, J., Piesschaert, F. (2005). Onderzoeksproject Landschapsdijken. Risico’s, 

ontwikkelingsmogelijkheden en beheer van dijken uit brak baggerslib. Instituut voor 

Natuurbehoud en Laboratorium voor Bosbouw (Universiteit Gent). In opdracht van het 

Gemeentelijk Havenbedrijf Antwerpen. 299 p.  

 


	Introduction
	Chapter 1�In situ measurements of metal uptake by five tree 
	Abstract
	Introduction
	Materials and methods
	Site description
	Sediment analysis
	Tree sampling

	Results
	Sediment characteristics
	Growth and survival rate
	Foliar element concentrations

	Discussion
	Tree growth and survival
	Phytostabilization
	Phytoextraction

	Conclusion

	Chapter 2�Greenhouse experiment with different tree species:
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Survival and growth
	Leaf analysis

	Conclusions

	Chapter 3�Cd and Zn concentrations in small mammals and will
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgements

	Chapter 4�Redistribution of Cd and Zn in the upper soil laye
	Abstract
	Introduction
	Materials and methods
	Description of the site
	Soil characterization
	Biomass
	Data analysis

	Results
	Discussion
	Implications for risks and management

	Conclusion
	Acknowledgements

	Chapter 5�Tree species effect on the redistribution of soil 
	Abstract
	Introduction
	Materials en methods
	Results
	pH and organic material
	Biomass
	Metal and Ca concentrations and contents in the biomass comp
	Metals in the soil
	Principal component analysis

	Discussion
	Fluxes

	Conclusions

	Chapter 6�Interpretation of metal concentrations in plant ti
	Abstract
	Introduction
	Bioindicators and biomonitors
	Phytoextraction
	Metal extraction ratio
	Feasibility

	Conclusions
	Acknowledgements

	General discussion and conclusions
	Main findings
	Implications and research needs

	Summary
	Samenvatting
	References
	Curriculum Vitae van de auteur
	Publicaties



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


