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1 General Introduction

1.1 Contaminated dredged sediments. aremediation problem

Due to poor nationd water management during the last decades and trans boundary
indudria fluxes from Northern France, most fine-grained sediments of the Belgian inland
waterways ae eviched with contaminants such as heavy meds poly aromatic
hydrocarbons (PAHs), and minerd oil (Geuzens et d., 1998). The periodic dredging of
these waterways is vitd to ensure future navigetion but it is a continuous source of large
volumes of contaminated dredged naterids which have to be treated or discarded (Forstner
and Cadmano, 1998). As more technicd remediation techniques such as sediment washing,
vitrification, and therma treatment are often not yet economicdly and technologicdly
feesble (Rulkens e d., 1998; Mulligan et d., 2001), the current option for treatment of
contaminated sediment is digposal in confined landfills. This results in the establishment of
fertile but contaminated Stes with little beneficid uses. In Handers, each year about 135 D
160 ha of land are theoretically needed to dispose of the 4,000,000 n? of sediment dredged
from inland waterways (Demoen, 1989). However, such aress are not avalable and the
lack of options for storage, remediation, and re-use of dredged sediments are currently
limiting required and planned dredging activities As a result of uncontrolled sediment
disposal in the past extended areas along our waterways were used for the disposa of
contaminated dredged sediments. For example, more then 425 ha of contaminated
sediments are located dong the shores and in dluvid plans of the man Femish
waterways Schelde and Lele. Currently, many of upland disposed dredged sediments are
used for agriculturd purposes and natura habitat creation (Vandecastede et d., 2002
Vandecagtede et d., 2003), resulting in risk for food chain contamination and spreading of
contaminants to the surroundings through plant uptake and eroson (Gambrel, 1994).
These pathways are of particular concern as it was shown that metals in sediment derived
soils are highly plant avalable and susceptible to run off (Tack et d., 1996; Singh et 4.,
1998).



Even if unpolluted topsoil is agoplied on contaminated dredged sediment, metd
concentrations in agricultural crops grown on these dtes are often above environmentaly
acceptable limits (Van Drid et d., 1995). Metd leaching to the groundwater on the other
hand, is of lesser environmental concern (Ruban et d., 1998; Ross, 1994; Singh e 4.,
2000).

Extensve eco-technologicad techniques such as phytorestoration and -remediation can be
interesting remediaion options for the exising areas of land disposed dredged sediments
and for the future treetment of the large volumes of contaminated dredged sediments. They
ae emeaging technologies to restore, dabilize, and clean large areas of moderately
contaminated substrates (Goldsmith, 1998). Trees have been suggested as a low cog,
sudanable, and ecologicdly sound solution for phytoremediation of heavy metd
contaminated land (Vangronsveld et d., 1998; Dickinson et d., 2000). The use of energy
crops, such as willow and poplar species, as phytoremediation crop in this context is
promisng (Duncan et d. 1995; Robinson et da., 2003). Willow can accumulate heavy
metas in their aove ground biomass compartments which can be regularly harvested. In
addition, they are easy to propagate, fagt growing, meta tolerant perennid crops which can
dabilize pollutants with an extendgve root sysem and high evgpotranspiration. The long
remediaion time, which is often associated with phytoremediation technologies, can be
rendered less important if phytoremediation can be combined with a profit making
operation, such as forestry and bio-energy production (Robinson et a., 2003).

In severa European countries such as Sweden and Finland, willow stands managed in
Short Rotation Forestry (SRF) systems are an increasingly used practice for the production
of renewable energy and heat (Ledin, 1996; Schwaiger and Schldadinger, 1998).
However, large scde cultivation of energy crops has not yet darted in other parts of
Europe (Hanegraaf et d., 1998). Undable markets and high prices of land negatively
influence the financid feadhility of projects, and wide spread socid acceptance of these
crops is gill lacking (Roos et d., 1999, Résch and Kaltschmitt, 1999). A possible option to
reduce the impact of these problems is combining the cultivetion of energy crops with
other possble functions of the land. In this context, SRF plantations have been planted on



sanitary landfills, in mining areas, and on disposd dtes of organic wastes (Ettala, 1988;
Steer and Baker, 1997; Bungart and Hittl, 2001).

The combined land use of dredged sediment digposd and biomass production for energy
purposes with the potentid for phytoremediation could thus be an economicdly and
ecologicaly vauable land use option on higoric and future sediment disposd dtes if care
is taken to minimize metd trandfer to other compartments of the ecosystem. While in the
last years the generd principles and scientific groundwork of phytoremediation of
contaminated gtes with willow cultures were established, several gaps in knowledge on
feagbility, management options, and faith of contaminant in the system remain.

With the introduction of a vegetaive cover on a contaminated subdrate it is important to
condder the impact on the fate and behavior contaminants during the remediation and the
subsequent handling of the produced biomass. Phytoremediation technologies should be
operated in a risk based land management agpproach to ensure acceptable ecologicd and
environmental risks. The assessment of exposure is an important step in this context of risk
asessment. It encompasses the determination of the emissons, pathways and raes of
movement of a substance and its transformation or degradation, in order to estimate the
concentration/dose to which human populations or environmental spheres are or may be
exposed (Vindimian, 2002). The main concern with planting trees on metal contaminated
sils is the effect this may have on ecosysem mobility of metas, and the posshility of
disperson of toxic metds into the wider environment. New pathways for contaminated
dispersd can be crested through leaf fal, root activity, and biomass converson.
Knowledge on the amount of metds which reach the environment through these pathways
isessentid in assessing the sustainability and risk susceptibility of the system.

The second eco-technique investigated in this work is the multi-layered dredged sediment
disposa in afforested disposd sStes. The planting of a dense willow stand on contaminated
dredged sediment surfaces results in stabilizing the subdtrate and rendering the Ste more
esheticdly atractive. If multiple layers of sediment can be brought in the same afforested
disposd ste, larger volumes of sediment can be stored on the same surface while the two
previoudy beneficia properties of the stand are retained. Multi-layered dredged sediment



disposd is dready practiced in traditiona dredged sediment disposal dtes. A new layer of
sediment is brought into the dte after the previous layer has dewatered and ripened.
Applying this technique in afforested sediment disposd stes could result in shortening the
time between sediment gpplications, as it can be hypotheszed that the presence of willow
sems and the formation of a new root system in the new sediment layer could increase the
gpeed of sediment dewatering and ripening.



1.2 Objectives

The generd objective of the research in this theds is to evduate the posshbilities and
limitetions of the use of Salix sands for the phytorestoration and -remediaion of land
disposed contaminated dredged sediments and to assess the fate of heavy metds in this
sysem. The second generd objective is to study the technicd feashility of multi-layered
sediment disposal in afforested disposal Sites.

Thiswork has the following specific research objectives:

To evauate dredged sediment as a subsirate for the growth of Salix and
to describe the stand development of Salix stands on dredged sediment
disposal Sites.

To invedigate the feadhility of restoring and cleaning contaminated
dredged sediment with willow cultures, and to determine which
management options should be applied to maximize efficiency and
minimize risks.

To assess the impact of Salix based eco-technologica techniques on
metd mobility and avalability in the ecosysem, with empheds on the
behavior of heavy metds in the foliage and the root zone of Salix. The
dudy ams a quatifying heavy metd fluxes and pathways in such
remediation schemes.

To invedigate the behavior of heavy metds during the converson of
heavy meta enriched willow wood to dectricity and hest.

To dudy the technicd feeshility of multi-layered sediment disposd in
afforested disposa Sites.



1.3 Outline

This work presents gpplied and multi faceted research on the different aspects of a
contaminated dredged sediment phytoremediation technology with  willow cultures,
ranging from the introduction, dynamics and development of Salix stands on contaminated
dredged sediments, to stand management, metal uptake and trandocation, risk assessment,
and the converson of Salix biomass to dectricity and hest. An important part of this work
will focus on the fae of contaminants in the phytoremediation system and the risk of
dispersa of contaminants to the surroundings. In addition, the practicd feeshility of multi-
layered sediment disposal is assessed.

This work condsts of a number of chapters submitted or published in internationd
journds. Each of the chepters highlights particular aspects of the use of willow in the
phytorestoration and —remediation of contaminated dredged sediments. Chepters are not
intended to be sand done entities but are steps to the intended am of the sudy: the
evduation of willow dands in SRF sygem for the phytoremediation of contaminated
dredged sediment in the find chapter of thisthes's.

Chapter 1 presents the generd introduction, objectives, and outline of thiswork.

Chapter 2 provides a short description and literature overview on the concept of
phytoremediation of contaminated stes with willow cultures.

Chapter 3 describes the dynamics, development, and biomass production of willow stands
grown on contaminated dredged sediment over a period of Sx growing seasons In
addition, the nutritional status and tree hedth are used to evduate the suitability of dredged
sediment as a subgtrate for willow growth.

In Chepter 4, the metd uptake and trandocation by different willow clones grown on
contaminated sediment in the different biomass compartments is assessed. The seasond
vaiaions in metd concentraions in two dones in four different growing seasons is
described to provide management guiddines to maximize metd export with harvest and to
minimize metd losses to the environment.

Growing crops on metd contaminated subgrates can change the avalability and mobility
of heavy metds in the root zone. Therefore chapter 5 describes two trids which investigate



the short- and longer-term impact of willow root growth on meta extractability in both
oxic and anoxic contaminated dredged sediments.

Chapter 6 deds with the converson of heavy metd enriched willow wood to eectricity
and hedt. It describes severd gadification trids of willow, grown on contaminated dredged
sediment, in a 100 kW pilot scae fixed bed downdraft gasification unit and presents results
on the digtribution of heavy metdsin this sysem.

The 7" Chapter presents findings on the pilot scde test of the multi-layered sediment
disposd technique in afforested dtes. It describes the sediment dynamics in such a system
and the influence of the sediment application on the Salix stand structure and development.
Guideines are provided to ensure the success of this technique with future applications.

Chapter 8 consgts of the generd discusson and conclusons. Results and ingghts from the
previous chapters are combined to discuss the feashbility, management options, risks, and
other aspects involved in the phytoremediation of land disposed contaminated dredged
sediments with willow cultures.






2 Background: the use of Salix speciesin

phytoremediation



2.1 Introduction

Phytoremediation is an emerging technology for cdeaning and/or dabilizing large aress of
contaminated land. Trees feature a range of characterigtics which makes them suitable for
use in this technology. Especidly fast growing biomass species, such as Salix species, have
been suggested as interesting tree species as they are easy to propagate, fast growing, metd
tolerant species that are able to accumulate metas and/or provide physical Stabilization. In
addition, harvested biomass can be used to produce dectricity and heat. This chapter
provides a short description on the use of trees in phytoremediation, with emphass on

willow.

2.2 Phytoremediation

Over the lagt years, the focus in deding with contaminated land is gradudly shifting away
from the traditiona removd, disposd, and capping techniques to more integrated in-Stu
approaches. Efforts to develop such integrated agpproaches have resulted in a shift in
atention from the assessment of problems to the formulation of solutions that meet the
requirements of society. Possble sustaindble solutions, such as phytorestoration and —
remediation, focus on the restoration of the usability and the socid and economicd vaue
of the land. Phytoremediation is the name given to a st of technologies in which plants are
used to remediate the environment. It encompasses the direct use of living green plants for
in situ risk reduction for contaminated soil, dudges, sediments, and ground water, through
contaminant remova, degradation, or contanment (Cunningham and Berti, 1993; SdAt et
d., 1995, Sdt e d., 1998). Growing and, in some cases, harvesting plats on a
contaminated dte as a remediation method is an aestheticdly pleasing, solar-energy driven,
passve technique that can be used to clean up stes with shalow, low to moderate levels of
contamination. Phytoremediation can be used dong with or, in some cases, in place of
mechanica cleenup methods. However, it is ill an emerging technology in which aspects
and knowledge of a wide range of environmenta and biologica research fields have to be
combined to come to a sustainable tool in the remediation and restoration of large areas of
contaminated land (Khan et d., 2000).
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Based on the chemicd and plant processes involved, phytoremediation techniques can be
classfied in  three broad categoriess  phytostabilisstion,  phytoextraction, and
phytodegradation.

Phytogtabilisation is the use of plant species to immobilize contaminants in the soil and
ground water and reduce ther environmentd impact and risk of dispersd (Bradshaw,
1979; Vangronsveld et a., 1995; Vangronsveld and Cunningham, 1998). Phytorestoration
is often referred to in the same context as the establish of a vegetative cover at Stes where
naturd vegetation is lacking due to high metas concentrations or were a paticular
vegetation is desred. The dabilization of contaminants is a result of severd chemicd and
physica processes occurring a the soil-plant inteface. The plants protect the soil from
wind and water eroson and reduce the water percolation through the soil thus preventing
leaching of contaminants (Vangronsveld et d. 1995). The soil can be physcdly stabilized
through stronger aggregation, increased OM content, the formation of a dens root systems
and a litter layer (Wilkinson et d., 1995). Chemicd processes can include the absorption
and accumulation by roots, adsorption onto roots, and chemica changes in the rhizosphere
of plants (Mcgrath, et a., 2001). These chemicd and physica processes reduce the
mobility of the contaminant and prevent migration to the ground water or ar, and they
reduce bio-avalability for entry into the food chain. Plants should be tolerant to the
conditions prevalling on the dte to ensure sufficient growth (Bradshaw, 1979). Soil
amendments such as phosphate, lime, zeolites, organic matter (OM), Mn oxides, and Fe
compounds are sometimes needed to immobilize toxic metas, dlow plant growth, and
reduce the risk of soil eroson and dispersa (Vangrondsveld et d., 1995). Vangronsveld
and Cunningham (1998) lig the man objectives for successful in Stu inactivation with
plants are: i) to change the trace dement speciation in the soil in order to reduce the easly
solulable and exchangesble fraction of these dement, ii) to dtabilize the vegetation cover
and limit trace dement uptake by crops iii) to reduce the direct exposure of soil
heterotrophic living organisms, and iv) to enhance biodiversty.

When applied on a wadte disposa ste or on a landfill, a \egetative cover can be considered

as a long-term, sdf-sugtaining cap composed of soil and plants. As such, vegetative covers
ae an dternative to composite clay or plastic layer ceps (Ettda et d., 1988; Schnoor,
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2000; Nixon et a., 2001). Plants control eroson and minimize seepage of water that could
othewise percolate through the landfill and form contaminated leachate. In addition,
vegetative caps can be designed and managed not only to control erosion and percolation
of water, but to remove or enhance the degradation of contaminants in the landfill.

Phytoextraction refers to the uptake and trandocation of heavy metds into the
aboveground portions of the plants, which can be subsequently harvested (Kumar et 4.,
1995; Sdt et al., 1995; Chaney et d., 1997; Garbisu and Alkorta, 2001). Metd uptake by
plants is determined by the avallability of the metd in the substrate, which in its turn is
dependent on the physica, chemicd and biologicd factors (Erngt, 1996; Brummer, 1986).
Brooks et d. (1977) identified an extreme form of metd accumulators, described as
hyperaccumulators, in which tissue meta concentration can exceed 1000 mg meta per kg.
The use of hyperaccumulaing plants to actively reduce the metd content in the soill was
suggested by Baker et d. in 1988. The first hyperaccumulators characterized were
members of the Brassicaceae and Fabaceae families Much on the previous work on
phytoextraction with hyperaccumulators has involved the species Thlaspi caerlescenc
(Kumar et d., 1995; Sdt et d., 1995; Knight et a., 1997; Robinson et a., 1998). However,
low yidds dow growth rate and harvesing problems limit the potentid for effective
phytoremediation with these plants (Salt et d., 1995; Ebbs and Kochian, 1997).

An dtenative to hyperaccumulators is the use of plants with lower accumulation
characterigtics, but which are characterized by a higher biomass production, such as trees
and agronomic crops. In this respect, severa authors have studied the metd upteke
capabilities of Salix species, cultivated Brassica (mustard) species, corn and sunflower
(Landberg and Greger, 1994; Kumar et d., 1995; Blaylock et d., 1997). It has been
suggested that their use can be accompanied with manipulations of soil conditions to
increase the bio-avalability and plant uptake. This is caled induced phytoextraction. Most
atention has thus fa been directed to synthetic chdating agents such as
Ethylenediamineteracetic acid (EDTA) (Huang and Cunningham, 1997). Although the use
of these agents can dgnificantly increase meta uptake, severa negative consegquences can
be identified. Plants and soil micro-organisms often react negatively to this treatment, and

12



there is the posshility of leaching large fraction of the metds to ground or surface waters
(Sun et d., 2001; Romkens et a., 2002).

Phytodegradation is the breskdown of contaminants taken up by plants through metabalic
processes within the plant, or the breskdown of contaminants externd to the plant through
the effect of compounds (such as enzymes) produced by the plants or microbid activity in
the rhizosphere (Shimp et d., 1993; Cunningham et a., 1996; Burken and Schnoor, 1997;
Burken and Schnoor, 1999). Riparian corridors or buffer grips are applications of
phytoremediation that aso may incorporate aspects of  phytostabilisation,
phytodegradation, and rhizodegradation to control, intercept, or remediate contamination
entering a river or ground-water plume (Dix et d., 1997). Riparian corridor refers to plants
that may be gpplied dong a stream or river bank, while buffer strips may be applied around
the perimeter of landfills,
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2.3 Theuseof treesin the phytoremediation of metal contaminated land

The potential use of trees as a vegetation cover for heavy metd contaminated land has
received increasing atention over the last 10 years. Trees feature a range of characteristics
which makes ther use in the redtoration of contaminated land an interesting option: trees
reduce the risk of contaminant dispersd by decreasing water and wind eroson with
extended perennid root sysems and the production of litter and organic layers on the
contaminated surface (Stomp et a., 1993; Lepp and Dickinson, 1998). Severd tree species
are known to be tolerant to eevated heavy metd levels and can accumulate metas in their
above ground biomass parts (Turner and Dickinson, 1993). Planting phreatophytic trees,
such as Salicaceae, may further contribute to the dabilization by preventing the vertica
migration to groundwater as a result of hydraulic control through interception and
evapotranspiration (Schnoor, 2000). The most important requirements for trees intended for
phytoremediation are that they must be easy to propagate, fast growing, metd tolerant
goecies that ae able to accumulate metals and/or provide physica abilization (Punshon
and Dickinson, 1997b). Contrary to food crops, higher metal contents are acceptable in
trees as long as physologicad activity is not affected (Labreque et d., 1995). Trees have
thus been suggested as a low codt, sustainable, and ecologicaly sound solution to the
remediation of heavy metd contaminated land (Glimmerveen, 1996; Dickinson e 4.,
2000), especialy when it is uneconomic to use other trestments or there is no time pressure

on the reuse of the land.

For trees to be used in phytoremediaion systems it is essentid that they are suited to the
conditions occurring a the contaminated dte. Tree survivd, growth and physologicd
function can be affected detrimentaly by many contaminants (Burton et al., 1983; Arduini
et a., 1998), but physcd conditions and nutrient deficiencies can dso severdy limit tree
growth. Suitable rooting conditions and nutrient supply are of prime importance for the
edablishment of trees on contaminated Stes. Poor water holding capacity and aeration,
compaction, acidity, shdlow ground water tables and sdinity can dl negatively influence
tree growth (Bending and Moffat, 1999). Other factors such as weed growth and sSte
neglect can dso result in unsatisfying growth (Dickinson, 2000).
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Once the trees have become edablished, the vegetation cover reaults in the physcd
dabilization of the subdtrate. Through the deveopment of a high-dendty perennid root
sysem and the accumulation of OM and litter on the sand surface, the dispersd of
contaminants by wind or runoff can be prevented (Ross et a., 1990; Stomp et d., 1993;
Wilkinson, 1999).

While tolerance to heavy metas in herbaceous species was dudied intensvely, woody
plants received less attention. Initial research on metd tolerance of trees and their use for
the revegetation of contaminated land darted at the end of seventies. Attention then was
focused on the use of trees for the redtoration and Sabilization of metdliferous mine
wastes. McCormack and Steiner (1978) tested the aluminium tolerance of eeven trees in
solution culture. They identified resgant gpecies from sendtive ones and made
recommendations for the use of trees for the revegetation of mine spails. In generd, tees
ae generdly absent from metdliferous stes (Erngt, 1990; Turner, 1994). However, Eltrop
et d. (1991) reported the pioneer species Salix and Betula growing on metalliferous spall
and suggested that they have evolved tolerant ecotypes in response to congstant exposure to
heavy metals. Severd other authors dready reported tolerant Betula ecotypes on
contaminated sites (Brown and Wilkins, 1985; Denny and Wilkins, 1987). They found that
trees from contaminated Stes were more tolerant to high concentrations of Zn: findings
which were smilar to the tolerance characteristics identified for herbaceous plants.

However, other research failed to demondrate the existence of tolerance traits in pioneer
species such as Slix (Dickinson et d., 1991; Landberg and Greger, 1996), implying that
the adgptation of individua mature plants through phenotypic plagticity may be the most
ggnificant factor which determines the ability to survive pollution (Turner and Dickinson,
1993). This is supported by the fact that trees not specidly sdected for metd tolerance can
generdly survive in metal contaminated soil, but often a reduced growth rates. Dickinson
et a. (1992) described tolerance and survivd of plants on metd contaminated soils as
aidng from “an orchestrated multiplicity of physologicd and biochemicad responses,
including both avoidance and true resstance mechanisms’, which implies both genotypic
and phenotypic adaptation. In addition, trees and especidly Salix and Betula species, are
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known to be drongly mycorrhiza, a characterigtic which can greatly influence metd
tolerance (Harris and Jurgensen, 1977; Denny and Wilkins, 1987; Wilkinson, et al., 1995).

An important mechanism of tolerance is the immobilization of the contaminant through
binding with cdl wadls, sequedtration in vacuoles, or complexation with metdlothionen-
like proteins in the cytoplasm (Kahle, 1993). This immobilization is often most
pronounced in the roots (Dickinson et a., 1991). Other tolerance strategies in trees include
avoidance, excretion and excluson (Baker, 1981). Especidly avoidance of high pollutant
concentrations by tree roots of is an important mechanism of facultative tolerance, through
which trees can survive on heavy metd contaminated land (Dickinson et d., 1991;
Watmough and Dickinson, 1995).

Tree species differ greetly in ther ability to accumulate heavy metds. A vaiety of sudies
investigated the metd uptake and compartmentdization in trees for a range of different
pollution conditions (Gretza, 1980; Gretza, 1982). Initidly most of these were focused on
foret ecosysems affected by aerid pollution in the vicnity of metdliferous industry or
andters (Clarke et a., 1980; Heinrichs and Mayer, 1980; Martin and Coughtrey, 1981,
Martin e da. 1982). Recently, more atention has been pad to trees planted on
contaminated land for remediation purposes (Turner and Dickinson, 1993; Ridde-Black et
a., 1997; Hassalgren, 1999; Alriksson and Eriksson, 2001; Rossdli et al., 2003).

In generd, Salix and Betula are characterized with a high uptake of Cd and Zn respectively
compared to other tree species (Nissen and Lepp, 1997; Alriksson and Eriksson, 2001;
Ros=li et al., 203). Compared to these two species, most other tree species feature a low
accumulation of heavy metds. Mertens e d. (2004) invedtigated the metd upteke of five
tree gpecies growing on brakish dredged sediments and found eevate concentrations of Cd
and Zn in Populus, while concentrations in Acer, Alnus, Fraxinus, and Robinia could be
condgdered as normd. A dmilar sudy by Rossli et d. (2003) reported low metd
concentrationsin Alnus, Fraxinus, and Sorbus.
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While the mgority of metds taken up by trees are immobilized in the roots the
trandocation of toxic metas to aboveground biomass compartments of trees varies widely
between different metals. In generd, higher Cd and Zn concentrations are found in actively
growing tissue as leaves and shoots compared to the wood, while the differences for Cu
and Pb are often less profound between biomass compartments (Ross, 1994; Ridde-Black
et d., 1997; Nissen and Lepp, 1997). Henrichs and Meyer (1980) found higher Cu
concentrations and lower Pb concentrations in wood compared to leaves in beech. Bark
metal concentrations are in generad higher than wood concentrations. When compartment
concentrations are converted to stocks taking into account the compartment biomass, the
largest metd stocks are found in the wood. More on the digribution of heavy metas in
treesis provided in Chapter 4.
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24 Theuseof Salix in the phytoremediation of contaminated land

While a number of different tree species, such as Betula (Borgegard and Rydin, 1989),
Pinus (Berry, 1982), Alnus (Dickinson, 2000), Acer (Turner and Dickinson 1993), and
Populus (Schnoor, 1995; Steer and Baker, 1997), have been considered in studies on the
resoration of contaminated subgtrates, most attention has recently been given to fast
growing species such as willow (Pulford and Watson, 2003). Willow trees essy to
propagate, fast growing, metd tolerant species that are able to accumulate metals. They
can provide physcd dabilization and are characterized with an extensve root system
which makes them suitable candidates in phytoremediation projects (Keler et a. 2003). In
addition, additional economica, socid, and ecologicd benefits can be generated through
the production of biomass for renewable energy purposes if the Salix stand is managed as
an energy crop for the production of dectricity and heat (Ledin, 1996; Robinson et 4.,
2003). When willow wood is harvested at regular intervals, contaminated Stes with little
other beneficid use can thus be made useful through the production of biomass for energy
pUrposes.

The genus Salix is a large, taxonomicaly complex genus. Depending on the taxonomic
school about 350 to 500 different willow species can be diginguished worldwide
(Pohjonen, 1991; Argus, 1999). Willows are early successona trees with characteristics of
pioneer species a high initid growth rate, light seeds and a rdatively short life span
compared to other species (Vewijst, 2001). Salix species can easly be propagated
vegetatively, and most species resprout vigoroudy after cutting (Sennerby-Forsse et dl.,
1992; Ledin, 1996). The tree can thus be frequently harvested by coppicing every three
three to five years in a SRF system, which makes it suitable for use in phytoremediation.
The management of SRF plantations for the production of eectricity and heeat, is an
dready well established practice in severa European countries, especidly in Sweden and
Finland (Christersson et ., 1993; Willebrand and Ledin, 1995; Ledin, 1996). Salix species
are tolerant to a wide range of climatic and soil related factors and the large number of
exiging species and clones dlows sdection of those best suited to specific conditions.

Severd willow species ae known to colonize edgphicdly extreme soils such as
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metdiferous gtes, particularly Salix caprea, Salix cinerea, and Salix viminalis (Harris and
Jurgensen, 1977; Turner and Dickinson, 1993; Eltrop et d., 1991). Grime et d. (1988)
documented mining wadte disposal Stes as ecologicd niches for Salix caprea and Salix
cinerea. Willow was adso found to colonize metd contaminated river sediments (Mang and
Reher, 1992, Vandecastedle et al., 2002).

Interest on the use of Salix in phytoremediaion began in the beginning of the nineties
Research then focused on the use of willow stands for the production for energy purposes,
often combined with the treatment of waste water in vegetation filters (Perttu, 1993,
Riddd-Black, 1994a; Perttu and Kowalik, 1997; Elowson, 1999). At that time, severd
European countries started developing bio-energy production systems using willow in SRF
gysems. Organic wastes, such as waste water and sewage dudges, were considered
interesting dternative sources for fertilization of willow stands compared to inorganic
fertilizers. The nutrient compostion of wadewaters and dudges was found to be
comparable with the nutrient demand of Salix (Perttu, 1999). The irrigation of Salix stands
with sewage dudges and wastewaters increased growth and biomass production (Kutera
and Soroko, 1994; Labrecque et a., 1997), and led b more uniform growth and greater
shoot numbers (Hasselgren, 1998). However, the presence of heavy metds in the applied
organic fertilizers resulted in eevated concentrations of heavy metas, especidly Cd, in the
aboveground biomass (Ridde-Black, 1994b; Labrecque et a., 1995). This prompted
resserch on metal accumulation and tolerance of willows to be used for combined

phytoextraction of heavy metads and energy production.

Landberg and Greger (1994) performed a large scale hydroponical screening of 34 willow
clones of Salix viminalis, dasyclados, daphnoides, triandra and purpurea for ther
tolerance to Cd and Zn. Results showed that Salix clones have a large variaions in metd
uptake and tolerance. Some clones were tolerant to both Cd and Zn, while others were
tolerant to only one of the metals. Both tolerant and senditive clones were characterized by
high or low accumulation, which indicates that net uptake and accumulation in Salix does
not seem to be correlated to the tolerance. Salix clones were aly affected by heavy metd
concentrations which by far exceeded levels found in the environment. Smilar conclusons

were made for Cu (Punshon et a. 1995) and Zn, Cd, Cu and Ni (Punshon and Dickinson,

19



1999). The latter study aso reported condderable interclond variations in meta tolerance.
Punshon and Dickinson (1997a8) showed that Salix trees could gradudly adgpt to high
metal concentrations in soils. While most tolerance studies were conducted in hydroponic
gsysems, some studies were performed in pot experiments (Punshon and Dickinson, 1997b)
and fidd trids (Punshon and Dickinson, 1997b; Riddd-Black et al., 1997; Landberg and
Greger, 1996; Fdix, 1997). Punshon and Dickinson (1997b) reported Salix cinerea trees
growing on mine spoil with sem metal concentrations up to 76.4 mg Cd/kg and 157.4 mg
Pokg. An overview of metad concentrations measured in Salix trees growing on

contaminated substratesis presented in Table 2-1.

In genera, Cd and Zn are trandocated from the roots and subsequently accumulated in
shoots and leaves, while the highest Cu concentrations are found in the roots (Nissen and
Lepp, 1997; Punshon et d., 1995). However, Riddd-Black et a. (1997) identified severd
gpecies which accumulated Cu and Ni in aboveground biomass, but these showed reduced
aurviva and biomass production. The other group had rdatively low Ni and Cu in the bark
and high Cd and Zn in the wood, with a good survival rate and biomass production.
Landberg and Greger (2002) investigated variation in interactions between Cd, Cu and Zn
on toxicity and accumulation. They found that the uptake of Cu was decreased by the other
metas in cones with high Cu accumulating properties. The accumulation of Cd was not

changed by the presence of other metas.

The large variation in heavy metd tolerance accumulation between clones dlows the use
of gpecific clones for specific applications. Landberg and Greger (1994) and Dickinson et
a., (1995) proposed different drategies for contaminated land restoration using willow
crops. Metd tolerant clones with high metal accumulating properties can be used to clean
contaminated soils through repeated harvest of metd enriched wood. The prospects of
actively deaning soils with willov are most promisng for Cd. In most accumulation
experiments, Cd is found to be the only metd that is truly accumulated, with Bio
Concentration Factors (BCF) > 1 (BCF = metd concentration in plant/metal concentration
in soil). Greger et a. (1995) caculated that it would take 12 years to remove the Cd added
to the soil with fertilizers in the las 100 years Riddd-Black (1994) reported that Salix
could remove 400% of the added Cd in sewage dudge.
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Recently severd studies focused on management options to increase metd export through
willow cropping. Robinson et d. (2000) investigated the impact of chelating agents such as
EDTA, DTPA, and NTA on metd accumulation. Results were not encouraging as
treatments resulted in reduced growth (0.5 glkg EDTA), reduced stomatal conductance (0.5
gkg EDTA; 05 gkg , DTPA), and necross followed by leaf abscisson (2 gkg EDTA;
05 gkg NTA). Klang-Wedin and Pettu (2002) investigated whether increased
fertilization would result in higher amounts of extracted Cd. In generd, increased biomass
led to higher amounts of Cd in the stem. Differences were however smdl and in most cases
indgnificant, as increased biomass resulted in lowered Cd concentrations as a result of
biologicd dilution. Only for 1 year old coppiced plants did higher nutrient levels result in
ggnificantly larger amounts of Cd in the sem. They conclude that if Salix is to be used as
a phytoextractor of Cd, the possbilities for sgnificantly remova rae by increased biomass
production appears to be limited.

Research on the posshilities for phytodegradation of organic contaminants with Salix is
dill very limited, dthough poplar is attracting more attention (Burken and Schnoor, 1997,
1999). Corseuil and Moreno (2001) showed the ability of willow to reduce ethanol and
benzene concentrations in polluted aguifers. Vervaeke et a. (2003) reported increased
disspation of minerd ail in the root zone of Salix, while PAHs concentrations were not
affected.
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Table 2-1: Overview of research on heavy metd accumulaion by willow grown on contaminated substrates. Minimum —maximum vaues are
presented if multiple clones were tested. X: spiked substrate. Concentrations in mg/kg. na: below detection limits.

Author Salix species Site pot/fidd Metal Substrate Wood Leaves Other
Brieger et al., 1992 Salix spp fly ash disposal site  field
Felix, 1997 Salix spp Cdrich calcareous soil  field Cd 7 22
Good et al., 1985 Salix spp. Open cast coal sites
Goransson and Phillipat, Salix spp. Sewage sludge pot
1994
Greger and Landberg, Salixviminalis Cd enriched field Cd 0.6 11 55
1995 agricultural soils
Harris and Jurgensen,  Salix spp. Mine tailings
1977
Hammer et al., 2003. Salix viminalis  Soil  contaminated field Cd 36 6
with smelter
emissions
Zn 200 1110
Hasselgren, 1999
Klang-Westinand Perttu,  Salix Soil pot X Cd 0.6 7.1
2002 dascyclados
Klang-Westinand Perttu, Salix viminalis Cd enriched field Cd 0.45 41 7.3
2003 agricultural soils
Mertens et al., 2001 Salix fragilis Contaminated dredged  field
sediment
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Author Salix species Site pot/field Metal Substrate Wood Leaves Other
Nissen and Lepp, 1997 8 Salix varieties  Unpolluted soil field Cu 8.95 111 8.63 6.2
(other = bark) Zn 47.3 52.4 296.2 208.04
Ostman, 1994 Salix viminalis Cd enriched field Cd 0.24 33
agricultural soils
Punshon and Dickinson, Salix cinerea Mine spoil field Cu 197.20 4.60 4.20
1997b
Cd 254.8 76.4 43.9
Pb 12,840 157.4 17.3
Zn 1,259 77.3 87.1
Riddel-Black et al., 1994 4 Salix varieties Sewage sludge field Cu 140 5.7-82 104-
amended soil 15.8
Cd 6 3377 58116
Cr 358 na na
Ni 93 09-14 7-115
Pb 200 na na
Zn 419 95.4- 259-412
156.1
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Author Salix species Site pot/field Metal Substrate Wood Leaves Other
Riddel-Black et al., 1997 20 Salix varieties Sewage sludge field Cu 300 1.2- 11.4-50.6
amended soil 24.2
(other = bark) Cd 30 1-12.3 7.8-35
Cr 1500 na 1-65.6
Ni 500 3271 na
Pb 700 na 13.8-71.6
Zn 2000 30.1- 215-476
223
Robinson et al., 2000 S. matsudana x  Soil potX Cd 60.6 167
S. alba
Rosselli et al., 2003 Salix viminalis  Sewage sludge field Cd 18
contaminated compost 1.30 0.05
Cu 557 0.05 0.50
Zn 620 0.50 0.00
Vervaeke et al., 2003 Salix viminalis Contaminated dredged field Cu 725 5.30 7.6 15.1
sediment
(other = roots) Cd 3 36 4.3 32
Pb 142.9 12.7 29 17.7
Zn 437.3 146.1 362.5 243
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In addition to the posshilities of actively cleaning contaminated subdrates, the use of
willow sands in phytodabilisation and revegetation applications looks promisng. The
introduction of willow gtands results in an effective ‘green capping of the contaminated
dgte. The introduction of a dens willow dand has severd postive environmentd
consequences (Ledin, 1998; Jug et da., 1999). Metas can be stabilised and prevented from
leaching as water infiltration is reduced through plant mediated hydraulic control. This is
the result of the increased evapotrangpiration and the interception of rainwater in the stands
canopy. The perennid willow root sysem demand of water acts as a filter and reduces the
risk of contaminant leaching (Sander and Ericsson, 1999). Willow gtands can transpire
400-700 mm a year or about 2/3 of the annua rainfal in Handers (Grip et d., 1984).
About 25% of the precipitation is intercepted in the stands canopy and does not reach the
gte surface. A poplar tree system, for example, allowed less percolation than a karren soil,
a good grass cover and a clay cap according to Schnoor (2000). Robinson et a. 2003
presented a case study on the phytoremediation of a 3.6 ha sawdust pile that was leaching
unacceptable amounts of boron (B) into locd waterways. High water-use Salicaceae were
used to control leaching to below locd threshold levels. In addition, rhizosphere processes
and the production of exudates and OM could result in the formation of precipitated and
non soluble forms of pollutants further limiting the risks of the spreading of contaminants
to the wider environment (Grigal and Berguson, 1998; Lombi et a., 2001).

In addition the the hydraulic control, the development of a high-densty perennid root
sysem and the accumulation of OM and litter on the stand surface can prevent the
dispersa of contaminants by wind or runoff (Ross et d., 1990; Stomp et d., 1993;
Wilkinson, 1999). In recent years willow were planted for the dabilization of radiocesum
contaminated soils in the Beaus (Vandenhove et d., 2001), in post mining landscapes
(Bungat and Huittl, 2001), on sanitary landfills (Ettada, 1988; Nixon et a., 2001), and
contaminated dredged sediment disposal stes (De Vos, 1994; Vervaeke et d., 2003). In
addition, Salix species have been used for motorway dope dabilization, the rgpid
production of naturd screens and erosion control (Gray and Sotir, 1992; Verwijst, 2001).
Maintenance of naturd willow bets around downhill ski tracks improves safety and is
used as an avdanche control measurement in severa Nordic countries. Watershed

management may adso incdude willow planting and mantenance in riparian buffer grips
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that function as a nutrient catch (Verwijgt, 2001). With the introduction of a forest cover,
the contaminated dte can be transformed to more aestheticdly agppeding dements in the
landscape. However, willow plantations will change the appearance of an earlier open
landscgpe and can limit the vighility. The crop will grow 6-7 m in heght before the
harvest and, dthough the willow shed their leaves in winter, the view is disurbed by stems
and twigs. This can, however, be seen as an advantage when the plantation is used as a
naiural screen or buffer between hard to combine land uses or to limit the vighility of
disurbing dements in the landscape (Gray, 1992; Luyssaert et d., 2001). In addition, these
buffers can reduce the levd of noise and the amount of dust and chemicas in the
atmosphere (Beckett et al., 1998).

25 Concusons

Willow appears a vaduable crop for use in phytoremediation and the interest of is growing
for ther use in extensve remediation projects. However, it is important to determine
whether tree planting under any phytoremediation drategy will contaminate the wider
environment. An important concern with planting trees on metal contaminated soils is the
effect this may have on ecosysemn mobility of metds and the possbility of digperson of
metals into the wider environment. New pathways for contaminated dispersad can be
crested through leaf fdl, root activity, and biomass converson. Trandocation of large
amounts of metals to the leaves, for example, may be an undesrable source of food chain
accumulation of metas.
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3 Biomass production and development of Salix stands

on contaminated dredged sediment disposal sites

Adapted from:

Vervaeke!, P., Luyssaert’, S, Mertens!, J, De Vos’, B., Spelears’, L., Lust!, N. 2001.
Dredged sediment as a subgtrate for biomass production of willow trees established using
the SALIMAT technique. Biomass and Bioenergy 21: 81-90.
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Abstract

The periodic dredging of inland waterways and the subsequent disposa of the dredged
sediment result in the continuous establishment of contaminated Stes. As this dredged
sediment is rich in nutrients, occupies extended aess, and is often unsuitable for
agriculture and public works due to the presence of contaminants, planting energy crops is
one option for the remediation of this waste materid. To evauate dredged sediment as a
Subgrate for growing willows, a 20 x 150 m disposad depot was successfully planted using
rolls of connected willow rods (SALIMAT). Rods of a Salix fragilis clone and a Salix
triandra clone were equaly mixed in each mat. This SALIMAT proved to be an economic
and effective planting technique for large areas of wet subdrate. Leaf nutrient contents
were determined to identify potentid limiting growth factors and the biomass production
and tree survivd over 4 years of stand development were assessed for three different
planting spacings (10, 20 and 40 cm). Reaults of the foliar andyses indicated that both
species were supplied with sufficient N, P, K, and Ca to ensure optima growth. The
introduction of SALIMAT resulted in the rapid development of a high-dendty fast growing
stand characterized by shoot densities of up to 54 shoots/n?. An average annua production
of 12.7 ton DM/ha was measured. The mixture of the two clones did not result in a
polyclona stand as Salix triandra was suppressed by Salix fragilis. The development of a
willow stand was unsuccessful on parts of the depot with a sand fraction of 60%.
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3.1 Introduction

In Europe, the percentage of tota energy production provided by renewable energy should
reach 12% in the year 2010. About 8% shoud be derived from the production off biomass
(White Pgper for a Community Strategy and Action Plan — Energy for the Future
Renewable Sources of Energy, 1997). Bdgium ams a doubling the production of
renewable energy to 3% of the total energy production. SRF with fast growing tree species,
such as willow and poplar, is a promisng dternative to subditute fossl fud and it is an
incressingly used prectice for the production of energy in different European countries
such as Sweden and Finland. However, large scde cultivation of energy crops has not yet
darted in other parts of Europe. Unstable markets, high prices of land negatively influence
the financid feasbility of projects, and wide spread socid acceptance of these crops is ill
lacking (Hanegraaf et d., 1998; Garcia Cidad et d., 2003). A possible option to reduce the
impact of these problems is combining the cultivation of energy crops with other possble
functions of the land (Aronsson and Perttu, 2001).

The extendve reclamaion of derdict and contaminated Stes by the introduction of a
vegetation cover has received increased atention in recent years (Glimmerveen, 1996,
Lepp and Dickinson, 1998; Dickinson, 2000). The focus in deding with the reclamation of
contaminated land is gradudly shifting away from the traditiond ‘removad and disposal’
techniques to more integrated in-gStu approaches such as phytoremediation. The use of a
vegetaion cover may dlow a complete long-term rehabilitation of extended contaminated
gtes to be achieved. When energy crops, such as willow trees, are used for the revegetation
of contaminated dtes with few dternaive uses, additiond income can be generated
through the production of biomass for energy.
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In FHanders, large areas dong waterways were higtorically used to dispose dredged
sediment and this practice is ill continuing. Currently, the disposd on land is typicdly in
the form of a complete containment or a landfill with few other functions. However, the
shortage of avalable land for such disposds is becoming an incressingly important
problem. As land disposed dredged sediments are rich in nutrients, occupy extended aress
and often is unsuitable for use in agriculture and rurd works due to the presence of
contaminants, planting energy crops could be a posshility for the revdorization of this
waste materidl.

Due to the wet conditions of hydraulicaly confined dredged sediment, the generdly used
planting methods with cuttings cannot be used to introduce willow stands (De Vos, 1994).
Fied trids showed that the introduction of loose plant materia (cuttings, seeds) was
generdly not successful as the plant materid floats awvay due to ranfdl or supeficid
draining before rooting occurred. The vertical planting of cuttings into the sediment, usng
a sndl boat, showed acceptable results but this method is expensve and highly labor
intensve. To overcome these problems, the Laboratory of Forestry of the Ghent University
and the firm De Vos ‘Salix’ developed a technique for planting willow on wet, inaccessible
subgtrates such as dredged sediment. This technique, caled SALIMAT, is based on the
vegetative reproduction of willow from horizontaly inlayed willow rods. Willow rods with
a length of 2 m are tied together with biodegradable string and subsequently rolled around
a centrd disposable tube. Different planting dengties can be achieved with this technique
as the length of the string used to hold the rods together can be adjusted. The technique
offers multiple advantages (De Vos, 1994). SALIMATS i) can be mechanicadly
manufactured off dte, ii) are easy to store and trangport and iii) are a practica, low-cost,
mechanized planting method.

This chapter reports on the experiences with the SALIMAT technique for the introduction
of willow on wet subdrates. It evaluates the use of dredged sediment as a subgtrate for the
growth of fast growing willow species based on leaf nutrient contents The biomass
production and tree survival over sx years of stand development are reported for three
different planting dengties.
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3.2 Materialsand methods
3.2.1 Stedescription

In March 1993, a 150 by 20 m depot a the experimentd dte in Menen (Belgium) was
rased 2 m with dredged sediment from the adjacent river Lele. The dredged sediment was
mixed with water and pumped hydraulicdly into the depot. Excess water was removed
through an overflow collector at the end of the depot. One week later, the depot was
planted with willow usng the SALIMAT techniqgue. The SALIMATS were unrolled
horizontally by dragging the tube right across the width of the depot. Three different
spacings between the rods were tested, 10, 20, and 40 cm, with four replications of each
planting dengty over the length of the depot. Two indigenous species, Salix triandra L.,
Almond willow, (clone ‘Noir de Villanes) and Salix fragilis L., Crack willow, (clone
‘Belgisch rood’) were equaly mixed in each mat. After the establishment of the stand a 22-
point grid was defined. No additionad management inputs such as herbicides and fertilizers
were used inthetrid.

3.2.2 Sampling and measurements

After the first growing season, every grid point (n = 22) was sampled down to 25 cm to
determine the subgtrates main chemica and physica characterigtics. Leaves were sampled
in the fird, second, and sixth growing season. In the first and second growing season, dl
leaves from a least two trees were collected a each of the 22 grid points, mixed and sub-
sampled. The time of sampling was the second week of augudt. In the sxth growing
season, the same procedure wes repeated but only on the 17 grid points in the Salix fragilis
dand. After each growing season, from 1993 to 1998, at least 12 circular plots (four for
each spacing) with a radius of 1 m were randomly chosen and cut from the stand a ground

leve to determine above ground biomass.
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Trees were subsequently cut in pieces and weighed on the ste. Sub-samples of the wood
were taken to determine the moisture content. Samples were dried in a forced ar oven for
three days at 105°C. Shoot density was counted after the firdt, third , and sixth growing
season in randomly chosen 3.14 n¥ sample plots.

3.2.3 Chemical analyses

The s0il samples were andyzed for soil pH (H2O) and dectrical conductivity (EC). Totd
nitrogen was determined using the modified Kjehldahl method (Bremner, 1996); the soil
carbon content was andyzed using the Wakley and Black method (Nelson and Sommers,
1996). Nutrients (P, K, Mg, Ca) and metals (Cd, Pb, Zn, Cu, and Ni) were extracted from 3
g sub-samples with an aqua regia extraction of HCl and HNO3; and were subsequently
determined on ICP-AES (Vaian Vidaaxid, Vaian, Pdo Alto, CA). The paticle sze
digribution of the dredged sediment was andyzed using the pipette method based on
Stokes sedimentation law as proposed by Gee and Bauder (1986).

The sampled leaves were ground with a mortar and pestle, and dried a 70°C for three days
before andyses. Leave samples from the firs two growing seasons were digested in a
nitric acid mixture after ashing a 450°C, samples from the 6" growing season were
digested using microwaves. Leaf nutrient concentrations of P, K, Mg, and Ca in the digests

were determined on ICP-AES. Ledf nitrogen concentrations were determined using the
modified Kjehldahl method (Bremner, 1996).
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3.3 Reaults
3.3.1 Substrate characteristics

The hydraulic filling of the depot resulted in the establishment of a swampy, impassable
terrain, which was waterlogged a severd places. Due to the different sedimentation
characterigtics of the sediment fractions two areas could be observed in te depot: close to
the inlet of the depot a sand plate developed as the heavier sand fraction settled fast while
the dit and clay fractions were trangported further from the inlet as they remaned in
sugpenson. The length of this sand plate was about 10 m; the other 140 m was
characterized by a dight texture gradient. Results of the physcd and chemicd andyses of
the substrate samples are presented in Table 3—1. The minimum and maximum veues give
an indication of the texture-corrdated nutrient and contaminant concentrations with
minima vaues decribing the sand plate characteridics and maximad vaues representing
the concentrations found in the most clayey parts of the depot.

3.3.2 Sand establishment

By dragging the tubes across the depot the SALIMAT planted itsdf by dightly sinking into
the sediment under its own weight. Establisiment of the SALIMAT was successful as the
rods sprouted one week after planting. SALIMATS on the sand plate (20 x 10 m) close to
the inlet of the depot did not produce shoots, as rods did not sink into the subgtrate. It is
thus vita that the rods are covered with a layer of sediment and water to prevent
desiccetion. After one month, a dense cover of small willow shoots covered the rest of the

depot.
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Table 3-1: Characterigtics of sediment substrate samples (0 — 25 cm) a 22 grid points (n=
22).

Mean Standard error Min. Max.
pH-H,O 70 0.0 6.4 72
EC puS/cm 1695.8 1233 951.0 2980.0
Carbon % 33 0.2 17 5.6
CaCO3 % 73 01 6.3 9.3
Sand (>50 pm) % 279 26 10.2 64.2
Silt (2-50 um) % 46.0 19 228 60.3
Clay (<2 um) % 227 0.9 173 323
N a’kg 29 02 17 46
P a’kg 89 04 5.3 14.0
K a/kg 43 0.2 28 57
Ca o’kg 288 04 254 337
Mg a/kg 34 01 29 40
Zn mg/kg 577.0 217 411.2 818.6
Pb mg/kg 1214 41 86.9 159.2
Cd mg/kg 46 0.2 30 6.8
Cu mg/kg 754 2.7 56.9 1014
Ni mg/kg 451 23 281 721
Cr mg/kg 107.7 39 82.6 1485

3.3.3 Leaf nutrient concentrations

The reaults of the foliar andyds are used in this udy to identify potentid limiting growth
factors of the sediment. Rytter and Ericsson (1993) concluded that the most commonly
used base for expressng the nutrient dtatus of plants, i.e. nutrient amount per unit dry
weight of leaves, gives an adequate description of the nutritional dtatus of Salix trees on
fertile soils. To evauate the nutrient status of dredged sediment for the growth of willows
the leaf nutrient contents on a leaf dry weight bass (Table 3-2) are compared with the
threshold contents of nutrients in leaves for sufficient and optima growth as postulated by
van den Burg (1990) (Table 3-3). No visud indications of nutrient deficiency were
observed in thistrid.



Table 3-2: Mean vdues with sandard errors for the foliar nutrient contents (g/kg) of Salix
fragilis ‘Belgisch rood’ and Salix triandra ‘Noir de Villaines in the firg, second, and sixth
growing seasons (n = 22).

S. fragilis'Belgisch Rood' S triandra 'Noir de Villaines

1993 Mean (g/kg) St Error Mean (g/kg) St. Error

N 2791 0.82 3552 042
P 257 007 2.99 0.10
K 2145 0.78 19.45 0.64
Ca 1766 0.76 11.92 040
Mg 168 0.04 155 003

1994 Mean (g/kg) St Error Mean (g/kg) St. Error

N 2823 0.39 353 035
P 795 025 8.44 0.22
K 2076 056 1851 0.30
Ca 1471 044 0.82 0.16
Mg 2.87 006 203 0.08

1998 Mean (g/kg) St Error

2393
19
2375
2853
Mg 3.46

QX'UZ

Table 3-3: Nutrient concentrations (g/kg) in Salix leaves for sufficient and optima growth
of willow (van den Burg, 1990).

Sufficient (g/kg) Optimal (g/kg)
N 220 300
P 18 21
K 80 180
Ca 35 45
Mg 16 30
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The concentrations of N in the Salix fragilis and Salix triandra leaves sampled in the firgt
growing season were 2.79 and 3.55%, respectively, indicating that both species were well
supplied with nitrogen (van den Burg, 1990). The amount of avalable N in the dredged
sediment can be congdered to be sufficient for Salix fragilis and optima for Salix triandra.
The N concentrations of both clones in the firs and second growing season were
comparable but this was not the case for the foliar P concentrations of both clones. Mean
phosphorous concentrations in leaves of the 2 year old Salix fragilis and Salix triandra
trees were 7.95 g P/kg, and 8.44 g P/kg, respectively, while the concentrations in the 1 year
old stand were 2.57 g P/kg and 2.99 g P/kg.

In every growing season, the concentrations of phosphorous in the leaves of both clones
surpassed the 2.1 g P/kg level for optimal P supply (van den Burg, 1990). Rytter and
Ericsson (1993) reported the highest P content of 4-5 g P/kg in the second hdf of the
season. After Six years of growth the Salix fragilis stand is il sufficiently supplied with N
and P.

Mean foliar potassum concentrations in the firs growing season of 21 and 19 g K/kg in
the Salix fragilis and Salix triandra leaves, respectively, were dso higher than the
threshold values for optimal growth. Van den Burg (1990) recommended 8 and 18 g K/kg
as threshold vaues for sufficent and optimum growth. The fast growing willow stands on
fertile arable soils in the study of Rytter and Ericsson (1993) featured concentrations
between 15 and 20 g K/kg in their aerid tissue.

The willows growing on the dredged sediment were provided with a high levd of Ca
Mean Ca concentrations in the Salix fragilis and triandra trees reached 17.7 g Calkg and
119 g Cakg, respectively, in the firs growing season and far exceeded the criticd Ca
concentration for optima growth of 45 mg Ca /kg reported by van den Burg (1990)
athough the second growing season Ca levels were lower (Table 2). According to Rytter
and Ericsson(1993), vigorous Salix viminalis L. stands on fertile clayey soils where
characterized by foliar Ca concentrations between 12 and 15 g/kg.
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Foliar Mg concentrations were 2.87 g/kg and 2.03 g/kg for the Salix fragilis and Salix
triandra, respectively, in their second growing season. Willows are well supplied with Mg
if they contain between 2 and 2.5 g/kg of this dement in ther foliage (van den Burg, 1990;
Rytter and Ericsson, 1993). Concentrations found in leaves sampled during the fird
growing season were bdow these threshold vaues, indicating an insufficient supply for
this period, athough no visua symptoms of Mg deficiency were observed

3.3.4 Sand density

High dendties of shoots per hectare were observed after the first growing season (Table 3—
4). A digance of 10 cm between the rods resulted in the highest tota shoot density of
545,000 shoots’ha with 20 or 40 cm spacings leading to 330,000 and 230,000 shoots per
hectare, respectively. After the first growing season 20% of al shoots had died in the 10
cm spacing while these percentages were 5 and 20% for the 20 and 40 cm treatments,
respectively. However, with 440,000 living shootgha, the number of living shoots in the
10 cm treatment was gill 40% and 136% higher then the number in the 20 and 40 cm
treatments. Salix fragilis showed the better stand establishment on dredged sediment as
was shown by the higher shoot dengties in dl treatments In the mats with 10 cm of
gpacing, one third of the totd living shoots are of the Salix triandra clone resulting in a
triandra/fragilis ratio of 0.5. This difference declined with increesng rod spacing with a
ratio of 0.6 a the 20 cm spacing and 0.7 at 40 cm.

Two growing seasons later the tota number of trees (deed and living) was reduced by
53%, 25%, and 20% for the 10, 20, and 40 cm treatments, respectively. After three years
the effect of the rod spacing on the dendity of living trees was negligible, as the number of
living trees in dl treatments had decreased to about 110,000 per ha with no sgnificant
differences between the trestments. The densty of dead shoots however dill reflected the
gpacing dendty. Shoot dendties of triandra trees were just below those of fragilis in each
trestment. In the 10 and 40 cm trestments the triandra/fragilis ratio was 0.66, whereas in
the 20 cm trestment dightly more triandra then fragilis trees were found as indicated by a
ratio of 1.16. From the 3" growing season Salix triandra trees disappeared from the stand
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as a result of the competition with the faster developing Salix fragilis trees. The dengty of
living Salix fragilis trees was further reduced to about 32,000 per ha, while the dead wood
density was 100,000 trees per ha. After the 6" growing season, no significant difference in
living and dead tree density could be observed between the different spacings.

Table 3—4: Shoot densgties of Salix fragilis ‘Belgisch Rood' and Salix triandra ‘Noir de
Villanes in ther fird, third and dxth growing season a 3 different rod distances
(shoots/n?). Characters in superscript indicate homogenous sub-groups with no significant
differences between means according to Tuckey’s post hoc test (a = 0.05).

Year Rod distance S.triandra S fragilis Sum living Dead Living + dead
shoots/nf shoots/n?  shoots/mf? shoots/m? shoots/nf

1993 10 15252 28502 43752 10752 54,502
20 11.75%® 1925 31 175" 32.75%®
40 7.50° 11° 1850° 475 23.25°

1995 10 4252 6.252 10502 152 25502
20 6.502 5502 122 12.752 24752
40 3752 5752 9502 875" 18.25°

1998 10 / 3262 3262 12272 1543
20 / 3252 3252 8752 1202
40 / 3022 3022 9952 1297
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3.3.5 Biomass production

The annud and cumulative production rates are presented in Figure 3—1. The mean annud
production measured on the ste was 12.7 ton DM/ha. After the first growing season, 10.3
ton DM/ha of tota standing biomass was measured over the whole of the depot. Tree
growth was the mogt vigorous in the second growing season with an increment of 17.5 ton
DM/halyear. Figure 3-2 shows the biomass production for both the investigated Salix
gtands and the dead wood biomass in the first four growing seasons of stand establishment.
In the firs growing season, the yield dropped from 11.97 ton DM/ha to 8.23 ton DM/ha
with increased spacing between the rods from 10 cm to 40 cm. Dead wood constituted
about 14-15% of the totd biomass in dl treatments, indicating that the amount decreased
proportionaly with incressed rod spacing. With the 10 cm spacing the amount of Salix
fragilis biomass was more than double the biomass of Salix triandra. This difference was
gndler a lower planting dendties. The amount of living and dead biomass increased by 17
and 0.5 ton DM/ha, respectively. The percentage dead wood was lower than in the first
growing season as only about 5 to 8% (for 40 and 10 cm spacings) of the above ground
biomass was found to be dead. If the sand was harvested after three years, the mean yidd
of the three treatments would reach 43.1 ton DM/ha of which 8.5% was dead. Only one
quarter of the biomass conssted of Salix triandra indicating inferior growth compared to
the Salix fragilis clone. This percentage decreased to 15% after the fourth growing season.
Four years of stand development resulted in a standing above ground biomass of 55.7 ton
DM/ha, representing a mean annua biomass production of 13.9 ton DM/halyear. From the
fifth growing season, the Salix triandra trees amost completely disgppeared from the
gand. Some individuas were left on the border of the digposa dte. After the sixth growing
Season, a total production of 76.4 ton DM/ha was measured. In the fifth and sixth growing
season, the percentage of dead wood was to 15% of the total biomass.
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Figure 3-1: Annud and cumulative biomass production of the investigated Salix stand
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Figure 3-2: Biomass determined after each growing season of a mixed stand of Salix
triandra, ‘Noir de Villanes and Salix fragilis, ‘Belgisch Rood' on dredged sediment (ton
DM/ha)
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3.4 Discussion

The SALIMAT planting technique proved to be successful for the rapid introduction of a
dense willow sand on land disposed, dredged sediment. Within a few weeks after
introduction, the dredged sediment depot was covered by a dense willow sand, with a
number of podtive consequences dready described by several authors (Perttu and
Kowadik, 1997; Glimmerveen, 1996; Punshon and Dickinson, 1997). Owing to the
production of a large amount of litter there is, with time, an increase in the humus content
of the subgrate that favors the biochemicad dabilizetion of the dredged sediment by
increased nutrient cyding and the activation of a soil biotic community leading to the
initigtion of soil formation and cregtion of a forest microclimate (Ledin, 1998). Through
the development of a high-dengty, perennid root system and the accumulation of OM and
litter on the soil surface, the dispersd of contaminants by wind or runoff is greatly reduced
(Riddd-Black, 1994). Nutrients and metds are dabilized againg leaching as water
infiltration is reduced by increased evapotranspiration and the interception of rainwater by
the canopy (Persson and Lindroth, 1994; Ledin, 1998). In addition, the high evaporation
rates increase the dewatering speed of the sediment. At the same time the dte is landscaped
and integrated into its environment. In this way, confined dredged sediment disposa Sites,
which were previoudy derdict can be trandformed to more aestheticdly appeding
dements in the landscape. Consdering the above mentioned beneficid influences of
growing fast growing energy crops, the introduction of the SALIMATS can be regarded as
a phytostabilization step in the remediation of dredged sediment depots. In addition to the
use of willows for phytostabilisation they can adso be used for phytoextraction of heavy
metds. Studies have shown that there is a redively large uptake of cadmium into the
shoots of Salix plants (Punshon and Dickinson, 1997; Ericsson, 1994; Ostman, 1994). This
implies a potentiad to clean dredged sediment of cadmium through the export of metds
with the repeated harvest of biomass. This aspect will be further discussed in Chapter 4 of

thiswork.
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An important factor for the success of the SALIMAT technique is the moisture content of
the substrate. The substrate should be wet or saturated with water to alow optima rooting
of the Salix rods. It is vitd, therefore, that the SALIMAT gnks dightly into the subdrate to
avoid dedccation. The technique is not suited to gravel, sandy textured soils or
consolidated sediment (crusts). Based on the results of the particle sze andyss (Table 3—
1) it can be concluded that the introduction of SALIMAT will not be successful on minerd
substrates with a sand fraction around 60%. Only a smdl area of the depot close to the inlet
had such a high sand fraction, the rest of the depot being filled with medium textured,
dredged sediment. The medium texture across the mgority of the depot and the neutrd pH
of the dredged substrate can be conddered optima for willow growth and nutrient
availability (Heilman and Norby, 1998; Ledin and Willebrand, 1995). In addition, the high
buffering capacity of the sediment due to the high amounts of CaCOs; present will prevent
acidification and reduce metd leaching. It is possble to gpply the SALIMATS on dry
aurfaces if the precautions necessary to prevent desiccation of the rods are followed. On
dry surfaces, the SALIMATS can be unrolled with a tractor or by hand and should then be
covered with a thin layer of soil. Another limitetion is that the SALIMAT introduction is
restricted to the period from November until the end of April. Activities should be planned
to finish dredging and land filling during this period to optimize fidd conditions for
SALIMAT application.

The reaults of the foliar macronutrient levels indicate that the Salix Species were growing
under favorable conditions for the production of biomass. To summarize the comparison of
leaf nutrient concentrations with those of Van den Burg (1990), the amounts of available P,
K, and Ca present in the dredged sediment were sufficient to ensure optima growth of
willow. In addition, the foliar N, P, K, Ca and Mg concentrations of both clones in this
experiment were comparable with the nutrient concentrations of willows growing on fertile
arable soils in Sweden as reported by Rytter and Ericsson (1993). The N concentration of
the Salix fragilis trees was dightly below the 3% N threshold for optima growth. The
amount of available N in the dredged sediment can thus be conddered sufficient for Salix
fragilis and optimd for Salix triandra. In generd, nitrogen is the dement mog limiting the

production of biomass in SRF when dl other factors are favorable (Hellman and Norby,
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1998). Rytter and Ericsson (1993) determined foliar nutrient concentrations of 2 year old
Slix viminalis stands on very fertile arable soils in Sweden during August and September,
and recommend 30 g N/kg as optima for growth in accordance with van den Burg (1990).
Jug e d. (1999) dso concluded that concentrations above 3% are needed for optimum
growth as they observed that willows supplied with N fertilizer only showed superior
yidds when foliar concentrations were between 3 and 4%. Concentrations above 4%
indicated luxury uptake.

With an increment of 139 ton DM/halyear in the fird 4 years dfter establishment, the
willow stand on dredged sediment was highly productive. The high biomass production is
additional evidence for the suitability of dredged sediment as a substrate for the growth of
fast growing willow species. In SRF, yidds normdly vary from 10 to 15 ton DM/halyear
depending on management and sSite characterigtics, while exceptiond productions up to 20
ton DM/halyear have been reported (Ledin and Willebrand, 1995). Biomass yields in this
sudy were achieved with clones that had not been sdected for high biomass production,
probably underestimating the potentid biomass production with sdlected Salix viminalis
clones. After the firs growing season there were differences in yidds between the different
goacings tested as the yied increased with increasng planting densty. These differences
became smdler in later growing seasons especidly between the 10 cm and 20 cm
treatments. The biomass production over 4 years obtained with these two planting dendties
was about 58 ton DM/ha. Using 40 cm between the rods resulted in a lower yield of 50 ton
DM/ha efter 4 years. In each of the four growing seasons the amount of dead wood
decreased with decreasing planting dendty. Competition between trees is most intense
when higher plant dendties are used. Mortdity in the fird year after introduction was
greatest, as shoots were vulnerable to siress and competition. In the second growing season
mortaity was reduced due to the sdection that had occurred during the first growing
season. Following the second growing season the percentage of dead biomass increased
again, indicating mortdity due to incressed competition between trees combined with
lower increments of living biomass. All treatments festured the same percentage of dead
wood after four growing seasons (15%) indicating a proportiond increase of dead and
living biomass with increased plant dengty. Willebrand e d. (1993) concluded for SRF
that the dependence of yield on initid planting dendty disgppears a higher dengties and



becomes wesker a low dendties in later rotations. As very high dendties of shoots are
obtained usng the SALIMAT technique it is likdy tha after severd more growing
seasons, yidds would be smilar for dl three trestments. The differences between
treatments would aso disgppear if the stand was coppiced dter for example 4 years. This
is indicated by the smilar dengties of living trees after three years for each of the three
treatments. After coppicing, the stools of these trees will grow the shoots for the next
rotation.

The mixture of Salix triandra and Salix fragilis in the SALIMATS did not result in a
polyclona sand as the Salix triandra was suppressed by the Salix fragilis. After four
years, only 15% of the living biomass conssted of Salix triandra. From the fifth growing
season, the Salix triandra trees dmost completely disgppeared from the stand. Some
individuas were left on the border of the digposd ste. Salix fragilis is known to be rather
undemanding of soil type, and to grow wel in locatiions with devated moisture content or
in dry vdleys It is one of the tdlest tree-like willows as it can atan a heght of 20 m.
Salix triandra is a shrub or smal tree up to 9 m high and is one of the easest rooting
willows (Pohjonen, 1993). Only on the borders and on a smdl patch next to the inlet of the
depot did Salix triandra trees survive. This patch was the trangtion zone between the sand
plate and the rest of the disposal Site and was characterized with a coarser texture compare
to the rest of the disposal site. Salix fragilis rods faled © root in this zone as they were not
covered by a sediment layer and subsequently desiccated. The fact that Salix triandra
established on this pat can be explaned by its good rooting cepabilities, even when the
rods did not snk entirdy into the dredged sediment. This highlights another advantage of
the SALIMAT technique. Clones, which grow in different soil and moisture conditions,
can be incorporated into one SALIMAT. In this way, surfaces with a grest variability in
s0il and moigdture conditions, which is often the case with larger disposa sites for dredged
sediment, can be successfully planted over their entire area If only one clone was used,
goots with unfavorable growth conditions would remain as open gaps in the stand. This
would result in an ineffective capping of the dte and in a lower biomass production per
hectare.



3.5 Condusons

The SALIMAT planting technique proved to be successful for the rapid introduction of a
dense willow stand on land disposed dredged sediment, and was highly efficient and cost
effective compared to traditiond planting techniques. However, success of the planting
technique is highly dependent on the moisture content and particle sSze digribution of the
sediment. The gpplied willow rods should snk into the sediment to alow proper rooting to
take place. From the leaf andysis and yidld results it can be concluded that this dredged
sediment provided a suitable substrate for the growth of fast growing trees for biomass
production. Biomass production results were comparable and often higher than production
reported in traditiond willow plantations. Very high sem number dengties were achieved
in the firs growing seasons after planting which decreased rapidly as a result of naturd
thinning The diffeeet platting dedgns teded did not result in Sgnificantly different
biomass production vaues after severd growing seasons. SALIMATS with larger spacings
between the rods should thus be consdered to reduce application costs. The introduction of
SALIMATS reallts in an effective ‘green cgpping of the polluted gSte through the
devdopment of a high dendty, fast growing sand with a long growing season. The
introduction of the SALIMATS can thus be regarded as a phytogtabilization step in the
remediation of dredged sediment disposd dtes Through the development of a high
densty, perennid root syssem and the accumulation of OM and litter on the soil surface,
the dispersa of contaminants by wind or runoff can be reduced.
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4.1 Introduction

In the previous chapter it was shown that hydraulicaly raised dredged sediment can be
successfully planted with Salix species and is a suitable substrate for the production of
willow wood. However, sediments dredged from waterways are often polluted with metas,
PAHs, and minerd oail. This limits the posshilities for the re-use of this materid in public
works and agriculture. As traditional remediation techniques are often not economicaly
feadble, the current remediaion option for contaminated sediment in Belgium is disposa
in confined landfills. This results in the establishment of fertile but contaminated Stes with
little beneficid uses In addition, the shortage of land for digposd is becoming an
increesingly important problem. A lack of options for torage, remediation and re-use of
dredged sediments limits the planned dredging activities required. The combined land use
of dredged sediment disposd and biomass production for energy purposes, with the
potentid for phytoremediation, could thus be an economicdly and ecologicaly vausble
land use option on historic and future sediment disposal Sites.

While willows are excellent producers of biomass, they are dso characterized by an array
of characterigstics that make these species promising for phytoremediation gpplications. It is
recognised that certain willow clones have a drong potentid for heavy metd upteke
(Landberg and Greger, 1994). This characteridtic is, as with metd tolerance, species and
clone dependent (Dickinson et a. 1994). Table 2—-1 presents a list of research papers on
metd accumulaion by willow species with the measured metd concentrations in the
investigated biomass compartments. Especialy the uptake of Cd by sdected Salix species
and clones is dready wel documented. Salix can be defined as a high accumulator rather
then a hyper accumulator. Contents of 0.4-3.9 mg/kg stemwood have been measured in a
range of Salix clones growing on Cd enriched agriculturd land (Ledin, 1998). Punshon and
Dickinson (1997) reported high Cd concentrations up to 44 mg/kg in leaves and 76 mgkg
in gems of Salix cinerea growing on mining spoil. SRF with meta accumulating  trees
could thus be used to remove heavy metals from the subsirate through repeated harvest of
the woody biomass. (Dickinson, 1996; Punshon and Dickinson, 1997). Greger e 4.
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(1997), for example, reported that 12 years of willow growth would be required to remove
the Cd accumulated in Swedish soils during the last century.

Optimizing management practises, such as the rotation length and harvest time, can
increese the efficiency of the phytoremediation process (Endey et d., 1997). In this
context, seasond vaiations of heavy metd concentrations in the different aboveground
biomass compatments and changes with stand age can be important parameters to
optimize the management of a phytoextraction sysem to ensure maxima metd export with
harvest, and to correctly measure metal fluxes in the ecosystem (Ross, 1994). In addition,
seasond  changes in lesf metd concentrations can be important in assessng the risk of
planting willow on contaminated land. An important concern with planting trees on metd
contaminated soils is the effects this may have on ecosysem mobility of metds, and the
posshility of digperdon of toxic metds to the environment. An important pathway of
meta digoersa in such ecosystems is leaf fdl. After autumn, leaves can be blown from the
gand, which disperses heavy metds further from the contaminated site. More importantly,
the produced litter layer is an essentid carbon and nitrogen source in the contaminated
ecosystem. The litter decompostion can thus result in the introduction of heavy metd in
the food chain, as many soil (micro-)organisms contribute to this process.

The am of the experiment reported in this chapter was to assess the seasond variations
and changes with sand age in meta concentrations of two willow clones grown on
contaminated dredged sediment. Subsequently, meta stocks were calculated with the hep
of biomass results of the different tree compartments. Results from this experiment will
dlows an evduation of the feashility of removing heavy metds from dredged sediments
with a willow based phytoexiraction sysem and assess metd losses to the environment
with leaf fdl. The experiment was peformed on tree dands of four different ages to
investigate if the harvesting cycle could influence the amount of exported metas.
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4.2 Methodsand Materials
4.2.1 Theexperimental site and design

The experimenta dredged sediment disposd Ste in Menen (Belgium, 50°48 N, 3°08' E)
was established in 1991 dong the river Lele. The Ste covers an area of 4 ha and conssts of
18 dredged sediment disposd Stes: 9x large disposa Stes with an area of 150 x 20 m and
12 isolated small digposal stes with an area of 10 x 20 m. All the digposal stes (DS) were
hydraulicaly filled with dredged sediment from the adjacent river Lele from 1992 to 1998,
and were subsequently planted with Salix. For this experiment, four plots were sdected in
different dredged sediment disposd Stes based on tree species and the time of stand
edablishment. Trees in these four plots were in their firs, second, fourth, and sixth
growing season in 1999, the year of sampling. An overview of the sampled plots is
presented in Table 4-1.

Table 4-1: Overview of the sampled disposal stes and plots

Disposal site  Area Raised Planted Species Plot area Label
D6 150x20m 1992 End 1992 Salix fragilis 10x20m FR6
DA 10x20m 1994 End 1994 Salix fragilis 10x20m FR4
DS2 50x 20 1995  Start1997  Salixfragilis 20 x 20 mwith FR2

Salixtriandra  €ight 25 n?' sub-TR2
plots of each

species

DS1 100x20m 1995  Start1998  Salix fragilis 40 x 20 m with FR1

Salixtriandra ~ €ight 50 m2 sub-TR1
plots of each

species

51



DS6 was filled in 1992 and was planted the same year with Salix fragilis ‘Belgisch Rood
(FR) usng the SALIMAT technique (Vervaeke et d., 2001). Trees on this DS were in their
gxth growing season a the time of sampling. A 10 by 20 m plot was sdected and tree
samples from this plot will be labded FR6 in the remainder of this chapter. D4 was raised
and planted in 1994 with Salix fragilis ‘Begisch Rood’, dso usng the SALIMAT
technique. Trees on this disposal Ste were in their fourth growing seeson & the time of
sampling. Samples from this plot were labded with FR4 for this investigation. Another
150 x 20 m digposd gSte was raised in 1995 and subsequently split in two plots with an
embankment. One plot was planted in 1997 (DS2), the other in 1998 (DS1), both with two
willow species Salix fragilis ‘Belgisch rood” and Salix triandra ‘Noir de Villaines (TR),
usng the SALIMAT technique. Eight separate sub-plots of both species were established
in a checker pattern in both the main DS1 and DS2 plots. Samples from the 2 year Salix
fragilis and Salix triandra sub-plots were labeled FR2 and TR2, respectively. Accordingly,
the labels FR1 and TR1 were used for the samples from the 1 year old trees.

4.2.2 Sampling and analysis

Dredged sediment in esch of the four plots was characterized for its main chemicd and
physica characterigics. Soil samples were taken in March 1998 with an auger to a depth of
30 cm. The largest plots with the 1 and 2 year old willow were sampled 16 and 12 times,
respectively. The smaler plots with the 4 and 6 year old trees were sampled 4 and 5 times,
repectivey. All soil samples were dried a 105°C, milled, passed through a 2 mm mesh,
and mixed. The pH of the samples was measured in a 1.5 sediment:deionized water
sugpenson. Totd nitrogen was determined usng the modified Kjehldahl  method
(Bremner, 1996), the Wakley Black method (Nelson and Sommers, 1996) was used to

asess the amount of OM in each sample.
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Other dement concentrations (K, P, S, Cd, Cr, Cu, Ni, Pb and Zn) were extracted usng a
HNOs/HCI/HF mixture during microwave digestion (CEM, MDS 2000). During a 14
minute time span, the power of the microwave system was increased from 250 W to 600 W
while the pressure in the vessdl was kept at a constant 25 bar. The vessdl content was then
filtered over a 0.45 pm membrane filter in a 50 ml flask, which was then filled up to 50 mi
with deionized water. Extracts were subsequently andyzed for the investigated heavy
metds on ICP-AES (Vaian Vidaaxid, Vaian, Pdo Alto, CA). The andyticd qudity of
the measurements was checked by including a method-blank and laboratory controls
sample every 10 samples. In addition to the determination of the total meta concentrations
in the sadiments assessment of the bio-available pool of heavy metds was made usng an
ammonium-acetate at pH 7 extraction (Tack and Verloo, 1995). Samples from DS1 were
pooled (groups of four adjacent samples) and mixed throughoutly to obtain 4 composte
samples before this procedure. The same was done with the 12 samples from DS2 (groups
of three samples). For each of the four replicates, 10 gram of sediment was extracted after
2 hours of reciprocd sheking of a 1.5 sadimentextractant suspenson. The resulting
sediment paste was filtered under vacuum onto a Buchner funnd fitted with filter paper
(Schieicher and Schudll 589, White Ribbon) and the metal concentrations in the extracts
were subsequently andlyzed on a graphite furnace atomic absorption spectrophotometer
(Vaian AA-1475 with GTA-95, Pdo Alto) or a flame aomic absorption
spectrophotometer  (Varian SpectrAA-10, Varian, Pdo Alto), depending on required
detection limits The 4 composte samples from DS1 and DS2 and the origind D4 and
DS6 samples were used for the determination of the particle dze digribution. Particle
fractions were determined using the pipette method as described by Gee and Bauder
(1986).

Leaves, wood and bark from each of the plots were sampled from April to November
1998. Four replicates of each biomass compartment (wood, bark, leaves) were sampled
every month in dl the plots. At leest 3 complete rods were cut from four of the eight sib-
plots in the 1 and 2 year old Salix fragilis and Salix triandra sub-plots. The bark and leaves
were removed immediatdy after sampling and the weight of the wood, the bark and the

leaves were determined for each rod. In the 1 year old stands, bark was aly removed from
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the 3@ month of sampling. The three wood samples originating from the same sub-plot
were subsequently pooled together. The same procedure was followed for the bark and
leave samples. In the 4 and 6 year dtands, four complete trees were cut with every
sampling. While in the younger stands the complete rods were processed for anayss, the
Sze of the older trees made sub-sampling of the trees unavoidable. Wood samples from
each of the cut trees were taken by cutting a stem disk at the center of gravity of the tree.
Leaves samples were collected from at least 10 locations in the crown and pooled together
for each tree. Leaves were rinsed at least three times in deionized water before andyss
(Azcue and Mudroch, 1994). All Salix fragilis trees had lost their leaves by the second
week of October, while Salix triandra lesf fal was concluded by the end of that month. All
wood, bark, and leave samples were dried a 70°C to constant weight and subsequently
milled. The moisture content was caculated after the drying step. The metals Cd, Cr, Cu,
Ni, Pb and Zn were extracted from each of the biomass samples in an HNOs; p.a. 65%
during microwave digestion (CEM, MDS 2000). Extracts were andyzed for the
investigated metds on ICP-AES (Varian Vidaaxial, Vaian, Pdo Alto, CA). The method
run on the ICP-AES was vdidated with the reference materid CRM 60 containing
Lagarosiphon major moss and CRM 281 containing Elymus spp. The andyticd qudity of
the measurements was checked by including a method-blank and laboratory controls
sample every 10 samples. Leaf nitrogen concentrations were determined with the modified
Kjehldahl method (Bremner, 1996).

The dry ash to dry weight ratio was determined for wood and foliar samples. Samples were
dried for 72 h a 70°C, and a known amount €a 1 g) of ground and seved sample was
weighed into porcdan crucibles. The crucibles were gradudly heated to 450°C and ashed
for 4 hours. The crucibles were then transferred to a desiccator and left to cool down.
Method blanks were included to control anaytical quaity. The meta concentrations were
expressed on a dry ash weight (DAW) basis by dividing the meta concentration expressed
on adry weight (DW) basis with the ratio between DAW and DW.



The biomass production in the stands was measured or estimated to cdculate metal stocks
and fluxes. Wood and bark biomass production in the firs and second year stands was
cdculated from the wood and bark biomass measured in the last sampling in November
and the tree dengty. Stem dry weight and stem diameter at 0.55 m above the ground were
determined for the sampled sems. The rdationship between the two parameters was
established with the modd: dry weight = a x diameter®. This equation was subsequently
used to cdculate the stands total biomass based on the diameter distribution and total stem
number. The August measurements were used for the determination of the leaf biomass in
these plots. Biomass production results reported in Chapter 3 were used for the caculation
of metd fluxes in the 4 and 6 year old stands. The bark content for these stands was
caculated as 15 and 10 % respectively of the total woody biomass. For these older stands,
a leaf biomass percentage of 10% of the wood biomass was used which is common in
willow stands (Geyer, 1981). The amounts of metals which could be exported by harvest or
which reached the stands surface with leaf fal were cdculated for a 12 year period. Hereby
it was hypothesized that biomass production and metd accumulation would reman
congant after each harvest for this period. The 1 year old stands would thus be
theoretically harvested twelve times while for the 6 year old stand two harvests applied.
Leaf biomass for each sand was cumulatively added over the duration of the rotation to
obtain the tota leaf production during that rotation. Meta concentrations measured in the
different compartments in the last month of sampling were used for the caculation of the
harvestable metd mass and amounts of metas which reach the surface with lesf fdl. As
there was no biomass and meta concentration data for wood, leaves and bark for the 3 and
5 year old Salix fragilis gands, the biomass and metd concentrations were interpolated
between the data of the 2 and 4, and 4 and 6 year old stands respectively.
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4.2.3 Satistical analysis

The disposd Ste characteristics were compared with ANOVA using Tuckey’s post-hoc
test to identify differences between means. The same procedure was applied to compare
bio-avalable metd fractions in the sampled sediments. Seasond changes in metd
concentrations were evauated for the factors ‘month’ and ‘stand” with ANOVA. The use
of both dry weght (DW) and dry ash weght (DAW) as bass to express metd
concentrations was evauated using the reaive standard variation (RSD), dso cdled the
coefficient of variation. The DW and DAW RSD’s for each sampling month and stand
were compared usng a pared t-test. Multiple comparison of means was performed
according to Tuckey’'s post hoc test. Statistical cdculations were performed usng the
SPSS 11 software package.
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4.3 Results
4.3.1 Dredged sediment characteristics

Reaults from the dredged sediment andyss show that the chemicd and texturd
characterigtics of the sedimentsin the four investigated Sites are relatively comparable (

Table 4-2). The pH off the sediments in dl the invedtigated Stes can be consdered as
neutra. While sediments in the disposa dtes DS1, DS2 and DS3 feature comparable
particle distributions, sediment in disposal Ste DS6 is characterized with a lower sand and
higher clay content. DS6 sediment can dso be appreciated as more fertile with
ggnificantly higher N and P concentrations but a lower K concentration while DS1
sediment is richest in OM and S. Sediment in disposd Ste D6 features dightly different
meta concentrations compared to the other sediments. the sediment in this digposd dite is
characterized by dgnificantly higher Cd concentrations but lower Cr and Ni
concentrations. There are no dgnificant differences in Cu, Pb and Zn concentrations
between the disposd dtes. Thus, while the dredged sediment in the disposal stes DSI,
D2, and DA can be characterized as smilar for the total meta concentrations, sediments
from DS6 features some differences compared to the other depots. The sediment heavy
metal concentrations can be compared with the threshold vaues contained the VLAREA
legidation. This legidation described the decison of the Hemish government on the
introduction of the Hemish guiddines of waste prevention and management. Only the Cd
concentrations of the sediments in every disposa dte are above the VLAREA thresholds
for reuse of the sediment as soil. Cr is in excess in DS1, DS2, and D$4, while Zn exceeds
these thresholdsin DS1, D4, and DS6.

57



Differences in the bio-avalable metd concentrations, as measured with the ammonium-
acetate (pH 7) extraction procedure, did not follow the same trend as with the tota metd
concentrations  (Table 4-3). Extracts from sediments from al digposd dtes featured
comparable Cr, Zn and Ni concentrations. Sediments from DS1 festured a larger bio-
avalable Cd fraction, while Cu was less avaladle in the sediments from DS6. Sediment
from DA featured the largest bio-avalable Cu fraction. Differences were however smal
and bio-avalable concentrations for al the four disposd sStes were in the same order of
meagnitude, which makes it possble to compare meta uptake from these sediments.

Table 4-2: Paticle sze didribution and chemicd characteridtics of the sediments in the 4
disposd dtes (0-30 cm). Metd concentrations are compared againgt the VLAREA

thresholds for reuse of the sediments as soil (appendix 4.2.3)

Depot Stand N >50 prr 50-20 prr 20-2 prr <2pm
(%0) (%) (%0) (%0)
DS1 FRL, TR1 & A2a 2a 17a a
D2 FR2,TR2 5 3lab 29a 27a 13a
DA FR4 4 3Bab 25a 22a 16ab
DS6 FR6 5 22b 3B3a 25a 19b
oM pH (H20) N P K S
(%) (mg/kg) (mg/kg) (9/kg) (mg/kg)
DSl FR1,TR1 12 50a 7.1a 2130a 1870a 112a 1890
DS2 FR2, TR2 16 3.7b 7.0a 1530a 1460 a 119a 1190
DA FR4 4 40b 7.1a 2000a 1560 a 95b 1130
DS6 FR6 5 3.7b 6.9a 3180b 7490 b 6.2c 1220
Cd Cu Cr Ni Pb Zn
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
DS1 FR1, TR1 12 46a 783a 127a 533a 9la 475a
D2 FR2, TR2 16 35a 57.7a 136b 448b 7Aa bla
DA FR4 4 5.0a 69.9a 138b 423b 102a 457 a
DS6 FR6 5 94b 745a 674c 20.7c 117a 475a
VLAREA thresholds 16 118 85 65 138 385
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Table 4-3: Mean available metd concentrations (+ standard deviation) measured after an
ammonium-acetate (pH 7) extraction (mg/kg)

Cd Cr Cu
DS1 103 + 006 a 054 + 019 a 071 + 010 a
D32 062 + 006 b 067 = 009 a 078 + 014 a
DA 066 + 001 b 054 + 015 a 087 + 007 a
DS6 052 + 004 b 038 + 005 a 05 + 005 b
Ni Pb Zn
DS1 131 + 015 a 077 + 004 a 6195 + 1082 a
Ds2 112 + 014 a 075 = 004 a 7237 + 693 a
DA 125 + 012 a 100 + 013 b 7877 + 482 a
DS6 112 + 022 a 068 =+ 009 a 7776 + 1159 a
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4.3.2 Biomass metal concentrations.

The following paagraphs present the results on the seasond  vaidion in metd
concentrations for the wood, bark, and foliar compartments of the different investigated
dands. Seasond variations of dements which featured concentrations below measurement
detection limits in over 50% of the samples (totd amount of samples. 192) ae not
graphicaly depicted.

4.3.2.1 Wood metal concentrations

The Cd and Zn wood concentrations from the 1 and 2 year old stand increase strongly over
the growing season (Figure 4-1 and Figure 4-2). Initid FR1 and TR1 Cd concentrations
were 6.8 + 1.8 and 8.4 + 2.4 mg Cd/kg respectively, and increased to 15.8 £ 1.9 and 25.2 +
1.7 mg Cd/kg a the end of the growing season. The same trend was observed for the 2 year
old FR2 and TR2 gands, athough the increase was less outspoken. The Cd concentrations
of the 4 and 6 year old wood was farly constant over the growing season, with mean
concentrations over the coarse of the growing season of 5.6 = 0.7 and 6.6 + 1.9 mg Cd/kg
for FR4 and FR6 respectivdly. Cd concentrations in the Salix triandra wood were
conggently higher compared to Salix fragilis for the 1 and 2 year dands. Zn
concentrations aso increased in the 1 and 2 year stands. While Zn concentrations in the
triandra wood were dightly higher compared to fragilis, no dgnificant differences
between the triandra and fragilis trees were observed. The Cu concentration of the 1 year
old willow wood featured the opposite trend as observed for Cd and Zn; Cu concentrations
decreased over the growing season from 17.4 £ 0.9 and 15.6 + 1.2 mg Cu/kg for TR1 and
FR1 respectively, to 58 + 05 and 5.6 + 0.3 mg Cukg (Figure 4-3). This dgnificant
decrease was not observed for the older stands, dthough dightly lower Cu concentrations
were measured at the end of the growing season.
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Measurements for the other heavy metals Cr, Ni and Pb were only were dmost al below
the detection limits (0.1 mg Cr/kg, 0.2 mg Ni/kg, and 0.2 mg Po/kg). For Cr, only 14% of
the 192 samples were above the detection limit and most of these measurements were
made in September, when a mean concentration of 0.5 £ 0.2 mg Cr/kg for dl stands was
messured. For Pb, only 23% of the samples featured Pb concentrations above the detection
limit. The highest concentrations, which amounted to 09 £ 0.4 mg Pb/kg, were measured
in the wood of the 6 year Salix fragilis stand in August. Ni concentrations in the first and
two lag months of the messurements were dmost adl below detection limits. The highest
Ni concentration in the wood, eg. 0.5 + 0.1 mg Ni/kg, was measured in July. Again, no
sgnificant differences between plots and tree species could be found.
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Fgure 4-1: Seasond changes in the wood Cd concentration
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The changes in ash percentage for the investigated stands are presented in Figure 4-4.
Only the samples from 1 year old TR1 and FR1 stands feature changes over the growing
season; just after sprouting the shoots are characterized with ash percentages of about 8-
10%. The following months this percentage decreases to levels found in the older stands of
about 1.2 + 0.2%. In the older gands no dgnificant differences in ash percentages were
found over the growing season.
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Figure 4—4: Changesin wood ash percentages over the growing season

When metal concentrations were expressed on DAW, the RSD increased for Cd, Cu, and
Zn compared to when DW was used as a reference. Only 32%, 25%, and 29% of the
RSD’s for Cd, Cu, and Zn respectively were lower when DAW was used as a reference.
Table 44 presents the results of the ttests performed on the DW and DAW RSD’s of each
month and each stand. The mean RSD’s of measurements expressed on a DAW basis are
al dgnificantly higher compared to the RSD’s of measurements expressed on DW. The

differences were largest for the Cu measurements and smdlest for Cd.
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Table 4-4: Mean RSD vdues for wood metd concentrations expressed on DW and DAW
(n=48), compared with apaired t-test.

MeanDW Mean DAW DW-DAW St.deviation t deg freedom sign. (2tail)  Sign. Diff.
Cd 1761 2031 =27 7.66 244 47 0.018 yes
Cu 1066 17.34 -6.7 1221 -379 47 0.000 yes
Zn 1553 201 -4.6 11.35 279 47 0.008 yes

4.3.2.2 Bark metal concentrations

The seasonal changes in the bark Cd, Cu, Pb, and Zn concentrations are presented in
Figure 4-5, Fgure 4-6, Fgure 4-7, and Fgure 4-8respectively. Metal concentrations
measured in the bark are consigtently higher compared to the wood concentrations. As with
the wood Cd and Zn concentrations, bark concentrations of the 2 year old stands increase
over the course of the growing season. However, this increase is less outspoken for the 1
year old TR1 and FR1 stands. Concentrations up to 51 + 8 mg Cd/kg and 901 + 51 mg
Zn/kg were measured at the end of the growing season in the TR2 and FR1 dands
respectively. The Cd and Zn concentrations of the older 4 and 6 year and remained fairly
constant over the growing season. Mean Cd concentrations over the growing season were
19 £+ 2 mg Cd /kg and 23 + 4 mg Cd/kg for FR4 and FR6 respectively. For Zn these
concentrations were 606 + 77 mg Zn/kg and 573 + 100 mg Zn/kg. The Cu concentrations
of the FR2, TR2, FR4, and FR6 stands are fairly congtant over the growing season with a
dight decresse towards the end. Concentrations in FR1 and TR1 featured higher
concentrations in the beginning of the growing season and a more pronounced decline

towards the end. The same trends were dso obsarved for the Cu wood concentrations.
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Figure 4-5: Seasona changesin the bark Cd concentration
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Figure 4-6: Seasonal changes in the bark Cu concentration

Bak Pb concentrations were al ggnificantly higher in the 2 older FR4 and FR6 stand
compared to the 1 and 2 year stands (Figure 4—7), but decreased towards the end of the

growing season.
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Figure 4-8: Seasond changes in the bark Zn concentration

The bark was characterized with higher Cr and Ni concentrations compared to the wood.
Cr concentrations ranged from 0.21 mg/kg to 0.91 mgkg, for Ni the minimum and

maximum vaues were 04 mgkg and 20 mgkg respectively. Measurements of both

elements were however characterized with high RSD’s and means strongly fluctuated over
the growing season.
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4.3.2.3 Foliar metal concentrations

The seasond changes in the bark Cd, Cr, Cu, Ni, Pb, and Zn concentrations are presented
in Figure 4-9, Fgure 4-10, Fgure 4-11, Fgure 4-12, Fgure 4-13, and Figure 4-14
respectively. Leaf metad concentrations can be compared to the threshold values for norma

and critical foliar metal concentrations in plants postulated by Kabata-Pendias en Pendias
(1984) (Table 4-5).

Table 4-5: Normd and criticad concentrations of metds in leaves and soil (mgkg DW)
(Kabata- Pendias en Pendias, 1984)

Cd Zn Cu Pb Cr Ni
Normal Substrate 0,1 50 60 10 60 40
Leaf <05 27-150 8 3 0,1-05 0,15
Critica L eaf 8 100-400 20 35 530 10-100
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Fgure 4-9: Seasond changesin the foliar Cd concentrations
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Figure 4-11: Seasond changes in the foliar Cu concentrations
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Figure 4—-12: Seasona changesin the foliar Ni concentrations
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Fgure 4-13: Seasond changesin the foliar Pb concentrations
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Figure 4-14: Seasond changesin the foliar Zn concentrations

All metd concentrations measured in the leaves were higher compared to the wood and
bark concentrations. The differences in metd concentrations over the growing season are
more outspoken compared to the trends observed for the wood concentrations. Especially
the foliar Cd and Zn concentrations increase towards the end of the growing season. This
was observed for dl investigated stands but was most outspoken in the 1 and 2 year old
gands. The Cd concentration in FR1 and FR2, for example, increased from respectively
74 + 1.8 mg Cd/kg and 20.1 £ 2.6 mg Cd/kg to 74 + 21 mg Cd/kg and 44.8 + 44 mg
Cd/kg. At the end of the growing season the Cd and Zn concentrations decrease dightly
before leef fdl. Cd and Zn concentrations were higher in Salix triandra leaves for most
months compared to Salix fragilis. The trends for the Cd and Zn concentrations in the

leaves are remarkably smilar.

Table 46 presents the correlation coefficients between Cd and Zn and Cd and Pb
concentrations. The corrdlations are strongest (R? = 0.997 for FR1) in the youngest stands
and decrease with stand age. Such correlations were not observed for wood Cd and Zn
concentrations.
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Table 4-6: Corrdation coefficients between foliar Cd and Zn and Cd and Pb
concentrationsin Salix fragilis (n = 24) and Salix triandra stands (n = 28).

Cd-Zn Cd-Pb
S.triandra 1y 0.984 0113
S fragilis 1y 0.997 0.724
S.triandra 2y 0.987 0.636
S fragilis 2y 0.989 0.638
S fragilisdy 0.938 0.955
S. fragilis 6y 0.883 0.668

The greatest increase in the Pb concentration towards the end of the growing season was
observed in the 4 and 6 year old stands. This is opposite to Cd and Zn where the youngest
dands showed the grestest increase. The foliar Pb concentrations declined again after
Augud.

High foliar Cr and Ni concentrations were observed in the beginning of the growing season
for dl gands. These concentrations rapidly declined in the second month of sampling and
dayed farly congant over the next months until summer. Before leaf senescence both Cr
and Ni concentrations increase in the oldest FR4 and FR6 stands, and to a lesser extend in
the younger Salix fragilis stands. On the other hand, Cr and Ni concentrations decrease in
the last month before totd leaf fdl in the 1 and 2 year old Salix triandra stands. Cu
concentrations in dl stands stay fairly constant over the course of the growing season.

The changes in foliar ash percentages are presented in Figure 4-15. Ash contents of Salix
triandra trees are dways higher compared to Salix fragilis. The ash contents of the 1 and 2
year old stands change little over the course of the growing season and are Stuated
between 8 and 11%. However, leaves from the two older stands show consderable
vaiaion in ash concentraion. After an initid decline in the beginning of the growing
season, FR4 and FR6 ash contents steadily rose until August. For example, the ash
concentration of the FR6 stand dmost doubled from 7 to 14% between the months of May
and August. Towards the end of the growing season ash contents decline again. A smilar
decline was observed a the end of the growing season of the 1 and 2 year Salix triandra

stands.
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Figure 4-15: Changesin foliar ash percentages over the growing season

The smdl change in ash content of the 1 and 2 year old stands results in little changes in
the meta concentrations trends if these are expressed on a DAW basis compared to the
previoudy described DW trends. Only for the 1 and 2 year old Salix triandra stands does
the decline in ash content a the end of the growing season result in higher metd
concentrations when expressed on a DAW bass. For example, Cd and Zn concentrations
on DW basis declined in the last month of sampling for Salix triandra, but when expressed
on a DAW this decline is not observed. Expressng Cu concentrations on a DAW basis dso
results in an increase towards the end of the growing season. The changes in Cd, Cu, and
Zn concentrations expressed on a DAW basis over the growing season are presented in
Figure 4-16, Figure 4-17, and Figure 4-18 respectivdly as an illudraion of the effect of
expressing foliar metd contents on a DAW basis. As a result of the high foliar ash contents
in the beginning and the increase towards the end of the growing season growing season of
the FR4 and FR6 dands, the previoudy increasing trends in metal concentrations toward
the end of the growing season are less outspoken.
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Figure 4-17: Seasond changesin the foliar Cu concentrations expressed on DAW basis
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Figure 4-18: Seasond changesin the foliar Zn concentrations expressed on DAW basis
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The mean RSD’s of measurements expressed on a DAW bass were al hgher compared to
the RSD’s of measurements expressed on DW. Table 4—7 presents the results of the ttests
performed on the DW and DAW RSD’s of each month and each stand. However, these
differences were only sgnificant for Ni and Pb. When DAW was used as a reference, 44.7,
39.5, 44.7, 34.2, 28.9, and 39.5% of the RSD’s for Cd, Cr, Cu, Ni, Pb and Zn respectively
were lower compared to when DW was used as areference.

Table 4-7: Mean RSD values for foliar metal concentrations expressed on DW and DAW
(n=38), compared with apaired t-test.

Mean Mean DAW  DW- St.deviation t deg freedom sign. (2tail)

DW DAW
cd 17.01 1823 -1.23 514 -147 37 0.15 no
Cr 229 2483 -1.93 7.67 -1.55 37 0.129 no
Cu 1111 129 -1.79 4.78 -191 37 0.064 no
Ni 17.19 2013 -2.23 6.6 -2.07 37 0.046 yes
Po 1815 20.56 -241 547 271 37 0.01 yes
Zn 15.05 1651 -1.47 554 -163 37 0.112 no

The seasona changes in lesf/wood concentration ratios for the three metas Cd, Cu, and Zn
are presented in Figure 4-19, Fgure 4-20, and Figure 4-21 respectively. These figures
gve a more dealed picture of the reationship between wood and foliar metal
concentrations over the course of the growing season. For the three consdered metas the
foliar/wood concentretions ratios incresse towards the end of the growing season,
indicating that leaves get enriched with heavy metds compared to the wood. This
enrichment is most outspoken for Zn: the raios generdly increased with factor 4 from the
beginning of the growing season towards leaf senescence. For Cu, the ratio first declines
after bud bresk, indicating a retrandocation of Cu from newly formed leaves towards
wood, bark, or roots. This decline is most outspoken for the oldest stand en becomes less
with decreasing stand age. For the 1 year old stand only an increase is observed over start
to finish of the growing season which indicates Cu is solely tranlocated from the wood to
leaves, as was observed for Cd and Zn.
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Figure 4-19: Foliar/wood Cd concentrations ratio in Salix fragilis trees of different stand

ages over the course of the growing season.

. 67
Q
c
854 o
] Y
O N
841 ¢ ---m---S fragilis 1y
s N ool S fragilis 2
. L= =& S~ —_ - -
T 31 &\\\\ ,# < - e 9_. Yy
5 \\\\‘Q /,,’f X A\,_,.- «fi e, ——1—-S fragilis4y
= 29 R T TR . - = - .S fragilis6y
O T .m”
§ 1 1 m-----cc .-
©
LL
0 T T T T T 1
April May June July Aug Sept
Month

Figure 4-20: Foliar/wood Cu concentrations ratio in Salix fragilis trees of different stand

ages over the course of the growing season
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Figure 4-21: Foliar/wood Zn concentrations ratio in Salix fragilis trees of different stand

ages over the course of the growing season
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4.3.3 Metal stocksin biomass compartments

Compartment concentrations can be converted to stocks teking into account the
compatment biomass. This dlows an esimation of the amount of metds which can be
exported from the ste with harvest or which will be recycded to sand surface with lesf fal.
The wood, bark, and leaf biomass production of the investigated stands is presented in
Table 4-8. Stem numbers per ha in the 1 year old stand were high as a result of the
SALIMAT planting. Dendties for FR1 and TR1 were 487,000 and 636,000 shootsha
respectively. While the sem number of triandra trees was higher, the biomass production
was lower compared to the Salix fragilis for the two investigated growing seasons. Salix
triandra trees were characterized with higher bark contents compared to fragilis trees: FR1
and TR1 bark contents were 25 and 27% respectively. Leaf biomass was for both the 1 and
2 year stands were about 15% of the tota aboveground biomass. Biomass productions for
FR4 and FR6 were obtained from Chapter 3.

Table 4-8: Wood, bark, and leaf biomass (mean value + standard deviation) vaues of the
different stands (ton DM/ha). Biomass vaues for the 4 and 6 year old Salix fragilis stands

were obtained from Chapter 3.

Wood Bark Wood and Bark L eaf
FR1 88 12 22 203 109 21 17 202
TR1 73 #11 20 203 92 #17 14 202
FR2 158 31 33 04 191 35 27 04
TR2 136 +28 31 05 167 +29 24 03
FR4 473 84 557 4.1 56
TR4 68.8 76 764 +4.2 76
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As could be expected from the high Cd concentrations in dl biomass compartments,
consderable quantities of Cd are incorporated into the aboveground biomass. Table 4-9
presents the amounts of metas which are exported from the dte with the harvest of the
sem biomass (wood and bark), the amount of metals which reach the stand surface with
leef fdl, and the totd amount of extracted metds by the trees for different rotation
scenarios over a period of 12 years. Between 3.2 kg and 5.7 kg of Cd are removed from the
sediment through the accumulation in the trees over a 12 year period. The amounts of Zn
are Stuated between 76 and 104 kg. The stem and foliar Cd and Zn stocks for the 1 and 2
year old Salix triandra trees are higher than for Salix fragilis. Twelve annud harvests of
the Salix triandra stand would deplete the sediment profile of 16% of the total Cd amount.
For Zn this percentage was 4%. The amount of metas was caculated from the mean metd
concentration for the 4 disposd sites in a 0.5 m profile with 1.3 g/ent bulk soil density.
With increesng rotation length the amount of Cd which is removed from the sediment
profile decreases. Stocks of Cr, Cu, Ni and Pb are low (< 1%) compared to the amounts of

these metals present in the soil profile

While a large percentage of soil Cd in accumulated in the Salix stands, considerable
amounts of metas are recycled to the sand surface with leaf fal. The amounts of Cd in the
foliage ae of the same order of magnitude and often higher compared to the amount
present in the stems. For example, applying 4 or 6 year rotaion results in more Cd
digributed through leaf fdl than Cd that can be removed through the harvest of the stems.
For Zn dmogt four times more Zn reaches the stand surface compared to the amount of Zn
in wood and bark.
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Table 4-9: Amounts of metds (kg) which are removed from the Ste with harvest of the sem biomass (wood and bark), the amount of metals which
reech the sand surface with leaf fal, and the totd amount of extracted metals by Salix fragilis and Salix triandra trees for different rotations
scenarios over a period of 12 years. The highest total amount (tem and stem and leaves) are evduated againg the amount of metd present in a 0.5
m profile and assuming abulk soil density of 1.3 tor/n™.

Cd Cr Cu Ni Pb Zn
Stem L eaf Total Stem L eaf Total Stem L eaf Total Stem L eaf Total Stem Leaf Total Stem L eaf Total

S fragilis

12 1-year rotations 251 1.89 4.40 0.01 0.01 0.02 0.58 0.33 091 0.05 0.08 013 013 0.08 021 3760 3883 76.42
6 2-year rotations 242 158 4.00 0.00 0.01 0.02 042 040 0.82 0.05 0.10 015 013 011 0.24 2352 5514 7867
3 4-year rotations 130 188 318 0.01 0.04 0.05 0.69 0.56 125 0.09 0.19 0.28 0.27 0.26 0.53 2695 7736 104.30
2 6-year rotations 152 173 324 0.01 0.06 0.07 0.56 0.73 129 0.08 0.32 040 0.24 0.38 0.63 2120 7851 99.71

Striandra

12 1-year rotations 396 171 567 001 001 002 074 026 100 006 005 011 015 008 023 4442 4540 89.82
6 2yearrotations 332 228 560 001 001 002 055 032 087 006 007 012 014 009 023 3672 6604 10276

kg metal/ha soil 37 762 456 262 626 2884
% export soil 11 16 0 0.01 0.16 0.28 0.03 0.15 0.04 0.10 2 4
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4.4 Discussion
441 Metal distribution

Cd and Zn ae easly transported to aboveground biomass compartments of both
investigated Salix clones, resulting in elevated wood, bark, and leaf concentrations while
Cr, Cu, Ni, and Pb are less easly accumulated. These latter dements are known to be
srongly absorbed on the subdtrate or are accumulate in the roots, which prevents them to
be transported to aboveground biomass parts (Landberg and Greger, 1994; Nissen and
Lepp, 1997; Punshon et a., 1995; McGregor et da., 1996). When compared to smilar
reports, the Cd and Zn ®ncentrations measured in al consdered biomass compartments in
this sudy were very high (Table 2-1). For Cd, the highest concentrations in the 1 and 2
year old stands were 26.4, 79, and 74 mg Cdkg DW for wood, bark and leaves
respectivdy. Cd was the only metd with a BCF > 1 in dl compatments, showing a
pronounced biocaccumulation. Zn feastured BCF > 1 for the bark and leaves (Table 4-10).
Foliar Cd and Zn concentrations of both investigated species are wel above the critical
threshold values of 8 mg Cd/kg and 100-400 mg Zr/kg for toxicity. (Table 4-5). Both the
Salix fragilis and triandra species showed no visble sgns of phytotoxicity, indicating thet
they are both tolerant to high Cd and Zn concentretion levels in their tissues For
comparison, Vandecastedle et d. (2002) reported basdine foliar Cd and Zn concentrations
in willows grown on unpolluted subsrates of 0.5-29 mg Cdkg DW and 130-340 mg
Zn/kg DW respectively. Basdine Cd concentrations in a Swedish study by Eriksson and
Ledin (1999) were between 0.31 and 1.96 mg Cdkg DW. The range for foliar Zn in
severa UK willow species was between 82 and 296 mg Zn/kg DW (Nissen and Lepp,
1997). The highest Cd concentrations so far were reported by Punshon and Dickinson
(1997), who measured foliar and wood concentrations for Salix cinerea growing on heavily
contaminated mine spoil of and 44 and 76 mg Cd/kg DW respectively.
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Table 4-10: Bio concentration factor of the different biomass compartments of the 4 year
old Salix fragilis sand (August samples). Na not available, wood concentrations between
detection limits.

Leaves Bark Wood
cd 3.99 435 112
Cu 020 0.15 0.07
Cr 0.01 0.003 Na
Ni 0.12 0.05 0.01
Pb 011 0.10 Na
Zn 2.76 1.70 0.32

Metal concentrations decreased in the following order: leaf O bark > wood, with bark and

leaves often characterized with smilar metd concentrations. The didribution of heavy
metals over the different tree compartments presented in this investigation corresponds to
observations made in previous research on metal uptake by willow species. Severd sudies
have shown that accumulation preliminary occurs in actively growing tissues such as
shoots and young leaves (Ridde-Black, 1994, Nissen and Lepp, 1997; Riddd-Black et d.,
1997; Hasselgren, 1999).

Wood showed considerable lower concentrations than leaf and bark, especidly for Cd and
Zn. Bark Cd concertrations were on average 3.5 times higher compared to the wood
concentration, for Zn and Cu this factor was 5.3 and 1.5 respectively. These ratios changed
littlte over the course of the growing season. This is condgtent with findings on the
digribution of plant nutrients and metas in willow, which are generdly higher in bark than
in wood (Hytonen et a., 1995; Ridde-Black et d., 1997). The combined sampling of wood
and bark for the determination of metal exports in willow phytoremediation sysems can
thus result in Sgnificant errors as heavy meta concentration will strongly depend on the
sampling height which influences the wood/bark ratio. Sander and Ericsson (1998)
reported that Zn concentrations doubled and Cd concentrations increased by 20% from the
lowest to the highest sampling levd dong the trees sem. Mogst sudies on heavy metd
uptake by willow do not discern between wood and bark in their sampling drategies,
meaking it difficult to assess and compare their findings.
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Leaf and bark were characterized by measurable Pb and Cr concentrations, while dmost all
wood samples featured concentrations below detection limits. Wood can thus be
consdered a bad sink for these dements. Similar observations were made by Ridde-Black
(1994) and Riddd-Black et d. (1997). This may indicate that these metals are accumulated
in larger amounts through processes in addition to root upteke and xylem transport, most
probably through aerid depodtion in the months and years prior to sampling. Both
edements are known to be adsorbed and accumulated by leaves (Little, 1973). The
downward transport through the phloem and depostions on the bark itsdf could explain
the measured concentrations in the bark. To diminate the effect of direct agrid deposts on
foliar metal concentrations in this study, leaves were rinsed prior to andysis. However, no
such procedure was followed for bark. Alriksson and Eriksson (2001) cite Balsberg (1971),
who separated outer and inner bark of Betula pendula and found that Pb concentrations
were many times higher in the outer bark than in the inner bark, while for Zn the oppodte
was true. This indicated that a high proportion of the Pb in the biomass can originate from
direct depostion rather than trough root uptake. Chappelka et d. (1991) showed that root
uptake and transport to other aboveground compartments was of minor importance for
biomass concentrations of Pb in Pinus. With agrid depodtion the main factor determining
the Pb concentrations in bark and leaves, it is possble to explan the dgnificantly higher
bark Pb concentrations in the 4 and 6 year old stand compared to the younger fragilis
plantations in this study. However, for Cr no such differences between stand ages were
observed. The low wood Pb concentrations for both te Sdix fragilis and triandra clones
in this trid are in contrast with the concentration reported for Salix viminalis ‘Orm’ grown
on contaminated dredged sediment by Vervaeke et d. (2003), who reported mean Pb
concentrations in the wood of 12.7 mg Po/kg. But here it has to be mentioned that bark and
wood were sampled together. However, Punshon and Dickinson (1997) aso reported very
high Pb concentrations of 157 mg P/kg in willow sems grown on mine spoil, which is
difficult to attribute only to aeriad deposition.
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Leaf Cu concentrations were a factor two to four higher compared to wood Cu
concentrations depending on clone and stand age. In this trid Cu thus appeared to be farly
mobile for trandocation from stem to leaves and bark. It is generdly accepted that Cu is an
immobile dement in plants and is modly retained in the roots. As such, only a smdl
percentage of soil Cu is generaly trandocated to above ground biomass parts, as aso
obsarved in this trid (Table 4-10). This is explained by severd mechanisms dorage in the
root tissues (Alloway, 1995; Marchner, 1995), and the low mobility of Cu in plants as a
result of the strong binding with the xylem (Nissen and Lepp, 1997). The strong correlation
between shoot Cu concentration in 1 year old trees with the declining ash percentage is
probably aso explained by this strong Cu retention in minerd rich tissue. As this study did
not investigate root meta concentration, it is difficult to discern whether these mechanisms
also gpplied in the two Salix clonesusad in thistrid.

4.4.2 Seasonal changesin metal concentrations

Foliar meta concentrations of both investigated willow clones showed an increase towards
the end of the growing season. This increase was most outspoken for Cd and Zn, but aso
noticeable for Cu. Results from the foliar/wood Cd and Zn concentration ratios show that
this increase in foliar metd accumulation occurs over the course of the growing season for
dl the invetigated stands. This implies that the foliage of willow can be consdered as a
gnk of metas which were supplied to the leaves through the wood. Over the course of the
growing season the foliar Cd and Zn concentrations were well corrdated (R? up to 0.997)
which points to smilar trandocations mechanism for these dements to the leaves and
possbly comparable sequedtration characterigics in the leaves. Cd in leaves is generdly
accumulated in vacuoles to protect vital compounds of the cdl. For Zn this mechanism is
dill little understood (Lasat, 2002). A smilar large increase in foliar Pb concentrations was
also observed in the 4 and 6 year old Salix fragilis stands.
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From the leaf/wood concentration ratios it was shown that at the dart of the growing
season Cu is trandocated from the leaves to the wood, at the end the opposite occurs and
leaves get enriched compared to wood. Our results on Cu and Zn concentrations in leaves
differ from those of Kim and Fergusson (1994) and Nissen and Lepp (1997). Both studies
reported strong positive correlations between foliar Cu and Zn content, which Nissen and
Lepp (1997) agued indicated a common pathway of movement. Kim and Fergusson
(1994) on the other hand explained a common decrease in Cu and Zn concentrations
towards the end of the growing season in Aesulus hippocastanum L. growing on unpolluted
il to a dilution effect caused by leaf growth. Such a corrdation was not found in this
sudy; while a drop in Cu concentrations was followed by a dight increase towards the end

of the growing season, Zn concentrations increased over the whole of the growing season.

However, foliar Cu however showed dmilar seasond patterns with Cr and  Ni
concentrations. The Cr and Ni concentrations dropped sharply in the beginning of the
growing season for dl stands after which they increased again towards leaf senescence. For
absolute Cu concentrations this trend was only observed in the 4 and 6 year old fragilis
dands, while concentrations in the younger stands were much more condant over the
growing season. However, a clearer decrease is noticed when expressed as the |eaf/wood
concentrations ratio. The decrease in Ni concentration was largest in both the 1 year old
fragilis and triandra sands, while Cr concentrations dropped most sSgnificantly in the
foiage of the 4 and 6 year old Salix fragilis sands. A 2 year study of the metd
concentrations in leaves of a mature birch stand by Ehlin (1982) showed that Cu and Ni
contents decreased at the beginning of the growth period. This author attributed this to a
dilution effect resulting from increased dry weght of the leaves. Smilaly, Dindli and
Lombini (1996) reported higher whole plant Cu, Cr, Ni, and Zn concentrations in the early
vegetative growth stage of Salix growing on mine spoil. They attributed this to a relativey
high metad uptake compared to growth rate in the beginning of the growing season. This
was followed by a period of vigorous growth, which diluted the concentrations.



Other gudies have confirmed this concentration of metals in leaves of deciduous trees
prior to shedding. Ridde-Black (1994) reported consstent increases in foliar heavy metas
concentrations  shortly before senescence in willow grown on metd contaminated
substrate. Guha and Mitchell (1966) reported seasond changes in foliar heavy metd
concentrations in 18 deciduous tree species. They found cler evidence of metd
accumulation in actively growing tissues, such as shoots and young leaves and showed that
gpecies such as sycamore, beech, and horse chestnut accumulated Fe and Zn a the end of
the growing season. A marked accumulation of Zn in sycamore, beech, horse chestnut and
hazel leaves a the end of the growing season has been noted by Ross (1994). Martin and
Coughtrey (1982), found generdly higher Cd and Pb in leaves of field maple at the end of
the growing season. Hasselgren (1999) reported a tendency of increased willow leaf Cu
content in autumn. A sharp increase in foliar Zn concentration was observed in a Salix
cinerea stand growing on dredged sediment (Vandecastede et a., 2002). This increase in
meta concentrations is generdly interpreted as metd shunting occurring in the plant
tissues prior to senescence and that this phenomenon might be pat of an excretion
mechanism of excess metds by the tree (Baker, 1981; Riddd-Black, 1994; Hassegren,
1999).

In the 1 and 2 year stand of both clones an increase of the wood Cd and Zn concentrations
was observed over the course of the growing season. This increase was largest for the 1
year old trees, while in the older stand wood Cd and Zn concentrations remained fairly
congant. This would imply that in these younger sands Cd was progressvely accumulated
throughout the growing season. The same trend was observed when wood Cd and Zn
concentrations of these stands were expressed on a DAW basis. One explanation for this
can be tha the fast developing root systems in these young stands explores more substrate
with large pools of avalable Cd with time. Another could be tha Cd and Zn in the
sediment became more avalable over the course of the growing season. However,
sediments used in the trid were completely oxidized thus further oxidation could not be an
explandtion. As this trid only assessed the metd avalability in the beginning of the
growing season it is not possible to assess changes in metd availability over the course of
the growing season. During dormancy, Cd and Zn concentrations should then decrease

agan as a result of a sharp reduction in the xylem flow. However, this could not be
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discerned in this study. These seasond changes in biomass metd concentrations in wood
should be consdered to determine the sampling time. If shoot andyss ams a determining
the remova of metds, sampling should be done a harvest. For the determination of meta
loads in leef litter for the purpose of risk andydss, sampling should be performed with lesf
fall.

443 Sandage

Our results suggest that metd concentrations in willow biomass compartments decrease
with dand age Severd other dudies found gmilar results when investigaing Cd
accumulation over severd growing seasons. Hammer et d. (2003) reported decreasing
sem and lesf Cd and Zn concentrations with increasing stand age over a 5 year period at
two different Stes. Hasselgren (1999) dso reported lower stem metad concentrations with
the aging of the invedtigated willow sands. This may be atributed to the genera notion
that metal accumulation preliminary occurs in actively growing tissues such as shoots and
young leaves. Another explanation could be that accumulated metds are diluted with
increased biomass production. Klang-Westin and Perttu (2002) reported an opposing and
very condgtent relationship between stem biomass and sem Cd concentration. Our finding
and these reports suggests that the potentid to remove metas from contaminated Ste
declines with tree age. Severd factors such as dilution, metd availability in the root zone,
and root activity can have an influence on this trend. Identifying these factors is a most
needed task in further research.

4.4.4 Metal concentrations expressed on DW versus DAW

All RSD vdues for both DW and DAW concentrations in this study were below 209%,
except for Cr wood concentrations which were dightly higher (24%). All RSD vaues are
within the intervas defined for dement variation between individud plants sampled at the
same location (Djingova and Kuleff, 1994). According to Ernst (1990) RSD vaues lower
than 20% can be conddered norma, while higher vaues indicate to environmental stress in
the dand. Spatid varidbility in this sudy was thus in the normd range indicating that the
gpplied sampling procedure was representative for each of the investigated stands.
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The congtant dry ash percentages for wood over the growing season for the 2, 4, and 6 year
old gands did not result in a clearer explanation of changes in wood meta concentrations.
Only for the 1 year old stand there was a decrease in ash percentage from just after shoot
break up to August when the congtant level observed in the older stand was reached. This
decrease in ash percentage corresponded with an decrease in wood Cu in the 1 year old
dands of both invesigated clones. This may indicates a close &finity for Cu with ash
forming minerd materid in the wood. Usng DAW a a bass for wood meta
concentration  ggnificantly increased the mean RSD vdues for Cd, Cu, and Zn

concentrations for dl sampling times and locations

Also for foliar meta concentrations did the use of DAW as a reference result in generdly
higher RSD’s. For Cd, Cu, and Zn these differences were amdl and not ggnificant, while
the only dgnificant differences found were for Ni and Pb. This is in contrast with findings
by Claussen (1990) and Luysseert et d. (2002) who reported lower RSD vaues when
concentrations were expressed on a DAW reference. Vandecastede et a. (2002) reported
that 64% of the samples featured lower RSD vaues for Cd concentrations when expressed
onaDAW basis.

4.4.5 Posshilitiesand limitations for phytoremediation

The cdculation results of the metd docks in the different willow biomass compartments
show that condderable amounts of Cd can be extracted from the contaminated sediment.
For the other investigated eements the amount of metd accumulated in aboveground
biomass is too low to ensure a timdy remediaion. Thus, only for Cd there are prospects of
activdly cdeaning land digposed dredged sediments through phytoremediation, leaving
other metds in place. As contaminated sediment is mostly contaminated with a range of
heavy metds, the use of Salix to actively remediate this sediment to threshold vaues for al
metas for reuse of the sediment as soil or building materid islimited.
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The highest theoreticd export of Cd would be achieved with twelve annud harvests (sems
and leaves) of the Salix triandra stand. This would deplete the sediment profile of 16% of
the tota Cd amount. However, a condderable period of time would be needed to reach the
Cd threshold concentrations for reuse of the sediment as soil. To reduce the heavy metd
concentration from 4.6 mg Cd/kg to the threshold vaue of 1.6 mg Cd/kg a period of 41
years would be needed (VLAREA, 1998). If only the stems would be harvested, this period
needed would increase to 60 years.

However, for these cdculations severa assumptions were made which merit  further
discusson. It was hypothesized that both metd accumulation and biomass production
would remain condtant after each harvest. In redity the dynamics of the processes
governing the uptake of Cd in Salix have to be taken into account. As available metas are
accumulated by the tree, it can be expected that with time the amount of plant available Cd
will decrease. The rate of this decline is poorly known and will depend on the rate a which
Cd is mohilized from the less soluble soil fractions The mobilization of Cd from the less
solulable fractions to avalable form is in turn influenced by the root activity. There are
scarce and contradictory reports on the availability of heavy metds in the root zone of
Salix. Eriksson and Ledin (1999) found that long-term cropping of Salix resulted in a 30 to
40% decrease in plant-available Cd, dthough the effects on concentrations of totd Cd were
negligible. Their data on exchangeable Cd dso showed that uptake occurred throughout
the soil profile and that the involved Cd pool was large. Cd is generdly present in
exchangeable form in soils. In this trid a mean 15% of the totd Cd was in avalable form.
Reallts in this work (Chepter 5) suggest that metd avalability in the vicinity of willow
roots can increase compared to unrooted bulk soil. Pulford et d. (2002) aso showed that
the concentrations of EDTA-extractable Cd, Cu, Ni, and Zn in sawage dudge-amended
il were higher under willows than in unplanted aress. This increased avallability can
probably guarantee a continuous supply of avalable Cd to the roots for uptake. A Salix
crop can therefore probably take up a large portion of Cd in the substrate before the readily
available fraction is subgtantiadly reduced.

88



The other assumption made in this trid was that biomass production would be congtant for
every rotation period over the 12 years. From 3 to 6 year rotations it can be expected that
this will be true, based on reports on traditiona SRF practices (Willebrand and Ledin,
1995). Short rotation forests managed with such rotation periods ae generdly
characterized with constant biomass production for every rotation as long as soil fertility is
maintained. Only towards the end of the 20 year period in which SRF stands are generdly
operated a decline in production can be expected as a result of root and stump dieback.
Reducing the rotation time to one year can however result in the decline of biomass
production. Kopp et a. (1997) reported sgnificantly lower yidds in 3 years of annud
willow harvesting compared to the production measured when a 3 year rotation is applied.
Likewise, the cumulatiive production from two biennid harvests was sgnificantly larger
than the cumulative production from 4 annua harvests. Results from Sweden suggest that
rotation lengths from four to Sx years result in the laget mean annud increments
(Willebrand et d., 1993). The reduced biomass production with shorter rotations can be
atributed to larger increments in the later stages of multi-year rotation compared to the
production of the stand in the firs year after harvest. This was aso observed in willow
gands growing on dredged sediments as reported in Chapter 3. In addition, stump
mortaity due to repeated harvests is another reason for decreasing yidds (Harrington et d.,
1984). The cadculations on the potentid exportable amounts of metals exported for 1 and
possbly 2 year rotations should thus be regarded as a most optimistic assessment and are
probably an overestimation.

Large amounts of metas, especidly Cd and Zn, are recycled to the ecosystem if leaves are
left on the dte (Table 4-11). Klang-Westin and Eriksson (2003) reported aso high
amounts of Cd compared to the shoots in willow sands grown on contaminated
agriculturd land: about 21 to 48% of the shoot Cd was found in the leaves. These and our
findings indicate that large percentages of accumulated Cd are recycled with lesf fdl to the
sands surface. Such trandocation of large amounts of metds to the leaves may be an
undesrable source of food chan accumulaion of metads In  addition, high metd
concentrations in the litter can negatively affect the litter decompostion (Zwolinski, 1994;
Kohler et d., 1995). This was shown in severd studies on forest ecosystems close to metd
smelters. However, Key et d. (1988) and Vervaeke et a. (2003) reported an accumulation
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of Cd in the litter layer on dredged sediment disposd dtes planted with willow but in
neither of these sudies it was reported that this affected litter dynamics. Vandecastedle et
ad. (2002) invedigated the litter decompodtion in old willow sands which had
gpontaneoudy colonized dredged sediments. Also in that study no negative effects of the

contamination on litter decomposition were observed.

Table 4-11: Amounts of metas in litter in a 2 year Salix fragilis and a 2 year Salix
viminalis gand (Vervaeke et d., 2003) compared with the annua atmospheric deposition
inrura reference areas in Flanders (Van Grieken, 1996).

Amount in FR2 litter Amount in Salix viminalis litte®  Atmospheric deposition
(g/haly) (g/haly) (9/haly)
cd 106 118 7.3
Cu 385 382 73
Pb 111 574 110
Zn 5900 795.1 440

& according to Vervaeke et . (2003)

Up to now, the recyding of heavy meds with leaf fdl and the associated risks have
recaeived little dtention in the literature on the evauation of willow gpecies for
phytoremediation purposes, dthough recently Hammer e d. (2003) dso discussed this
topic. A possible nanagement option is to harvest the leaves in addition to the wood. This
would increase the amount of metals which can be exported from the ste and reduce the
risk of food chan accumulation. In generd, willows in SRF systems are havested in
winter when leaves have dready falen (Willébrand and Ledin, 1995). One option to
remove the leaves is to collect them from the sSte surface after the harvest of the wood. For
rotations longer than one year this can result in practicd problems as it implies that leaves
have to be removed in the years between harvests. Another posshbility is to harvest the
trees a the end of the summer before leaves have fdlen. In generd it is accepted that
cutting willow in an activey growing dtage results in result in physologica disorders and
that resprouting is severdy affected (Sennerby-Forsse et a., 1992). Root systems can lack
nutrient reserves to support root growth and the development of a new shoot system.
Digurbances to ongoing physologica processes involving internd hormond  interactions
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might cause dress to the system and lead to reduced production (Sennerby-Forsse et d.,
1992). However, Hammer e d. (2003) reported no negative effect of annua harvesting
stems and leaves before the start of leaf senescence. They showed that Salix could be clear-
fdled every year prior to leaf fal and ill produce an increasng annud biomass. The fact
that willows in ther sudy were grown on a fertile subsrate which received additiona
fertilization may be an explanation for ther findings. Harvesing before leaf fdl can result
in practical problems in addition to possble physiologicd disturbances. For example, the
on gte chipping of the wood would be severdly hampered. In addition, large quantities of
nutrients are exported from the ecosystem as a result removing the leaves from the ste.
This can in time result in N and P deficiencies which in turn endanger the productivity of
the stand.

If the am of the restoration project is not to remove the heavy metds but to dabilize the
metds, planting willow clones with limited metd trandocation to the foliage, should be
consdered. Vervaeke et d. (2003) reported that the amounts of metas that were annudly
recyded with legf fdl in a Salix viminalis ‘Orm’ stand were in the same order of the annud
atmospheric metd deposition in rurd reference areas in Flanders (Table 4-11). In such a
cax, the risk of contamination of the wider environment through lesf fdl can thus be

conddered as minimd.
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45 Conclusons

Reaults from this trid indicate that the use of willow for the extraction of heavy metds is
only an option if Cd is the only dement which has to be exported. Although very high Cd
concentrations were measured in the investigated Salix species, the time needed to reach
the threshold vaues for reuse as soil of the dredged sediment in this trid would be
condderable. Other metd which exceed their threshold concentrations for reuse of the
sediment can not be removed in a timey fashion. Thus only for dredged sediments which
feature dightly eevated Cd concentrations compared to threshold vaues are digible for
remediation with metal accumulation willow clones. The amount of extractable Cd can be
increased through the combined harvest d stems and leaves. This adso reduces the risks of
soreading large amounts of Cd and Zn to the surroundings with leaf fdl. However, such
practices can endanger the sudtainability of the SRF sysem as yidd may become
negativey affected. While results suggested that Cd upteke and stand age were inversely
corrdated it was shown that the length of the rotation did not dragtically change potentia
metal exports. The large seasond changes in metd concentrations of the different
aboveground biomass compartments indicate that sampling should be performed close to
the harvest and leaf senescence in order to correctly assess the potentid amount of
exportable heavy metals and the recycling of metas with leaf fal. Wood and bark should
be sampled and andyzed separatdly as they ae characterized with different metd

concentrations.
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5 Short- and longer-term effects of the Salix root system
on metal extractability in contaminated dredged
sediment
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Abstract

Willow gtands are often proposed as vegetation covers for the restoration and stabilization
of contaminated and derdlict land. Planting willows on dredged sediment disposal Stes for
biomass production can be an dternaive to traditiond capping techniques. However, with
the introduction of willow sands on dredged sediment disposd Stes, the possbility of
increased contaminant availability in the root zone must be acknowledged as it can
increase the risk of leaching. Two trids investigated the availability of Cd, Zn, Cu, and Pb
in the root zones of willows grown on contaminated sediment. To assess the effects of
willow root growth on meta extractability and mobility, bulk and rhizosphere sediment
samples were extracted with delonized water, ammonium-acetate a pH 7, and ammonium-
acetate-EDTA a pH 4.65. A rhizobox experiment was used to investigate the short-term
impact of willow roots on metd avalability in oxic and anoxic sediment. Longer-term
effects were assessed in a fidd trid. The rhizobox trid showed that Cd, Zn, and Cu
extractability in the rhizosphere increased while the opposite was observed for Pb. This
was attributed to the increased willow-induced oxidation reate in the root zone as a result of
aerdion and evapotranspiration, which masked the direct chemicd and biologica
influences of the willow roots. The fidd trid showed that Cu and Pb, but not Cd, were
more avalable in the root zone &fter water and ammonium-acetate [pH 7] extraction
compared to the bulk sediment. Sediment in the root zone was better Structured and
aggregated and thus more permesble for downward water flows, causng leaching of a
fraction of the metas and sgnificantly lower total contents of Cd, Cu, and Pb. These
findings indicate that a vegetation cover drategy to Stabilize sediments can increese metd
availability in the root zone and that potentid metal losses to the environment should be
considered.
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5.1 Introduction

The use of trees in phytoremediation of contaminated land is receiving increased attention.
Dickinson (2000) argues that there is sufficient evidence to condder the use of trees in
reclamation as pat of a redidic, integrated, low-cogt, ecologicaly sound, and sustaingble
drategy for contaminated land. Over recent years, research has focused on planting
willows on land contaminated with heavy metds radionucleides, and other pollutants
(Perttu and Kowalik, 1997; Vandenhove et a., 2001; Pulford and Watson, 2003). Large
aress of land disposed dredged sediment with little other possibilities for end use can be
retored by planting willow sands for biomass production. A dense willow vegetaion
cover can be eadly introduced on land disposed anoxic sediments using the SALIMAT
technique (Chapter 3). In addition, about 20% of the area of historic sediment disposa dtes
in FHlanders was spontaneoudy colonized by willow (Vandecastede et d., 2002).

While the revegetation of contaminated dtes has recalved increasing atention over recent
years, little informetion is avalable on the impact of willow tree roots on metd avallability
and mobility. With the spontaneous or ddiberate introduction of willow gands on
contaminated substrates, such as dredged sediment disposd dtes, it is important to
condder the posshility of increesed metd bio-availability in the root zone, as willow
gdands could increase the risk of metd leaching. The bio-avalability of nutrients and heavy
metas in the rhizogphere of plants growing on contaminated substrates is dtered through
changes in the pH, the redox potentid, the ionic strength, and ligand concentrations of the
s0il solution. These changes can be attributed to element uptake and solution flow to the
roots, changes in redox conditions, plant-induced changes in solution chemistry, increased
sorption on living ad dead plant material, and the exudation of organics by the roots (Nye,
1981, MclLaughlin e d. 1998, Hingnger, 2000). While multiple <udies have
Characterized the fractionation of heavy metds in bulk and rhizosphere soil of agronomic
and herbaceous species, smilar data are rare for tree stands growing on contaminated
substrates.
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The drying of anoxic sediment, for example after upland disposd, results in changes in pH,
redox conditions, and the solubility of trace dements (Tack et d., 1996, Singh et 4.,
1998). The introduction of a willow vegetaion cover on hydraulicaly raised sediment can
influence oxidation and drying through increesed evaporation and aeration of the root
zone. Thus, the presence of active roots in anoxic sediment can be expected to have a more
pronounced impact on metd availability compared to roots present in regular soils or
dready dried sediment. The am of this investigation was to assess the short- and long-term
effects of willow trees on metad extractability in dredged sediment. The short-term impact
of willow growth on metd behavior in dry sediment and during the ripening of fresh
anoxic sediment was determined in the green house with a rhizobox experiment. Long-
term effects were observed under field conditions.
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5.2 Methodsand Materials
5.2.1 Sediment characterization and effect of forced air-drying

In the fird experiment, the short-term impact of willow roots on the metd avalability in
sediments was assessed. Fresh anoxic sediment from the river Lele (Roesdare) was
collected from a dredging barge and transported in 25 | containers for use in the rhizobox
green house experiment. Part of this sediment was dried a 105°C in a forced ar oven to
congtant weight while another pat was kept immersed under a water layer to prevent
oxidation. The dried and anoxic sediments were sampled (n = 4) for an initid
characterization. The dried sediment was thoroughly mixed and subsequently sub-sampled
with a spoon. Samples from the wet sediment were obtained with a small auger. Care was
taken to minimize oxidation of the anoxic sediment by <oring the samples in a N>
amosphere immediatdy after sampling and flushing glassvare with N» prior to use. The
dried sediment samples were ground, seved (2 mm mesh), and andyzed for tota nitrogen,
carbon, and carbonate content and totd Cd, Zn, Cu, and Pb content. Total nitrogen was
determined with the Kjelhdahl method, carbon was measured using the Wakley and Black
method (OM = C% x 1.72), and the amount of carbonates was determined gravimetrically.
The totd metd concentrations were determined with an acid extraction (agua regia
mixture). The paticle sze didribution of the sediment was determined using the pipette
procedure proposed by Gee and Bauder (1986). The redox potential of the fresh diment
was measured with a platinum eectrode and a saturated caomel eectrode as the reference
electrode. Measurements were made by inserting the dectrodes directly into the sediment
following stabilization.

A water extraction procedure was used to nvestigate metd leachability. Water extracts of
the anoxic and dried sediment were prepared following 2 hours of reciproca shaking of a
1:2 sediment/deionized water suspension. The resulting sediment paste was filtered under
vacuum onto a Buchner funnd fitted with filter paper (Schleicher and Schuell 589%, White
Ribbon), and subsequently through a 045 pm filter. Water extracts were subsequently
andyzed for pH, dectricd conductivity (EC), S04, NOs, dissolved organic carbon
(DOC), Cd, Zn, Cu, and Pb. DOC concentrations were obtained by subtracting the
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inorganic carbon (IC) concentration from the tota carbon (TC) concentrations of each
extract. TC and IC were andyzed on a Shimazu TOC-5000 Analyzer. Concentrations of
SO4> and NO; were determined on a Dionex 200 ion chromatograph. Readily
exchangeable and more perdgently bound metas were extracted with 1M ammonium-
acetate a pH 7 and 05 M ammonium-acetate-EDTA a pH 4.65, respectively (2 hour
reciprocd shaking of a 1.5 sedimentiextractant suspension). Meta concentrations in dl
extracts were anadlyzed on a GFAAS (Varian AA-1475 with GTA-95, Palo Alto) or on a
AAS (Varian SpectrAA-10, Varian, Pao Alto), depending on required detection limits.

5.2.2 Rhizobox experiment

Two large rhizoboxes (40 cm x 3 cm x 30 cm [LWH]), modified from Yousssf and Chino
(1988), were filled with dry and fresh sediment (Figure 5-1). The dried sediment was
previoudy brought to 30% water content with delonized water to dlow plant growth. Each
rhizobox festured a rhizosphere and two bulk soil compartments. Dimensons of the
rhizogphere compartment were 40 cm x 2 cm x 30 cm (LWH). Nylon mesh (50 um pore
Sze) was used to separate the rhizosphere and bulk soil compartments. Two boxes with the
same dimendons, but without compatmentaization were filled with fresh and dried
sediment to act as wet and dry control trestments, respectively. The rhizoboxes were
planted by horizontdly placing three Salix viminalis ‘Orm’ L. cuttings (35 cm) on the
sediment in the rhizosphere compartment. Shoot and root growth on the cuttings in this
compartment started one week after planting. Plants were watered regularly with delonized
water to keep the moisture content of the dried and fresh sediment around 30 and 40%,
respectively. The moisture content of the sediment at fiedd capacity was 35%. Water
content was measured a regular intervas during the trid usng a Time Doman
Reflectrometry probe. Control boxes receved the same amount of water as the
corresponding  rhizoboxes. The temperature in the greenhouse was kept a approximately
20°C, and mean reative humidity was maintained around 45% during the whole trid. A
light regimen of 16 hours light and 8 hours dark was applied.
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Fgure 5-1: Rhizobox diagram.

The willows were grown for 25 months. After this period, the sediment in the rhizosphere
compatment of the anoxic sediment rhizobox was densdy penetrated with roots. Willows
in the rhizobox filled with dry sediment, however, wilted and died 2.5 weeks after the start
of the experiment. Only minima rooting was observed in the dried sediment, and this was
attributed to compaction and subsequent lack of aeration of the substrate. The compaction
was the result of swdling and dhrinking of the sediment after the repeated wetting of the
dried sediment. We therefore decided not to sample the different compartments of this
rhizobox and to condder only the rhizobox with initidly anoxic sediment in the
experiment. The redox potentid was measured in Stu before sampling the sediment from
the rhizoboxes and control boxes. Roots were separated from the rhizosphere sediment
with faucets. Only sediment from the center of each compartment or control box was used
to determine metd avalability. This sediment was sampled three times for each of the
treatments. The rest of the sediment, which had made contact with the box or nylon, was
discarded. Sampling and sediment preparation were performed under inert conditions (with
N2) in a glove bag. The sampled sediment was sored a 4°C in plagtic bags flushed with
N». Extraction and andyss of the sediments were performed within 3 days of sampling.
Every sample was subsequently extracted with delonized weater, ammonium-acetate a pH
7, and ammonium-acetate-EDTA a pH 4.65 as described earlier. The same parameters
measured on the extracts of the initid dry and anoxic sediment were measured on each of
the extracts as described above.
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The different biomass compartments of the willows grown in the rhizobox were sampled
after the experiment. From three of the 6 willows shoots that developed on the horizontd
cuttings, wood, leaves, and roots were separated, dried a 70°C, ground, and subsequently
digested in an agua regia mixture. Gneentrations of Cd, Zn, Cu, and Pb were determined
on an AAS (Varian SpectrAA-10, Varian, Pao Alto).

5.2.3 Fiddtrial design

To assess long-term effects, the root zone in an exiding sand of Salix triandra ‘Noir de
Villanes was sampled in the fidd. This stand was planted 6 year ago and is located a the
experimentd dte in Menen, Belgium (50°48 N, 3°08 E). After four years of stand
development, a new layer (1.5 m) of sediment was placed between the trees, causing the
trees to form adventitious roots in the newly dredged sediment layer (Figure 5-2). Two
years after the sediment gpplication, the dense new root systems had developed into small
root mounds (30-40 cm) as the sediment ripened and settled. Sediment samples (n = 4)
were taken in the root mounds and the unrooted bulk sediment using an auger as presented
in Fgure 5-2. The same metd extractions were performed and the same parameters were
messured as described before. Wood and root samples of every sampled tree (n = 4) were
adso collected. Roots were washed three times in deionized water to remove attached
sediment. These samples were processed and analyzed for heavy meta concentrations as in
the rhizobox experiment.

524 Satigtical analysis

Means of the replicates and the evauaion of dgnificant differences between treatments
were determined with descriptive statistics and ANOVA, followed by Tukey's post hoc
tet (a = 0.05). Correations between parameters measured in the water extracts were
evauated using Pearson correlation coefficients.
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Figure 5-2: Sampling drategy in the adventitious root zone formed in the new sediment
layer, which was gpplied to the Salix triandra ‘Noir de Villaines stand.
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5.3 Resaultsand Discussion

The sadiment used in the rhizobox experiment was fine-textured materid with high OM
and carbonate content (Table 5-1). The redox potentid (Eh) of the anoxic sediment was —
220 mV indicating thet the sediment was srongly reduced. The moisture content a the
time of collection of the sediment was 502 = 1.7%. Table 52 presents the metd
concentrations on a dry weight bass of the sx sample types tha were extracted with
deionized water, ammonium-acetate & pH 7, and ammonium-acetate-EDTA at pH 4.65.
For further reference, these samples were labded as follows: bulk, rhizosphere, wet
control, dry control, dried, and anoxic. The parameters measured in the water extracts ae
represented in Table 5-3. Before describing the effects of the willow roots on meta
avalability, the changes in metd extractability as a result of forced ar drying ae
presented.

5.3.1 Effect of forced air-drying on metal availability

Forced ar drying of the sediment resulted in mgor changes in the parameters measured in
the water and acetate extracts. The pH dropped dgnificantly from 7.68 to 6.54 while the
electric conductivity more then doubled from 2181 puS/cm to 5846 pS/cm (Table 5-3).
Metd solubility was low in the anoxic sediment, but increesed sSgnificantly through the
forced air drying. The effect of drying was most pronounced for Cd in the water extract: 23
times more Cd was extracted from the dried sediment compared to the anoxic sediment
(Table 5-2). When ammonium-acetate at pH 7 was used as the extractant, the Zn
concentration increased the most as a reult of drying (23-fold). With ammonium-acetate-
EDTA a pH 4.65 however, the increase was most sgnificant for Cu (71-fold). The effect
of drying was smdlest on the solubility of Pb: The increase in Pb concentrations for each

of the 3 extraction procedures was only three to four fold.

Generaly, Cd, Zn, Pb, and Cu exhibit a low solubility in reduced sediment, which can be
explaned by therr association with metd sulfides. These minerds tend to be very gdable
(insoluble) under reduced conditions because the meta-sulfide bonds tend to be highly
covalent. (Hesterberg, 1998). The oxidation of these metd sulfides during aeration and
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oxidation results in the acidification of the sediment and the release of these previoudy
immobilized metds (Satawathananont et d., 1991). The oxidation of sulfides in our trid
resulted in an increase of soluble SO, from 22 + 4.8 mg/kg to 1206 + 52.5 mg/kg and a
rdease of heavy metds (Table 5-3). The oxidation of sulfides can have drastic effects on
sediment pH if carbonates are not sufficiently present to provide buffering. For example,
Brandon et d. (1993) reported a drop in pH from 7.6 to 3.2 as a result of drying and
oxidation of sediment during a three year period. As a result of the high carbonate
concentrations and subsequent buffering capacity of the sediment used in this trid, pH
dropped by approximately one unit and remained neutrd. Such a smal shift can, however,
grongly affect dissolved metd levels, as meta solubility increases srongly for Cd, Zn, Pb,
and Zn in oxidized sediment as a function of decreasing pH (Tack et a., 1996).

Table 5-1: Characterigtics of the sediment used in the rhizobox experiment.

pH-H,0 (1:2 solid:liquid suspension)® 7.68
OM (%)° 6.1+ 003
Kjehldhal N (g/kg)° 342+ 0.025
Carbonate content (%CaCO3)° 82+ 02
Redox potential (mV vs. SHE)® -220
Cation exchange capacity (cmol kg™1)P° 19.4+ 05
Particle size distribution
Clay (0-2pum) 12%
Sit (2-50 um) 5%
Sand (50-2000) um 29%
Metal contents (mg/kg)”
Cd 38+ 01
Zn 5745+ 79
Cu 774+ 25
Pb 103.1+ 4.3

¥M easured on wet anoxic sediment.
PMeans + standard deviation of four replicates.

“Redox potential in mV versus standard hydrogen electrode (SHE)
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Other processes can re-immobilize rdeased metds after oxidation of the sediment, but
perhaps not as effectivdy (Gambrel, 1994). It is wel edablished that iron oxides
effectively adsorb mogt trace and heavy metd cations (Jenne, 1968). Stephens et a. (2001)
reported a decrease in meta leachability in oxidizing sediment after an initid seven week
increase. The small increase in Pb concentration as a result of drying may be due to strong
re-asociation with iron oxyhydroxides, which are formed during the oxidation of the
sediment. Two of the common hydrous iron oxides, ferrihydrite and hematite, are known to
preferentially adsorb Pb over other metas (Alloway, 1995). However, the latter is not
expected to be present in our sediments. A sharp drop in pH after consumption of dl
carbonates would ill result in desorption of Pb from hydrous oxides and clay minerds
(Yong et d., 1990).

Drying of the sediment a 105°C to congant weight in a forced ar oven increased the
amount of dissolved organic carbon (DOC) in the water extracts by dmost a factor four.
This increase can be explained by the consumption of inorganic carbon (IC) and the release

of previoudy bound organic carbon during oxidation.

5.3.2 Effect of root growth on metal availability in reduced sediment

The extractability of Cd, Zn, and Cu for the three extraction procedures was higher in the
rhizosphere compartment compared to the bulk and wet control sediments (Table 5-2).
Water concentrations of Cd, Zn, and Cu in water extracts of the bulk and wet control were
not dggnificantly different; however, the ammonium-acetate a pH 7 extracts yielded
sgnificantly more Cd and Cu from the bulk compartment compared to the unplanted wet
control. Results for Pb however were not that sraightforward: The water and ammonium-
acetate a pH 7 extraction showed higher avalable Pb concentrations in the bulk
compartment compared to the rhizosphere compartment while with the ammonium-
acetate-EDTA a pH 4.65 extraction exhibited only smdl differences between these
compartments. The pH of the rhizosphere sediment was 0.4 and 0.2 units lower compared
to the wet control and bulk trestment, respectively.

104



Table 5-2: Mean and sandard deviations of meta concentrations (on dry weight bass),
and ammonium-acetate-EDTA
with no ggnificant differences

extracted with delonized water, anmonium-acetate a pH 7,
a pH 4.65. Characters indicate homogenous sub-groups
between means according to Tuckey’s post hoc test (a = 0.05).

Cd Zn
H20 (ng/kg)
Initial samples
Anoxic 035 + 008 a 103+ 34 a 391+ 88 a 39+ 10 a
Dried (105°C) 807 + 083 ¢ 682+ 81 b 3249+ 474 d 11.7+ 14 abc
Rhizobox samples
Bulk 130 £+ 010 a 303+ 68 a 822+ 112 a 189+ 40 c
Rhizosphere 362 + 038 b 734+ 127 b 1500+ 11.0 bc 70+ 10 ab
Wet control 079 + 008 a 226+ 16 a 913+ 238 ab 141+ 48 bc
Dry control 756 + 058 c 1009+ 125 ¢ 1778+ 188 ¢ 201+ 67 c
Ammonium-acetate
pH 7 (mg/kg)
Anoxic 004 £+ 002 a 08+ 01 a 024+ 001 c 0.08+ 001 b
Dried (105°C) 036 + 002 c 191+ 04 b 160+ 003 f 0.28+ 002 d
Bulk 025 + 001 b 200+ 11 b 016+ 002 b 041+ 001 e
Rhizosphere 047 + 002 d 250+ 09 ¢ 061+ 001 d 017+ 003 c
Wet control 002 + 000 a 263+ 13 a 010+ 001 a 0.20+ 000 a
Dry control 048 + 001 d 231+ 07 <c 075t 001 e 048+ 001 f
Ammoniunt
acetate-EDTA pH
4.65 (mg/kg)
Anoxic 013 £+ 001 a 38+ 4 a 0.7+ 00 a 211+ 27 a
Dried (105°C) 183 + 001 cd 347+ 5 cd 468+ 04 c 849+ 21 d
Bulk 140 £+ 041 b 277+ 63 bc 72+ 08 b 654+ 44 b
Rhizosphere 214 £ 004 de 351+ 5 cd 217+ 36 c 769+ 05 cd
Wet control 127 + 028 bc 260+ 35 b 102+ 06 b 682+ 08 bc
Dry control 245 + 019 e 97+ 35 d 390+ 38 d 802+ 68 d

Moisture contents at the time of sampling for the different compartments and control

treatments were as follows: rhizosphere, 40.6%; bulk, 42.9%; wet control, 44.0%; and dry
control, 24.7%. The redox potentid measurements indicated that the sediment from all

trestments was oxidized a the time of sampling. Readings were postive, but highly
ungtable, so no well defined redox potentias could be determined.
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Table 5-3. Characterigtics of the water extracts (mean = standard deviation). Characters
indicate homogenous sub-groups with no sgnificant differences between means according
to Tuckey’'s post hoc test (a = 0.05).

pH EC
(mS/cm)

Anoxic 77+ 03 c 22+ 059 a
Dried (105°C) 65+ 01 a 58+ 058 d
Bulk 75+ 01 bc 41+ 098 c
Rhizosphere 73t 01 b 68+ 012 b
Wet control 77+ 00 c 26+ 047 e
Dry control 6.7+ 02 a 59+ 086 d

SO.% NO3”

(mg’kg) (mg’kg)
Anoxic 2+ 5 a 40+ 13 a
Dried (105°C) 1206+ 53 b 675+ 21 b
Bulk 2317+ 63 d 1753+ 419 ¢
Rhizosphere 2353+ 212 d 1702+ 71 ¢
Wet control 2488+ 179 d 1653+ 32 ¢
Dry control 1313+ 32 ¢ 736x 84 b

TC DOC

(mg/kg) (mg/kg)
Anoxic 4866+ 215 d 1365+ 162 b
Dried (105°C) 5088+ 110 d 5081+ 56 d
Bulk 1126+ 116 a 96.7+ 104 a
Rhizosphere 1644+ 54 b 1580+ 28 b
Wet control 1194+ 89 a 101.7+ 80 a
Dry control 2407+ 240 c 2378+ 236 C

A common pattern of Cd, Zn, and Cu extractability was observed for the three types of
extraction solutions used, ranging as follows. dry control > rhizogphere > bulk > wet
control > anoxic sediment. Concentrations of these metds in the ammonium-acetate at pH
seven extracts of the rhizosphere and dry control samples were most comparable. When
focusing on the results of the water extracts, dmost the same order was observed for the
DOC concentration and the moisture content of the extracted samples, however, the DOC
concentration of the bulk and anoxic treatments were inverted. The pH increased in the
following order: dry (105°C) < dry control < rhizogphere < bulk < wet control [J anoxic.
Pearson corrdation coefficients for the 16 samples of the bulk, rhizosphere, wet, dry, and
anoxic trestments extracted with water quantified this corrdation (Table 5-4). Except for

106



soluble Pb, the drong corrdations indicated that the effects of plant growth on water
extract characteristics are comparable to that of drying: i.e, pH and moisture content
corrdated wdl (r = 0.950), suggesting that the decrease in pH was associated with the
increased agration caused by plant growth. The good correlation between pH and the
extractable Cd, Zn, and Cu concentrations indicated again the strong relationship between
pH and meta mobility. These observations, together with the fact that this trend was dso
observed with the ammonium-acetate-EDTA extraction at pH 4.65, indicated that the

increase in meta mohility was mainly due to an increased oxidation in the root zone.

Table 54: Pearson corrdation coefficients between parameters measured in the water
extracts and moisture content of the anoxic, wet and dry controls, bulk and rhizosphere
sediments (n = 16).

Moisture % EC pH Cd Cu Zn Pb DOC
Moisture% 1 -.698** .950** -.959** -.870** -.902** -.623** - 770%*
EC 1 - 713** 781** 870** .881** 268 587+
pH 1 -.976** -.846** -.892** -473 -.870**
Cd 1 .888** 953** 425 871**
Cu 1 913** 436 692+ *
Zn 1 364 754+
Pb 1 222
DOC 1

**: Correlation is significant at the 0.01 level
*: Correlation is significant at the 0.05 level

Generdly, pH changes in the rhizosphere take place as a result of the differentid uptake
rates of cations and anions in plant roots (Nye, 1981). When a larger net influx of cations
than anions occurs, protons are released to compensate for an excess of podtive charges.
Plants release hydroxyl or bicarbonate ions in the reverse case (Haynes, 1990). Results of
our experiments indicated that the increased oxidation of the rhizosphere enhanced the
oxidation of sulfides, resulting in a lower pH and the release of heavy metds. Root induced
oxidation of Fe&** (and M) is also associated with the production of H', which decreases
rhizosphere pH (Begg et d., 1994). Carbonates are also known for their potentid role in
the immobilization of heavy metds in soil. Thus, the disolution of carbonates dso may
have enhanced meta mobility in these experiments.
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The solubility of Pb appeared to be less pH dependent and was controlled by other
processes. The Pb concentrations in the water and ammonium-acetate extracts from
rhizosphere sediments were lower than those from bulk sediments, but comparable to the
concentrations found in extracts of the wet control. The formation of oxyhydroxides in the
better-aerated rhizosphere compartment could explain this difference.

The repested wetting of the dry sediment (105°C) in the dry control box for 2.5 months
resulted in an increase of extractable Cd, Zn, and Pb. This coincided with a smdl pH
increase from 6.5 to 6.7. However, Cu became less soluble in this period. As Cu can
grongly complex with OM (Livens, 1991), it is likey that Cu, previoudy released as a
result of forced ar drying, reformed dable complexes with the OM present in the
Sediment.

OM and nitrogen concentrations measured at the end of the trid in bulk, rhizosphere, and
wet and dry controls were not dgnificantly different (Table 5-5). They were, however,
sgnificantly lower then the OM and N concentrations measured in the anoxic Sediment.
This indicated that OM decomposed in the 25 month period of the test. This
decomposition was most pronounced in the dry control. The rhizosphere was dightly
enriched with OM compared to the bulk sediment, but featured alower N contert.

Table 5-5: Organic metd and nitrogen content of the different sediment fractions (mean +
sandard deviation). Characters indicste homogenous sub-groups with no  Sgnificant
differences between means according to Tuckey's post hoc test (a = 0.05).

oM N

(%) (mg/kg)
[nitial samples
Dried (105°C) 612+ 003 b 42+ 25 b
Rhizobox samples
Bulk 566t 015 a 3037+ 87 a
Rhizosphere 578+ 026 ab 3006+ 8 a
Wet control 591+ 0.09 ab 3083+ 33 a
Dry control 560+ 007 a 3021+ 37 a
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Table 56 presents the metd concentrations measured in the different biomass
compartments. The highet meta concentrations were found in the roots, but only Cd and
Cu showed hio concentration factors (BCF) > 1. Metd accumulation in the above ground

biomass compartments was low.

Table 5-6: Metd concentration (mg/kg) in biomass compatments of willows in the
rhizobox experiment (n = 3) and field trid (n = 4) (mean = standard deviation).

Cd Cu Pb Zn

Rhizobox

Sediment 38 = 01 77 = 25 103 = 43 575 * 7.9
Root 73 * 03 o = 41 79 = 3 a9 * 17
Wood 10 £ 004 49 * 04 42 * 02 65 * 69
Leaves 09 * 003 80 = 06 21 ¥ 01 143 * 82
Field trial

Sediment 37 * 03 79 = 3 279 * 3 62 * 8
Root 2 £ 11 67 * 19 g * 11 49 = 18
Wood 13 * 05 67 * 016 52 * 02 316 £ 19
Leaves 18 * 09 14 * 05 78 * 05 56 * 2

The increase in Cd, Zn, and Cu extractability and decrease in pH after 2.5 months of
willow growth can be attributed mostly to the indirect impact of increased oxidetion as a
result of aeration and evapotranspiration. Willow roots in anoxic substrates are known to
meet their oxygen demand by generating a convective gas flow through pressurized
ventilation (Grosse e d., 1996). Surplus oxygen is excreted and results in higher redox
potentids in the rhizosphere, thereby protecting the root sysem from high concentrations
of organic solutes and Fe*, Mr?*, and H,S present in the bulk soil solution (Kozlowski,
1997). Adventitious roots, formed when the functions of the origind root system wesken
or cease, are also known to transport large quantities of Q to the rhizosphere resulting in
oxidation (Hook, 1984). When lenticels, which channel O to the adventitious roots, were
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blocked, the diffuson of O, into Salix roots is stopped, and the oxidation of the
rhizosphere is hdted. As the willow roots increased the oxidation of the rhizosphere in our
experiment, this resulted in higher Cd, Zn, and Cu avalability in the root zone. This
increased oxidation can be attributed to i) a better aeration of the root zone through active
O, trangport in willow roots and ii) transpiration by the trees. This increased oxidation of
the root zone masked the direct chemicd and biologicd influence of the willow root as
would be observed in oxic soils. It is, for example, unclear if the increase in DOC
concentration in the rhizosphere observed in this trid was the result of the higher aeration
of the sediment matrix or the production of labile organic carbon by the roots (root
exudates). Results from the rhizobox with dried sediment would have provided a clearer
picture on the direct impact of willow roots on metal extractability and other parameters, as

oxidation was not adriving varidble in that experiment.

Our results are consstent with those presented by Marsaille et d. (2000), except for the
extractability of Pb. They evauated the impact of plant growth (maize, rape, and rye grass)
on the leaching of heavy metas from dredged sediment in a pot experiment. Plant growth
resulted in a better agration and oxidation of the sediment in the root zone, and leachate
conductivity and DOC concentrations were consstently higher in potted plants. Cadmium,
Zn, Cu, and Pb concentrations were dl higher in the leachates from the potted plants
compared to control pots. However, they found no evolution of the sediment matrix pH
over the course of the experiment. Only in the case of rape was a decrease in leachate pH
observed, but this change had little effect on heavy med mobility. In a subsequent
investigation they incdluded Salix in their plant set (Bert e d., 2002). Cd and Zn leaching
was found to be largest under Salix compared to the other plant species. Leaching was
lowest under Agrostis, tenuis and Deschampsia cespitosa, growing on sediment amended
with basic dags. Greger (1999), on the other hand, found 30% less bio-available Cd after a
90 day pot trid with willow. Recently, Hammer and Keler (2002) described the meta
extractability in the rhizosphere of willows grown in oxic Swiss soils. They reported a
depletion of readily available Cd, Cu, and Zn (NaNOgs extraction) in the rhizosphere, which
was dways lower than quantities taken up by the plant. They detected no changes in the
DPTA and EDTA extractable pools as aresult of 90 days of willow growth.
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5.3.3 Fiddtrial: long-term effects

Two years of willow root growth had sgnificant effects on the chemicd characteristics and
metd contents of the sediments (Table 5-7). The rhizosphere sediment featured higher OM
and nitrogen contents, a dightly higher pH, and lower sdt content compared to the bulk
sediment. The tota Cd, Zn, Cu, and Pb concentrations were lower in the rhizosphere
sediment. These differences were dgnificant for Cd, Cu, and Pb. The concentrations of Cd
and Zn in both the ammonium-acetate and ammonium-acetate-EDTA fractions of the
rhizogphere sediment were dso lower. This indicates that certain fractions, even from the
more drongly bound ammonium-acetate-EDTA (pH 4.56) were lost despite the dightly
higher pH in the root zone. Copper was more avalable in the rhizosphere for both
ammonium:-acetate extractions, which probably released Cu associated with OM. The same
was observed for Pb with the ammonium-acetate (pH 7) extraction.

The root zone sediment was highly sructured—featuring fine aggregates—and was very
permesble. The bulk soil did not festure fine aggregates and was ill compact and
ungructured. These obsarvations suggest that a fraction of dl the investigated metds
leached during the 2 years of root growth. The sgnificantly lower sat content in the water
extracts of the rhizosphere sediment supports this concluson. Part of this logt fraction
could aso be incorporated in the above ground biomass, dthough metd concentrations in
the wood were low. Metd concentrations in the water extracts were dightly higher in the
rhizosphere compared to bulk sediment, except for Zn, indicating tha more metas were
directly avalable for leaching through the root zone. Meta concentrations in the biomass
were highest in the adventitious root compatment (Table 5-6). Only Cd and Zn were
further trandocated to above ground compartments. Cadmium was the only dement that
truly accumulated in the whole plant (BCF > 1).
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Table 5-7: Mean chemicd characteristics and standard deviations (n = 4) of rhizosphere
and bulk sediment samples from the fidd trid. * indicates Sgnificant differences between
rhizosphere and bulk sediment concentrations (p = 0.05).

Rhizosphere Bulk
M ean Std. Dev. M ean Std. Dev.  Sign
pH 79 76 *
'EC pS/cm 256+ 34 955+ 214 *
poc mg/kg 54+ 3 79+ 11 *
oM % 72+ 02 6.2+ 0.01 *
N mg/kg 3560+ 11 3160+ 17 *
INOy mg/kg 30+ 35 37+ 71
'so,” mg/kg 19+ 21 72+ 18
cd  Tota mg/kg 312+ 023 365+ 029 *
H,O ng/kg 45+ 12 37+ 09
NH4OAC pH7 mg/kg 038+ 0.06 053+ 0.07 *
NH,OACEDTA pH4.65 mgkg 166+ 0.09 204+ 02 *
Zn Total ma/kg 615+ 11 622+ 8
H,O ng/kg 21+ 8 X4+ 9
NH,OACc pH7 mg/kg 108+ 03 144+ 21 *
NH,OACEDTA pH4.65 mglkg 191+ 917 202+ 859
Cu Total mg/kg 74+ 2 79+ 3 *
H,O ng’kg 303+ 89 193+ 74
NH,OAc pH7 mg/kg 077+ 004 06+ 004 *
NH;OACEDTA pH4.65  mg/kg 488+ 007 557+ 0.15 *
Po Total mg/kg 268+ 5 279+ 3 *
H,O Hg/kg 376+ 84 179+ 92 *
NH;OAC pH7 ma/kg 199+ 0.09 101+ 0.03 *
NH4,OACEDTA pH4.65 mglkg 162+ 19 16.9+ 01

- Measured in the water extract

The am of phytostabilization techniques is to render heavy metas more immobile and
reduce the chemicd and physcd riks to the environment. The trids invedtigating the
short- and longer-term effects of willow root growth on metd availability suggest that
planting willow crops on contaminated sediments can increase the risk of heavy metd
leaching. Cadmium, Zn, and Cu became more available during ripening and oxidation of
the sediment as a result of increased oxidation of the root zone. Subsequently, a fraction of
the metads was lost due to leaching in the aggregated and permesble root zone.
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However, it must be mentioned that the trial presented here can be considered a worst-case
scenario; An extremdy dense root zone was compared to completely unrooted and
biologicdly inactive sediment. In addition, the presence of the roots dtered the ripening
sediment in such a manner that the physcd characteristics became completely different
from the unrooted sediment. Sediment in the root zone became better structured and
aggregated and thus more permesble for downward water flow. With a normd root
density, as found in contaminated oxic soils, the effects would be less profound.

When oxic soils are planted, the introduction of a root system does not dramaticaly change
the physicd characteristics of the root zone as observed in this trid. However, living and
dying roots can creste pathways of preferentid flow for percolating water (Gish e 4.,
1998). In this case, water movement through the rooted sediment increased as a result of
the improved sediment dructure; however, it can be argued that in conventiond plantings
the high evapotranspiration of willow stands may result in a decreased downward water
movement compared to unplanted soil. While measurements of heavy metd avalability in
the root zone are usudly performed in pot experiments or during the growing season in
fidd trids the behavior of metds in the root zone during the dormant season may be
crucid to assess the ecological risk of planting trees on contaminated Stes. During winter
roots are less active, evapotranspiration is minimal, and precipitation is high. Hence, care
should be taken that metas mobilized during the growing season, but retained in the root

zone through hydraulic control, are not leached during the winter season.

Field observaions on the influence of tree growth on meta mobility are scarce, and
findings are often contradictory. Eriksson and Ledin (1999) found that long-term cropping
of Salix resulted in a 30-40% decrease in plant-avalable Cd, dthough the effects on
concentrations of totad Cd were negligible. Their data on exchangesble Cd dso showed
that uptake occurred throughout the soil profile and that the involved Cd pool was large.
Pulford et a. (2002) $rowed that the concentrations of EDTA-extractable Cd, Cu, Ni, and
Zn in sawage dudge-amended soil were higher under willows than in unplanted aress.
Klassen et d. (2000) investigated the behavior of Pb in the root zone of birch planted on
contaminated soil (3000 mg/kg) and mine talings (13,000 mg/kg). As a result of Pb
excluson by birch, the rhizosphere became enriched with Pb in both trestments. Planting
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did not affect the leaching of Pb from the contaminated soil and there were indications that
Pb became more immobilized, yet the amount of Pb leached from the highly contaminated
mine talings increesed. Zhu et a. (1999), on the other hand, reported that the
establishment of a grass cover could reduce Pb movement, but enhance short-term Cd and
Zn leaching. Garten (1999) modeled the effect of a forest cover on *°Sr leaching. Losses
from the contaminated soil were reduced by 16% under forest compared to grass as a result
of greater evapotranspiration. Furthermore, Schnoor (2000) reported that metal percolation
under poplar trees was comparable to that under a clay cap. These findings suggest that
when udng plants to restore contaminated soils, increases in meta availability in the root
zone with the increased risk of metal leaching must be considered.
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5.4 Concusons

Since the revegetaion of contaminated Stes has received increasing attention in recent
years, more attention should be pad to the behavior of heavy metas in the root zone. The
leaching of heavy metds under forested polluted Stes is an important pathway for metals
to digperse to the wider environment. The two trids presented in this chapter showed that
the introduction of dense willow root sysems could dgnificantly dter the avalability and
the extractability of heavy metds in the root zone. Two and a haf months of willow root
growth increased extractability of Cd, Zn, and Cu after increased oxidation of the root zone
in oxidizing sediment compared to bulk sediment. This increased oxidation was étributed
to i) a better aeration of the root zone through active @ transport in willow roots and ii)
transpiration by the trees The direct chemica (exudates, pH changes) and biologica
(microorganisms) influences of the willow roots were masked by the willow-induced
oxidation processes. Two years of willow root growth hed dgnificant effects on the
chemicd characterigtics and metal content of the sediment. Metd concentrations were
ggnificantly lower in the root zone, suggesting that a fraction of the metds leached during
the two years of root growth. The root zone sediment was wel sructured, featured fine
aggregates, and was well permested. The bulk soil, on the other hand, did not festure fine
agoregates, was very compact, and was ungructured, thereby preventing percolation and
metd leaching. The extractability of Cd, Cu, and Pb was gregter in the rhizosphere
compared to the bulk sediment, suggesting tha more metds were becoming directly
avalable for leaching through the root zone. These findings indicate tha a tree-based
drategy to restore sediments, especiadly anoxic sediments, may result in the dispersd of
metas to unwanted compartments in the ecosystem. As such, possble metal losses to the
environment must be closely monitored.
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Abstract

Growing energy crops can be an interesting land use option for the restoration and
phytoremediation of large areas of contaminated land, but results in the production of large
volumes of heavy med enriched biomass Smdl scde fixed bed downdraft gesfier
ingdlations (100 kWe - 1 MWe) can play an important role for the on Ste converson of
this biomass to dectricity and heat. To asses the fate of heavy metals during the converson
of metd enriched willow wood, 3 subsequent gasfication operations were conducted in a
amal scade 100 kW fixed bed downdraft gesifier. The gasfication of about 100 kg of wood
resulted in the production of 40 g of ashes, 1.2 kWh of dectricity and 9 MJ of heat. The
bottom, cyclone, fine fly ash and gasfier bed ash fractions were sampled, weighed and
analyzed for Cd, Cu, Cr, Pb, Ni, and Zn. The concentrations of Cd, Pb, and Zn increased
with decreasing ash particle Sze. For the other dements such increase was not observed.
Cu was predominantly associated with te bottom ashes while mogt of the Zn was found to
be in the filter fly ash. Only 7% of totd Cd and Pb were recovered in the bottom ash
fraction indicating that a lage pecentage of these metds were volatilized during
gadfication. The scrubber placed after the hot cyclone thus has an essentid role in
intercepting volailized heavy metds before combustion of the gas. Although most Cd and
Zn were voldilized during gedfication, ther concentrations in the bottom ashes dill
exceeded the Flemish threshold vaues for use of this fraction as fetilizer dthough by a
sndl margin. Adjusing combugtion temperatures and applying appropriate cyclone
technologies could probably further reduce metd concentrations in the most voluminous
ash fractions.
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6.1 Introduction

Willow wood is a widdy used biofud in gadfication inddlaions for dectricity and hesat
production (Sendwa and Sims, 1999). The production of willow biomass on metd
contaminaied Stes can however result in the accumulation of metds in the different ash
fractions and/or losses to the atmosphere. In recent years, much of attention was paid to the
resoration and phytoremediation of contaminated land with trees, and especidly willow
based SRF systems (Pulford and Watson, 2003).

Willow trees are known to accumulate Sgnificant amounts of heavy metds, especidly Cd,
in their biomass compartments (Brieger, 1992; Ostman, 1994; Felix, 1997, Greger and
Landberg, 1999). This characteristic, together with heavy meta tolerance was proven to be
clone dependent (Landberg and Greger, 1999; Punshon and Dickinson, 1999). Willow
clones characterized with a high heavy metd uptake and managed in SRF systems can thus
be used to remove a fraction of the heavy metds from contaminated soils. Clones with low
uptake can be used to revegetate, restore and dabilize contaminated and derdict Stes
without the risk of sporeading heavy metds to the environment through leaf fdl. In ether
case, wood enriched with heavy metas is produced. As phytoremediation is an emerging
technology with ill limited fidd scde gpplications, little atention has yet been pad on
the use and converson of the produced biomass. Only if the wood converson and the
produced metd enriched solid resdues can be managed in an economicdly environmentd
sound manner, will biomass production in phytoremediation projects be a sustainable
technology that contributes to a solution for contaminant land restoration.

The fud converson system used for converson is key to the digribution and release of
metds from biofuds Bio-energy sysems have the potentia to be a sgnificant source of
metals to the geo- and amosphere and appropriate technology must be employed to ensure
that releases are not excessve (Riddd-Black and Fergusson, 2000). Small scae fixed bed
downdraft gadfier ingdlations (100 kWe - 1 MWe) can play an important role for the
converson of willow biomass produced in phytoremediation projects. They are highly
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mechanized remote controlled stand done inddlations which require little follow up and
mantenance. Larger scde plants could objects to usng contaminated wood in their
biomass supply chain. In addition, these indalations can produce eectricity and heat on
the phytoremediation ste thus shortening the supply chain and minimizing transport codts,
which are regarded as a mgor cost in bio-energy production operations (Coeman et d.,
1996). Gigler et d. (1999) compared the chain designs for smdl to large scde energy
converson and concluded that small scde is generdly chegper than large scde when costs
are expressed in Euro/ton DM due to increased transport codts for large scae. However,
when costs are expressed in Euro per kWh, large scale is chegper than small scae, due to

the higher energy converson efficiencies.

With the gadfication of contaminated wood it is important to understand which ash
fractions ae formed and how heavy metds will behave during this process. This is
epecidly true with the subsequent handling of the produced ash fractions in mind. Biofud
ashes ae generdly returned to agriculturd fidds or forets to mantan a closed and
sugaindble nutrient cycle. Idedly, by concentrating the bulk of heavy metds in a smadl
volume of fly ashes it should be possble to the mgor pat of the ash produced, the so
cdled ‘usable adh. Although Hansen et d. (1998) reported low Cd leachability from fly
ashes the long-term effects and accumulation of cadmium through the recyding of fly
ashes could pose a problem.

The trid presented in this chepter invedigated the fate of heavy metds present in willow
wood during the converson to dectricity and heat in a smdl scae 100 kW fixed bed
downdraft gadfier. The wood was havested from a contaminated dredged sediment
disposd gdte planted with a high dengty willow sand. The digribution of the different ash
fractions and associated heavy metas was assessed in 3 subsequent gasification operations.
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6.2 Methodsand Materials
6.2.1 Wood properties

In 2000, a willow stand (Salix viminalis L., clone 86133) was harvested from an afforested
dredged sediment disposad dte in Menen (Belgium, 50°48 N, 3°08 E). The harvested
gand was planted 5 years before in March 1995. Wood was left one month on gte for
drying and subsequently chipped to 30-50 mm pieces in a traditional forestry chipper.
Chips were further air dried to a moisture content of 10% prior to the tests. The bulk of the
chipped wood was sub-sampled 10 times for heavy metd andyss. The sub-samples were
dried a 70°C in a forced ar oven and milled. A pressurized microwave decompostion
procedure with a HNOs/HCI/HF mixture was used to destruct the samples. Extracts were
subsequently measured on an ICP-AES (Varian Vigaaxid, Varian, Pado Alto, CA) for Cd,
Zn, Pb, Cu, Ni, and Cr concentrations. The andyticd qudity of the measurements was
checked by including a method-blank and laboratory controls sample every 10 samples.
The moisture content was determined by drying the wood in a forced ar oven a 105°C to
congant weight. Ash content was measured after ashing a 550°C. Sediments at the
harvested ste were sampled in a5 x 5 m grid to a depth of 30 cm, resulting in a tota of 10
samples. These were dried at 105°C, milled and extracted for heavy metal anayss.

6.2.2 Testinstallation

The measurements were carried out in 100 kW fixed bed downdraft gadfier. This setup
was the pilot scde verson of the since 2002 commercialy available 150 kW Xylowett
downdraft gadfier. The inddlation was batch fed with about 90-105 kg of contaminated
wood (moisture contert 10%) for each test. The commercid variant is equipped with a
conveyor bdt and inlet for continuous feeding. The tree subsequent gasification tests were
performed in the same week. Figure 6-1 presents the ingtdlation and its components. The
main components of the producer gas CO, CO,, CHy4, and H were measured continuoudy
during gadfication by a non-dispersve infrared (NDIR) andyzer (Beckman URAS 10) for
CO, CO,, and CH4 analyss and by Catharometry (Thermados) for H determination. The
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andysis equipment was calibrated before each tet. Vaues were acquired and stored on
PC. Temperatures in the boiler, the hot cyclone and of the gas before entering the
condensation unit were recorded. The arflow was measured by the pressure drop across an
orifice and the pressure gauge sgnad was logged on PC. In addition, the exhaust ges
temperature was measured. The pressure drop created by the furnace was continuoudy
measured by a pressure gauge (0-10,000 Pa). A hot cyclone was used for the removd of fly
ashes. The ingdlation was equipped with a water scrubber which acted as a cooling tower
to remove smdler ash fractions Scrubber effluent was cleaned on active cod. The
produced gas can be fed to a 20 kWe Dud fud engine for converson to dectricity and
hest.

Figure 6-1: Scheme of the fixed bed downdraft gasifier used in the tests with the locations
of sampling the different ash fractions 1) gesfier boiler, 2) gasfier bed ashes, 3) bottom
ashes, 4) cyclone ashes, 5) filter fly ash sampled in condensation unit, 6) scrubber, 7)
cogeneration unit.
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6.2.3 Sampling of the ash fractions

The different ash fractions diginguished in this trid were 1) bottom ash the ash fraction
formed in the combusion chamber which was collected in an ashtray under the
combustion chamber, ii) cyclone fly ash: the inorganic ash particles caried with the flue
gas. Fly ashes were collected in a cyclone placed behind the combustion unit, iii) filter fly
ash: finer fly ash fraction precipitated on filters as a condensable phase in a condensation
unit. The filter fly ash in this inddlation is normdly intercepted by the scrubber, iv)
gasfier bed ashes the ashes Ieft in the combustion unit after the three tests. Flue dust or
the fines fly ash fraction which is normaly not precipitated was not sampled and

measured in these tests.

After each test the bottom and cyclone ash samples fractions were collected, weighed,
mixed and sampled. The sample used for the heavy metd andyss condsted of at least five
sub-samples from the bulk ashes which were previoudy throughoutly mixed. The gedfier
bed ashes were collected, weighed and sampled &fter the three trids when the gasfier was
emptied. All ash samples were ground manudly with mortar and pestle, and Seved on a 1
mm mesh. The filter fly ash was sampled using a dilution and cold filter tunnd placed
behind the hot cyclone. A known amount of flue gas was sampled in a smooth and
polished line a 200°C to avoid tars condensing and deposit development. The gas was
subsequently cooled by dilution in dry and clean air & 20°C. As a result the tars present in
the gas condensed. The obtained diluted gaseous mix was passed through a glass fiber
filter (pore diameter 0.45 um) to intercept the formed solid particles and tars. The mass of
the filters was measured before and after the sampling to quantify the weight of adsorbed
materids. This procedure was repeated at least 12 times during each test. Filters from each
test (12-16) were pooled in groups of four to sx prior to andyss. Sub-samples of the
pooled filters were subsequently digested in an HNOs/HCI/HF mixture during a
pressurized microwave decomposition procedure (CEM, MDS 2000). Extracts were
subsequently analyzed for the investigated heavy metds on ICP-AES (Varian Vidaaxid,
Vaian, Pdo Alto, CA). The andyticd qudity of the messurements was checked by
incduding a method-blank and laboratory controls sample every 10 samples. Moisture and
ash contents of the different ash fractions were determined as described above.
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6.3 Resultsand discussion
6.3.1 Wood properties

The heavy meta concentration of the wood used in these trids is presented in Table 6-1.
The concentrations of Pb and Cd in this study were eevated compared with the
background vaues of metas in plants 0.1-2.4mg Cd/kg, 1-400 mg Zn/kg, 0.2-2.0 mg
Po/kg, and 5-20mg Cu/kg (Kabata Pendias and Pendias, 1992). The wood was thus
enriched in heavy metds but only Cd was truly accumulated (BCF > 1) when compared
with soil concentrations. The Cd, Cu, and Zn concentrations were comparable with
measurements in a Salix viminalis ‘Orm’ stand grown on contaminated dredged sediment
(Vervaeke et d., 2003), but Pb concentration were lower in the present study. Compared to
the meta concentrations of the Salix triandra and fragilis clones presented in Chapter 4,

the harvested Salix viminalis clone can thus be considered as a poor metal accumulator.

Table 6-1: Mean meta concentrations (mg/kg) in wood and sediment = standard deviation
with their BCF (BCF = wood metal concentration/substrate meta concentration).

Wood Sediment BCF

(mg/kg) (mg/kg)
Cd 382 = 026 mgkg 26 = 022 mg/kg 149
Cr 413 + 079 mgkg 1259 + 132 mg/kg 0.03
Cu 656 = 061 mg/kg 574 * 38 mg/kg 011
Ni 218 = 014 mgkg 399 = 31 mg/kg 0.05
Pb 349 = 042 mgkg 0931 * 54 mg/kg 004
Zn 150 + 28 mg/kg 39 = 19 mg/kg 0.38
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6.3.2 Gasification specifications

Wood consumption during the tree test was agpproximatey 31 kg/h. Each test lasted
approximately 3 hours. The average composition of the produced gas was comparable to
that obtained from the gasification of clean wood: CO = 23%, H, = 15%, CO, = 10%, and
CH4 = 23%. The lower heeting vaue of the gas was stable during the tests with an upper
level of about 5000 k¥Nm3. The therma power of the gas was round 100-120 kWi, The 3
tests produced respectively 215, 218, and 173 Nnt of gas The combustion of this gas in a
20 kW, Dud fud engine resulted in the production of 1.2 kWh of dectricity and 9 MJ of
heet for each kg of gasified wood.

6.3.3 Weights of the ash fractions

The gadfication of the totd 269 kg DM of willow wood resulted in the production of 8.3
kg bottom ashes (3.1%), 1.9 kg cyclone ashes (0.7%), 0.7 kg filter ashes (0.2%), and 4.8 kg
of gadfier bed ashes (1.8%). The latter is normaly burned in an uninterrupted process.
About 6% of the weight of the processed wood is thus recovered as ashes. Bottom ash
makes up 75% of the totd ash amount. The percentages for cyclone ash and fine filter ash
are respectively 18 and 7%. These percentages are consstent with percentages obtained for
a range of biomass pgants reported by Obernberger et d. (1997). The bottom and cyclone
ash production was farly congant over the 3 trids (Table 3). However, in the fird tral a
ggnificantly higher production of filter fly ash was observed compared to the other trids.
This was probably due higher tar and fly ash production during start up of the ingtdlation.
The concentration of fine fly ash particles in the gas measured dfter the cyclone for the
subsequent trids were respectively 2062 mg/Nn?, 824 mg/Nnt, and 589 mg/Nn®. The
changes in filter fly ash concentrations over the 3 tedts is presented in Figure 6-2. It can be
expected that this filter fly ash fraction will be largdy removed in the scrubber. The
scrubber used in the experimental setup and commercid inddlations reduces the amount
of particles and tars from 500-5000 mg/Nms to 10 mg/Nn? (Navez, unpublished data).
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Figure 6-2: The changesin filter fly ash concentrations (mg/Nn7) over the 3 tests

6.3.4 Heavy metalsin the ash fractions

Heavy metas present in the wood were distributed across the different ash fractions as a
result of gadfication. An enrichment of Cd, Zn and Pb in the fly ashes compared to the
bottom ashes was observed {Table 6-2). The Zn and Pb concentrations were respectively
56 and 43 times higher in the filter fly ash compared to the bottom ash. For Cd this factor
is 14. Zn, Pb and Cd ae known to sublimate and form gaseous compounds during
gadfication. When the flue gas is cooled they form aerosols and condense on fly ash
patices Cd, Pb and Zn concentrations thus increase dgnificantly with decreasing
temperatures of precipitation and decreasing ash particle sze (Obernberger et al., 1997).
No increese in concentrations was observed for the other investigated metds, the
concentration of Cu and Ni were in the same order of magnitude for dl the ash fractions.
The same was true for Ni in the bottom ash and cyclone ashes. However, no Cr was found
in the filter fly ashes. Concentrations in the bottom and the gadfier bed ashes were

comparable for dl eements,

126



Table 6-2: Concentraions and minerd masses of heavy metds in the different ash
fractions from 3 gadification tedts.

TEST 1 TEST 2 TEST 3
Weight kg kg kg
of wood 95.2 DM 94.3 DM 80.0 DM
Bottom kg kg kg
ashes 27 DM 3.1 DM 25 DM

Concentration Mineral mass % Concentration  Mineral mass % Concentration Mineral mass v
Cd 10.1 mgkg 27.0 mg 7% 7.8 mgkg 24.0 mg 7% 95 mgkg 24.0 mg 8%
Cr 22.1 mgkg 59.1 mg 15% 173 mgkg 535 mg 14% 193 mgkg 487 mg 159
Cu 122.0 mgkg 326.1 mg 52% 76.2 mgkg 2353 mg 38% 95.4 mgkg 2406 mg 469
Ni 16.9 mgkg 452 mg 22% 12.6  mgkg 38.8 mg 19% 182 mgkg 459 mg 269
Pb 7.7 mgkg 20.6 mg 6% 74 mgkg 229 mg 7% 8.13 mgkg 20.5 mg 79
Zn 0.88 gkg 24 g 16% 0.7 gkg 22 g 16% 0.88 gkg 22 g 199
Cyclone kg kg kg
ashes 0.6 DM 0.7 DM 0.7 DM

Concentration Mineral mass % Concentration Mineral mass % Concentration Mineral mass %
Cd 62.2 mgkg 36.2 mg 10% 61.2 mgkg 405 mg 11% 41.1 mgkg 26.30 mg 9%
Cr 13.9 mgkg 81 mg 2% 22.9 mgkg 151 mg 4% 134 mgkg 859 mg 3%
Cu 109 mgkg 63.4 mg 10% 96.8 mgkg 64.0 mg 10% 59.9 mgkg 3827 mg 7%
Ni 13.9 mgkg 81 mg 4% 14.4 mgkg 95 mg 5% 28.2 mgkg 18.05 mg 109
Pb 22.2  mgkg 129 mg 4% 24.7 mgkg 16.3 mg 5% 240 mgkg 1532 mg 5%
Zn 141 gkg 08 g 6% 157 gkg 10 ¢ 7% 1.3 gkg 083 g 7%
Filter kg kg kg
fly ash 0.44 DM 0.18 DM 0.10 DM

Concentration Mineral mass % Concentration Mineral mass % Concentration Mineral mass %
Cd 71.9 mgkg 319 mg 9% 170.6 mgkg 30.6 mg 9% 1364 mgkg 140 mg 5%
Cr 0.0 mgkg 0.0 mg 0% 0.0 mgkg 0.0 mg 0% 0.0 mgkg 0.0 mg 0%
Cu 78.6 mgkg 349 mg 6% 742 mgkg 13.3 mg 2% 1264 mgkg 129 mg 2%
Ni 12.2  mgkg 54 mg 3% 12.8 mgkg 23 mg 1% 14.7 mgkg 1.5 mg 1%
Pb 225.8 mgkg 100.1 mg 30% 4578 mgkg 82.2 mg 25% 3053 mgkg 31.2 mg 119
Zn 179 gkg 79 g 56% 70.3 gkg 126 g 89% 50.9 gkg 52 ¢ 439

127



Table 6-3: Concentrations and mineral masses of heavy metds in the gadsfier bed ash
fraction after the three gasification tests

Gasifier Kg
bedash 48 DM

Concentration  Mineral mass %
Cd 121 mg/kg 59 mg 6%
Cr 165 mgkg 80 mg %%
Cu 1108 mgkg 536 ng 30%
Ni 156 mgkg 75 mg 13%
Po 79 mg/kg 38 mg 1%
Zn 11 g/kg 5 g 13%

The heavy metd materid badance for the 3 tests is presented in Figure 6-3. Low recoveries
(between 30 to 40%) of Cd, Cr, Ni, and Pb were observed throughout al the tests.
Recoveries for Cu and Zn were between 80 and 100%. Cu was predominantly associated
with the bottom ashes while mogt of the Zn was found to be in the filter fly ash. The
weights of the bottom and cyclone ashes and ther meta concentrations were
draightforward to measure and consgtent for the three tests. This would indicate that our
measurements underestimated the mass and/or heavy metd concentrations of particulates
and condensates in the produced synges after the hot cyclone. The observed discrepancies
may have originated from incomplete sampling of the filter fly ash after the cyclone and
the high margin of error due to the smdl mass of metds measured in the ingdlation. For
example for Cd, only 4 g had to be accounted for in each test. Continuous operation of the
gagfication inddlation combined with continuous measurements would result in more

robust measurements.
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Fgure 6-3: Heavy metd materid baance (100%: metd input from willow wood)

However, the fact that 7% of Cd, was found in the bottom ash fraction indicates that the
large percentage of the metds is volatilized during the combustion. The same percentage
was observed for Pb. About 50% of the Cu was however retained in the bottom ashes. The
gndl scde of the invedigated inddlation results in high temperatures throughout the
sysem. The temperature in the boiler section of the inddlation is between 1000 and
1200°C. The high temperature (600-800°C) in the cyclone limited the amount of metds
which precipitated and which could be recovered in the cyclone fly ash fraction. A large
fraction of the metds would thus ill be in volailized form after the hot cyclone. As
dready mentioned, this fraction was not fully accounted for during the gas sampling.
Assuming that the unaccounted metal fraction is associated with the filter fly ash and flue
gas, the largest amounts of metads, except for Cu, would have to be intercepted by the
scrubber to ensure clean syngas. The gas temperature in the scrubber drops from 600 to
80°C and generally the scrubber reduces the particles load of the gas to only 10 mg/NnT. It
can be expected that mgority of the associated metds will be intercepted and removed
from the gas. Water and cod used in the scrubber will thus eventualy get enriched with
heavy metals and will have to be handled and disposed of in the proper way. Possbilities
of recovering heavy metas from the charcoa through leaching can then be considered.
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Heavy metd concentraions in the bottom and cyclone fly ash fraction can be compared to
legidation threshold for ther use as fetilizer. Fgure 64 compaes the metd
concentrations to the threshold vaues for the reuse of the ashes according to the Flemish
legidation (VLAREA, sub-atachment 4.2.1.9). For the bottom ashes only the Cd threshold
vaue is exceeded, dthough only by a dight magin. Cd and Zn ae in exces
concentrations in the cyclone ashes. According to Flemish law, none of the examined ash
fractions can be used as fetilizer and have to be landfilled in proper faciliies. New
technologicd dedgns in biomass gadficaion were developed to limit this problem.
Narododawsky and Obernberger (1996) and Ljung and Nordin (1997) describe
technologica ways to concentrate Cd and other volatile metds in a smal ash fraction 0
that the largest part of the ash and nutrients can be safdy recycled to the soil. Such
technologies can be of great importance for the converson of willow wood grown on

contaminated substrates in phytoremediation projects.

100000
10000
W bed
B 100 mbottom
2 _ Ccyclone
g 10 ’7 W filter
Treshold
10 A —
1 B T T

Figure 6-4: Average metal concentrations (mg/kg) of different ash fractions compared to
the VLAREA threshold concentrations for fertilizer.
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6.4 Conclusions

Every land regtoration project with SRF produces heavy metd enriched willow wood. The
on-dte gadfication of this biomass in amdl scade inddlation can be a promisng way to
vaorize produced biomass to dectricity and heet. Although we were unable to account for
the mass and heavy metd concentration of the finest filter ash fraction, measurements of
the course bottom and cyclone ash fraction indicate that a large amount of the metas
present in the wood is volailized during gadfication. This is the result of the high
combugtion temperatures and the use of a hot cyclone. The concentration of most of the
heavy metds in a smdl fraction is preferable as it dlows the recyding of more voluminous
ash fractions and reduces disposal codts. In addition the recovery of heavy metals can then
be consdered. While the gasification tests resulted in low metd contents in the bottom and
cyclone ash fractions, Cd and Zn concentration gtill exceeded Femish legidation threshold
for the use of these ash fractions as fetilizer. Differences between the measured
concentrations and the threshold vaues were however smdl. Adjusting combustion
temperatures and applying appropriate cyclone technologies could thus probably further
reduce meta concentrationsin the largest ash fractions.
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Abstract

The dorage of dredged sediments in afforested disposad dtes results in larger volumes of
sediment can be dored in the same aea, while cregting an ecosystem, dabilizing the
subgrate, and rendering the dte more estheticdly atractive. This chapter presents the
findings of a pilot scde trid on multi-storey sediment disposal in afforested disposa Sites.
The effect of introducing a new sediment layer on the willow stand was determined and the
environmental impact of the establishment of such a digposd Ste was assessed.

The results from the sand measurements before and after sediment agpplication indicated
that tree survivd was dependent on the formation of a new adventitious root system in the
new sediment layer. After sediment application, a large proportion of the trees (66%) in the
clay part of the dte died, while 22% showed symptoms of dress, as a result of the absence
of adventitious roots in the new sediment layer. These roots falled to form, as was
observed with the most developed trees, or lost contact with the sediment layer as a result
of the sediment inclination. On the sand part were trees were stabilized agang wind action
and were little inclination occurred tree survival was excdlent. Severd option should be
conddered to ensure a successful outcome of the technique i) willow with high
adventitious rooting cgpability should be sdected, ii) the sand fractions should be
digtributed over the whole area of the disposad Ste, and i) coarser sediments should be
goplied last during hydraulic raisng. Results indicate that Salix trees with a well developed
root system in the sediment layer can increase the dewatering speed and ripening.

When willows are used to dtabilize and revegetate contaminated subdtrates, as is the case in
this eco-technique, it is advisable to use species which are characterized with a limited
uptake of heavy metds. This is necessary to reduce the risk of spreading heavy metds to
the environment through leef fal. However, as a result of the lower metd concentrations
and leaf biomass production after the sediment application, smdler amounts of heavy
metals reached the stands surface with leave fall.
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7.1 Introduction

Each year, large volumes of sediment are dredged worldwide. A large percentage of this
dredged sediment is disposed in confined digposd dites, as more technicd treatment
techniques are often not economicaly feasble (Mulligan e d., 2001). When sediment
digposd is combined with other land use functions, as for example nature and ecosystem
development, the socid and ecologicd impact of such an operation is generdly more
acceptable. However, when ecosystem developmert is consdered an option for the
retoration of land disposed dredged sediment, care must be taken to reduce environmenta
risks. This chapter presents a pilot scale trid to investigate a new eco-technique for the
disposal of dredged sediments, based on the introduction of a forest ecosystem on dredged
sediments. The technique involves a multi-layered dredged sediment disposal on
previoudy afforested digposa Sites.

Previous research (De Vos, 1994; Vervaeke et d., 2001) showed that hydraulicaly raised
sediment disposd Stes can be eadly planted with willow species usng the SALIMAT
technique. This results in the edablishment of a dense willow stand on the dredged
sediment surface with the advantages of creating an ecosystem, abilizing the subdtrate
and rendering the dte more estheticdly attractive. Moreover, if multiple layers of sediment
can be brought in the same afforested digposa Ste, larger volumes of sediment can be
gtored in the same area, while the previoudy beneficia properties of the stand are retained.

Multi-layered dredged sediment disposal is dready practiced in traditiond dredged
sediment disposd dtes. A new layer of sediment is brought into the Ste after the previous
layer was aufficiently dewatered and ripened. Applying this technique in afforested
sediment disposal Stes could result in shortening the time between sediment gpplications,
as it can be hypothesized that the presence of willow stems and the formation of a new root
sysem in the new sediment layer could increase the speed of sediment dewatering and
consolidation. Consequently, sediments could be repeatedly disposed in a shorter time
frame and upland storage capacity could be optimized.
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The multi-layered digposd technique can be described in the following four phases (Fgure
7-1). In afirg phase (A) a disposd dte is congructed and is hydraulicaly raised with new
dredged sediment. Immediatdly after raising the sediment SALIMAT is goplied to plant the
willow gand. The willow stand develops in a second phase and the sediment consolidates
gradudly (B). After 4 to 7 growing seasons, a second layer of sediment is brought into the
disposd gte (C). The willow trees form new adventitious roots in the fresh sediment layer.
The process of hydraulicdly filling the disposa dte can be repested until the desred
height is reached. When the embankments are planted with long living tree species (Adh,
Oak, Elder), the naturd propagetion of these new species in the disposa dte will
eventudly result in the replacement of the willow pioneer vegetation by a stable mixed
deciduousforest (D).

The firg objective of this trid was to sudy the technicd feashility of multi-layered
sediment disposd in afforested digposd dtes. The hypothess that the multi-layered
disposa of sediments in afforested disposa Sites has several advantages over traditional on
land disposd of sediments was investigated. Concurrently, the effect of introducing a new
sdiment layer on the willow stand characteristics was determined. In addition, the
environmental impact of the establishment of such a disposa Ste was assessed. Therefore
the following research activities were underteken. 1) The hypothess of the repeated
hydraulic rasng of sediments was assessed in an on fidd pilot scde trid. A new sediment
layer was brought into two sediment disposal sStes covered with willow stands of different
dand ages, i.e. in ther third and seventh growing season. i) A monitoring program was set
up to describe the sediment dynamics after introduction into the sands. Parameters
describing ripening, oxidation and inclination were recorded on a monthly bass during two
growing seasons following the application. The dynamics of the sediment were compared
to the behavior of sediments in traditiond disposal facilities. iii) The impact of goplying a
sediment layer in a willow gand on the stand characteristics was assessed by measuring
sand characteristics and development in the growing seasons before and after the sediment
goplication. iv) The dispersd of heavy metds to the different compartments of the system
through leef fdl, leaching and water recirculation was determined.
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7.2 Methodsand Materials
7.2.1 Stedescription

The dredged sediment disposd dSite selected for the trid is Stuated a the experimentd dte
in Menen, Belgium (50°48' N, 3°08' E). The main digposd ste, labeed A in the rest of
this chapter, measures 20 x 150 m and is dStuated in the south west corner of the dte
(Figure 7-2). The gte was hydraulicdly raised in 1993 and subsequently planted with
willow usng the SALIMAT technique (Vervaeke e d., 2001). Two willow clones were
equdly incuded in eech SALIMAT: Salix fragilis ‘Belgisch Rood” and Salix triandra
‘Noir de Villanes. Sx years dter planting the Salix triandra trees dmost completely
disappeared from the stand as a result of competition (Chapter 3, this work). Sections A to
E of the disposal site were covered by a 6 year old homogenous Salix fragilis stand with
some remaning Salix triandra trees on the edges. A smdl patch of Salix triandra trees
remained in section F of the digposd dte which was characterized with a coarser texture
(Figure 7-3). Section G was not planted and only vegetated by grasses. At the moment of
the introduction of the new sediment layer in May 1999 trees were in ther seventh
growing season. A smaler adjacent site B (20 x 20 m), covered by a 2 year old stand was
added to the experimental setup. This Ste was planted in 1997 with Salix fragilis ‘Belgisch
Rood’ and Salix triandra ‘Noir de Villanes in five 4 x 5 m blocs for each species usng 20
cm cuttings. Trees in this digposal dte were in their third growing season at the moment of
the rasng of the new sediment layer. A grid was lad out on digposa Ste A to monitor
sediment and stand dynamics. A tota of 17 permanent grid points were established Fgure
7-3). The grid points were marked a 3 m height so they could be examined again after the
goplication of the sediment.
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Both disposal dtes were ringed with new embankment covered with HDPE liner in March
1999 (Figure 7-2) to hold the new volume of sediment. The inlet through which the
sediment was brought into the disposd dtes was Stuated in the SW corner of the
embankment, while an overflow collector was congructed at the opposite ste. Water from
this collector was led to an adjacent digposd dte which acted as a sedimentation basin.
Water exiting from this basn was subsequently brought back to the river Lee in a ditch.
Disposd dte A was equipped with nine beacons postioned in 15 m intervas dong the
length of the disposal ste. Two such beacons were placed in disposd sSte B. These
beacons were used to asses he new sediment layer thickness and to monitor the inclination

of the sediment during deweatering and ripening.
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Figure 7-2: Diagram of digposd stes A and B with their new embankment.
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Figure 7-3: Left: Didribution of Salix fragilis ‘Belgisch Rood' and Salix triandra ‘Noir de
Villanes in digposd dte A. Right: The location of the 17 grid points and the S, | and C
plotsin digposd ste A
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7.2.2 Dredging and sediment characteristics

All sediments usad in this trid were dredged from the river Leie in the vicinity of the
experimentd dte usng a hydraulic crane on a barge. Dredging operations and filling of the
disposd dte lasted one week in May 1999. Tree zones of the Lele were dredged in
successon: the turning point, the bridge, and the lock. The sediment was transported in
160 n? barges to the experimenta ste, mixed with Leie water and pumped into the
disposal sites through a tube system by a pump boat. In tota 63 barges were used to fill the
A and B disposa sites, which amounted to a tota volume of about 10,000 ni. This was
aufficient to fill both digposd sStes with a 2 m sediment layer. Excessve pumping water
was continuoudy removed through the overflow collector.

The ssdiment in every barge was sampled a least five times immediately after dredging.
The samples of dl barges ariving a the Ste in one day were subsequently pooled and the
man physcd and chemicd parameters of the sediment were determined. Part of the
sediment samples was dried a 105°C until constant weight, grinded and Seved through a 2
mm mesh. Moisure content of the samples was determined gravimetricdly. The carbon
content was neasured usng the Walkley and Black method (Nelson and Sommers, 1996).
The pH in a 1.5 sediment:deionized water mixture after 2 hours of shaking. Tota nitrogen
content was measured using the modified Kjehldahl method. Samples were extracted in a
HNOs/HCI/HF mixture during microwave digesion (CEM, MDS 2000). Extracts were
subsequently analyzed for the investigated heavy metads on ICP-AES (Varian Vidaaxid,
Vaian, Pdo Alto, CA). The andyticad qudity of the measurements was checked by
induding a method-blank and laboratory control samples every 10 samples. The particle
gze digribution of the samples was determined according to the pipette method of Gee and
Bauder (1986). Sediment a the inlet was regularly sampled (n = 38) during the week of
sdiment raising. The moisture content of these samples was determined gravimetricaly &
105°C.
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7.2.3 Sediment dynamics

After pumping the sediment into the two sands in May 1999 the new sediment layer in
both disposd dtes was impassable for sampling for the rest of the growing season. This
was the result of stagnating water on the sediment surface and the subsequent plagticity and
low bearing capacity of the new sediment layer. Only the sandiest parts a the inlet tube of
disposd dte A were passable from July 1999. Stagnating water covered the rest of the
disposa site until October 1999. Pontoons were congtructed to dlow the grid points 9, 12,
and 15 to be reached. From December 1999 regular samplings were performed to
characterize the sediment in the disposa dte and describe it dynamics during ripening.
Eleven of the 17 grid points 19, 12, and 15 were sampled in December 1999. Sampling in
2000 was performed on a monthly basis from March to November a the 17 grid points.
Digposd dte B was not sampled for reasons to be explained later. At each grid point
samples from 3 depths (0-20, 60-80 en 130-150 cm) were collected with an auger. Samples
from the firg sampling campaign in December were used to characterize the paticle sze
digribution of the sediment in the disposd dte In addition the EC, pH, densty, water
content and redox potential were determined. The samples collected in 2000 were analyzed
for water content, redox potential and pH. The depth of the interface between oxic and
anoxic sediment was recorded a each grid point with every sampling. The thickness of the
sediment layer was measured monthly using the nine beacons. The measurements & the
different grid points were interpolated between the grid points with the inverse power to
the distance equation according to Franke and Nielson (1980) (Equation 7—1).
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Equation 7-1
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Inwhich:

Z theinterpolated vaue,

Z; thevadue measured a the neighboring grid point,

hj the distance between the interpolated point and the grid point
b theweghed power (= 2)

7.2.4 Sand characteristics and dynamics

The dructure, growth and vitdity of the Salix fragilis stand were recorded before and after
the rasng of the sediment to assess the impact of the new sediment layer on these
characteristics. Woody biomass on digposal stes A and B was measured before sediment
goplication in January 1999. In disgposd dte A, dl biomass in 17 one m iadius plots in the
vicinity of the 17 grid points was cut and weighed Figure 7-3). The trees were separated
in two pieces & 2 m height to distinguish between biomass that would be covered by the
new sediment layer and biomass that would remain above the new surface. A didinction
was made between dead and living wood. Sub-samples were used to gravimetricaly
determine the dry weight of the collected wood. The height, diameter and the dengdity of
living and dead trees were measured and the grid points were marked a 3 m height so they
could be examined again after the gpplication of the sediment. The same procedure was
goplied in disposd Ste B.

The biomass above the new sediment layer was measured in February 2000 by cutting five
1 m radius plots from the stand in the vicinity of grid points 3, 6, 9, 12, and 15. Diameters
of the trees were determined a a height of 05 m above the surface. The dlometric
relaionship between tree diameter and weight was determined based on measurements
from 21 trees(Tahvanainen, 1996).
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In September 2000, a throughout description of the stand dructure and vitdity was
performed. Three 5 x 15 m plots were established in different zones of the disposd ste
according to the texture. Plot S was located on the sand part of the disposd dte and
encompassed grid points 4 and 5. Plot | lies in the intermediate zone between the clay and
sand pat. Plot C is located in an area with high clay content and contains grid points 10
and 11 (Hgure 7-3). The diameter, height, status of the roots and tree hedlth of each tree in
the three plots was recorded. Tree height was divided in five classes: 62 m, 24 m, 46 m,
6-8 m, and larger then 8 m. To evaduate the rooting status tree classes were used: i) no
formation of a new adventitious root system, ii) formation of an adventitious root system
which is dill in contact with the new sediment layer, and iii) formaion of an adventitious
root sysem which has logt contact with the new sediment layer as a result of sediment
consolidation. Diagrams of the two latter classes are presented in Figure 7—4. Roots were
sudied in more detall by digging three profile pits next to three trees at grid point 6. Tree
vitdity was dasdfied as follows i) living trees with no indications of dress, i.e leave
discoloration and early leaf fdl, i) stressed trees, i.e. leaves are discoloring or faling, and
iii) dead trees. The diameter of dl trees in the three plots was measured at 0.5 m height.
Above ground stem biomass was caculated usng the previoudy determined alometric
relationship between tree weight and diameter.

The smdl paich of Salix triandra trees in section F of the dsposal Ste was not investigated
in a much deal as the man Salix fragilis sand. However visud observations were

recorded in the two growing seasons following the sediment gpplication.
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Fgure 7—4. Léft: trees with adventitious root systems 4ill in contact with the new sediment
layer. Right: trees of which the adventitious root sysems lost contact with the sediment

layer.

7.2.5 Nutrient and heavy metal uptake

Foliar and wood samples were collected in August 1998, 1999 and 2000 from the different
grid points. In 1998 and 2000 sampling was performed at dl 17 grid points, while in 1999
grid points 1-9, 12, and 15 were sampled. At least two trees were cut at a distance of 1.5 m
of every grid point with each sampling. All leaves were collected from each tree, mixed
and sub-sampled. In 1998 and 2000 the leaf biomass was measured through the collection
of ledf litter in a funnel (diameter 0.5 m) a each of the grid points. In 1999 grid points 19,
12 and 15 were reachable and sampled. Leaves in the funnels were collected monthly from
August to December, dried a 105°C and then weighed. Leave, wood, and litter samples
were milled and digested in an HNOs/HCI/HF mixture during microwave digestion (CEM,
MDS 2000). Extracts were subsequently analyzed for the investigated heavy metas on
ICP-AES (Vaian Vidaaxid, Vaian, Pdo Alto, CA). The andyticd qudity of the
measurements was checked by including a method-blank and laboratory controls sample
every 10 samples (BCR 60).
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7.2.6 Effects on surface and ground water

Excess water on the sediment disposd dte was removed through the overflow collector.
This water was led through an adjacent 20 x 150 m disposa sSte which acted as a
sedimentation basin. Water exiting from this basin was subsequently brought back to the
river Leie in a ditch. This cycle of excess pumping water was sampled at three locations
during the disposd of the sediment: i) a the overflow collector (W), ii) after passng
through the sedimentation basn (Woy), and iii) before entering the Leie (Wi eie). Sampling
continued two weeks after the end of the dredging operations until no more water passed
through the overflow collector. The pH and EC of the water samples were measured on Site
after which samples were split. Two percent HNOs was added to one part, while both parts
were kept a 4°C prior to andyss. Acidified samples were used for eement andysis on an
ICP-AES. Suspended solids and N were measured on the other part. Samples were passed
through a 045 pm filter to intercept suspended solids. Nitrogen was measured with the
Kjeldahl method.

The effect of the sediment application on groundwater quaity was assessed usng 10
ground water sampling tubes which were placed around the disposal stes A and B to a
depth of 4 m. The ground water table was located at a depth of 3 m. Ground water samples
were collected monthly from August 1998 to October 2000. Sample preparation and

analysis were conducted as described above.
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7.3 Results
7.3.1 Sediment characteristics and dynamics

A wesk of pumping of the sediment and Leie water mixture into the stand resulted in
filling of the digposd Ste up to a heght of 3.5 m. In totd 64 barges were emptied which
amounted to a sediment volume of 10,000 n. As the nessured density of the sediment
was 1.38 g/ent this corresponds with gpproximately 14,000 ton of sediment. The mean dry
matter content of the sediment in the barges was 46.5%. The dredged sediment thus
consgsted of approximately 6500 ton dry matter and 7500 ton water. The dry matter content
a the inlet of the digposd gte, thus after mixing the sediment with Leie water, was reduced
to 14%. This means that the 6500 ton dry matter was suspended in 41,500 ton water of
which 7500 ton was origindly associated with the dredged sediment. Thus about 34,000
ton of Lele water was used to pump the sediment in the disposd Sites.

The physcd and chemicd characterisics of the sediments from the three dredging zones
are presented in Table 7-1. Sediments dredged from the lock were different from the
sediments from the two other zones, as they were characterized with a higher sand content,
lower OM content, and lower concentrations of heavy metals.

After pumping the suspension, the disposd Ste was filled to a height of 35 m. Excessve
pumping water was continuoudy removed through the overflow collector a the end of the
dte. After the sediment settled, the water on top of the new sediment layer dowly receded
during the rest of the growing season. In July the area closest to the inlet became passable.
Water covered the rest of the disposd dte until October 1999. The thickness of the
sediment layer was 230-250 cm at the inlet and 170-180 cm at the overflow collector.

147



Table 7-1: Chemica and physicad characteridics of the sediment used in the trid (mean =

standard deviation)
Parameters Turning point Bridge Lock
(n=7) (n=6) (n=4)
pH-H,O 76 +0.06 7.6 +014 1.7 +0.03
redoxpot. mv -199 +1853 -212 +24.65 -217 +38.96
EC pS/cm 1027 +85.58 998 +237.29 652 +150.49
C % 52 +0.35 4.6 +0.85 26 +1.33
M oisture content % 411 +262 452 644 579 +9.23
>50 um % 15 +560 10 +5.07 35 +20.81
20-50 pm % 62 +12.02 48 +4.20 53 451
10-20 pm % 7 +268 11 +3.56 2 +3.18
2-10 ym % 10 +149 22 +3.68 3 +3.60
<2um % 7 +239 9 +298 8 +1.88
N (tot) g/kg DS 40 +0.39 32  +065 18  +0.09
P o/kg DS 31 +025 25 +051 16 +0.60
S o/kg DS 38 +0.60 33 +1.10 23 +054
Ca o/kg DS 118 +249 118 +392 154 +388
K o/kg DS 9.3 +034 8.7 +043 82 +022
Na g/kg DS 5.0 +0.66 46  +083 43  +048
Mg g/kg DS 05 +0.12 04  +022 06 026
As mg/kg DS 15.2 +142 16.7 +239 111 +211
cd mg/kg DS 86 +047 74  £075 44  +203
Cr mg/kg DS 1410 +897 120.6 +24.02 76.7 +24.77
Cu mg/kg DS 1144 +6.17 89.6 +17.24 49,6 +19.46
Pb mg/kg DS 2332 +2527 1664  +8258 1344  +6167
Ni mg/kg DS 335 +296 417 +821 264 +8%4
Zn mg/kg DS 802.7 +101.78 720.7 +217.79 3947 +158.00
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Fgure 7-5 visudly presents the digribution of the sand fraction over disposd dte A. The
hydraulic raising of the sediment resulted in the establishment of a texture gradient in the
new sediment layer. The heavier sand fractions settled close to the inlet while the smdler
dlt and cay fractions remained in suspenson and were transported further into the
disposd dte This resulted in the esablishment of two eesly didinguishable zones in the
disposal dte: an area close to the inlet (section A: 330 m) which was characterized with a
high sand fraction and the rest of the disposd ste (sections B b G: 30-150 m) which was
filled with the finer clay and slt fractions. A sharp trangtion between the sand and clay
parts was observed. While the 320 cm samples of grid points 4 and 5 were characterized
with a sand fraction of 69 and 78%, respectively, te sand fraction at grid point 6 was only
34%. The sand content decrease with depth in the sand part of the ste at the surface sand
contents range from 69 to 89% while a a depth of 1.5 m sand content is 17 to 37%. This
was attributed to the different sand contents at the three dredging zones. Sediment with low
sand content from the bridge and the turning point were pumped firgt into the disposd gte
to be followed by the sediment from the lock which was characterized with a high sand
content. The results describing the dynamics of the sediment will be discussed separatdy
for the sand and clay part of the disposal Site.

The pHu20 of the sediment varied only to a smdl extent (between 7.3 and 7.5). The EC
increased with increasing clay content from 505 b 1044 uS/cm. The opposite was true for
the densty and the DM content. Only the 620 cm samples from the gridpoints closest to
the inlet were characterized with pogtive redox potentials.

149



% sand 0-20 cm % sand 60-80 cm % sand 130-150 cm

12

10

I
(] 10 20 0 10 20 0 10 20

Figure 7-5: Sand content (%) at 3 depths (0-20 cm, 60-80 cm, and 130-150 cm) of the new
sediment layer

Figure 7-6, Figure 7—7, and Figure 7-8 present the changes in redox potentia during the
2000 growing sesson in the 0-20 cm, 60-80 cm, and 130-150 cm sediment layers,
regpectively. The evolution of the ripening depth during the 2000 growing season is shown
in Figure 7-9. Equation 7-1 was used to interpolate values between the grid points. Figure
7-10 shows the depth of the sediment layer a the nine beacons measured during the
growing season of 2000. The percentage of sediment consolidation for each beacon is
presented in Figure 7-11.
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In December 1999 the surface of the sand part was completely oxidized. The redox
potentias of the 320 cm were dl postive and dry matter contents varied between 80 and
90%. At grid points 1 and 3 the depth of sediment ripening reached 50-60 cm. Further from
the inlet & grid points 4 and 5 the depth of sediment ripening a that time was 30 cm.
Between December 1999 and March 2000, few changes in sediment dynamics were
observed. From March 2000 on, the depth of sediment ripening in the sand part increased
with 5 to 10 cm. The first positive redox potentids in the 60-80 cm samples were measured
in April 2000. Sediment ripening strongly increased in July and August 2000. The depth of
sediment ripening in August 2000 varied between 80 and 100 cm. At the end of the 2000
growing season the depth of ripening was 120 cm.

The volume reduction as a result of sediment ripening in the sand pat was limited as a
result of the high sand content. A consolidation of 10 cm was measured on beacon 1 close
to the inlet in October 2000. For beacon 2 this figure was 15 cm. With incressing distance
from the inlet and decreasng sand content the amount of consolidation increased. As a
result, the consolidation in the clay part of the Ste was much more pronounced. From July
1999 to October 2000 the surface of the sediment lowered by 40 to 50 cm. The speed of
ripening was however much dower. Until March 2000 the surface of sections B-G were
dill saturated with water. Only a grid points 6 and 7 the firg dgns of oxidation were
noticed in the upper 5 cm. From June 2000 the depth of ripening a these points was
between 10 and 20 cm. At the other grid points only the firs 2 cm below the surface
became oxidized. In September 2000 the first podtive redox potentid readings were
recorded in the intermediate zone (section B) ad in the area close to the overflow collector
(Sections E and F). However, the bulk of the sediment volume remaned in reduced
conditions until December 2000.
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Figure 7—6: Change in redox potentid (mV) in the 0-20 cm sediment layer during the 2000 growing season
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Figure 7—7: Change in redox potentia (mV) in the 60-80 cm sediment layer during the 2000 growing
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Fgure 7-8: Change in redox potentid (mV) in the 130-150 cm sediment layer during the 2000 growing season
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Figure 7-9: Change in ripening depth during the 2000 growing season (cm)
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Figure 7-10: Depth of the sediment layer a the nine beacons measured during the growing
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Figure 7-11: Percentage inclinations compared to the origind sediment thickness for each
of the beacons in October 2000
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7.3.2 Sand characteristics and dynamics

The totd woody biomass of the Salix fragilis stand in January 1999, thus before the
sediment gpplication, was 76.4 £ 4.5 ton DM/ha. The biomass was distributed equaly over
the whole stand surface. The amount of living biomass that would be covered by the new
sediment was 27 ton DM/ha if a 2 m layer was applied. Almost an equa quantity or 29.4
ton DM/ha of living biomass would stay above the raised surface. The amount of dead
biomass was about 19 ton, most of which conssted of dead trees smdler then 2 m. As
mentioned in the previous paragraph, the thickness of the new layer was not exactly 2 m
but varied between 2.5 at the inlet and 1.7 m a the overflow collector. The ssem number of
the Salix fragilis stand was 135,000 stemsha. Only 31% or 32,000 trees’/ha were il
living. The large amount of smdl dead stems was the result of intensve competition which
occurred in the high dendty dsand in the previous growing seesons. The fird year dfter
planting in 1993, the densty was 400,000 living shootsha. After 3 years about 110,000
living trees were counted, dmogt the same number as the dead trees. The diameter
digribution of the trees measured in January 1999 in the Salix fragilis stand is presented in
Figure 7-12. The dead biomass predominantly conssted of dead trees with a diameter
smaler then 30 mm. These trees died as a result of competition with their better developed
neighbors The mean height of living trees in the Salix fragilis dand a the time of
sampling was 8.35 = 0.59 m.
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Figure 7-12: Stem number of dead and living Salix fragilis trees in disposal ste A before
sediment application.

The stlem number in disposad site B was 69,000 Salix fragilis and 60,000 Salix triandra
shootgha. The woody biomass in the fragilis and triandra plots was 18 and 16 tor/ha
respectively, while the mean tree height was 2.15 and 1.98 m. With the application of the
sediment this two year old stand became amost completely submerged. The new layer was
19 m thick resulting in only smdl portions of the trees remaining above the raised surface.
After 3 weeksthe trees died.

The woody biomass of the Salix fragilis stand measured in February 2000 was 32 £+ 1.2 ton
DM/ha. The biomass was didributed equaly over the stand surface. In January 1999, it
was estimated that about 29 ton DM would remain above the new surface. The increment
in the 1999 growing season yielded thus only about 3 ton, which is consderable less then
the mean annud production of 12.7 ton DM/hayear which was measured in the previous
growing seasons. The redionship between dry weight and diameter was dry weght =
0.0283 x diameter®’4® with R? = 0.973 (Figure 7—13). The stem number a that time was
about 13,000 treesha of which 92% were living trees. Dead trees were equdly distributed
over the whole stand surface. None of the trees with an origind diameter smdler then 35
mm were recovered after the sediment gpplication as ther maximum height before the

treatment was 4 m. The 0-2 m trees were completely covered by the new sediment layer.
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The crowns of trees with a height between 2 and 4 m were submerged for severa weeks in
the 3.5 m mixture of sediment and pumping water. After the water was removed from the
sediment surface these trees died, making up the 8% of the total amount of stems gicking
above the new sediment surface. Sediment gpplication thus removed dl the existing deed
trees which made up the bulk of the 335 mm trees, and reduced the amount of living trees
from 32,000 to 13,000 stems/ha. This reduction was mostly attributed to the loss of 17,000
living trees per hawith heights smdler than 4 m and diameters smdler than 35 mm.

6
5 y = 0.026x2 7446 /
4 R?>=0.973 /

Weight (kg)

Diameter (cm)

Fgure 7-13: Allometric reation between Salix fragilis tree diameter and dry weight
measured in February 2000.

Leaves in the whole of the Salix fragilis dand showed a dight ydlowing in July and
Augugt 1999. This was most pronounced in the clay part of the disposal gSte. This
discoloration was not observed in the Salix triandra plot. Early leaf fal was observed in
the Salix fragilis stand in the beginning of September 1999. Lesf fdl in other stands a the
experimental dte only started in October. A totd litter production of 2.67 ton DM/ha was
measured, which was lower then the litter production in previous growing season (3.12 ton
DM/ha).
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The next growing season after sediment gpplication darted in March 2000. This was
samultaneoudy with the other willow dands a the experimentd site. In the firg hdf of
May, the leaves of many fragilis trees in the clay part of the stand darted ydlowing, after
which they wilted and fell. These trees subsequently died. This early leaf fadl was not
observed for trees growing on the sandy part of the Site nor for the Salix triandra stand.

In June 2000, symptoms of severa diseases were observed in the Salix fragilis stand. Trees
on the sandy part of the Ste developed cancerous cracks in their bark from which a dark
cryddlized fluid escgped. These symptoms were attributed to the non letha Brown Spot
Dissase, which moslly occurs when trees suffer from drong fluctuations in - water
availability. This disease proved to be nontlethd as no wilting of infected trees was
observed. Trees in the clay part of the dte developed the same symptoms one month |ater.
In June 2000, leaves of trees in the clay pat of the Ste dried and turned brown. These
symptoms were aso observed on new shoots which had developed on stressed trees.
Microscopic investigation reveded spores of the Venturia chlorospora fungus Shortly
after, the infected trees died. This process continued in the clay part of the stand until the
end of the growing season. Leaf fdl in the sand part of the sand started normally a the
end of September.

Table 7—2 presents the biomass, totd number of sems, and the amount of living, stressed
and dead trees measured in the three plots a the end of September 2000. The mean
stocking density of 13,100 treesha for the three plots was comparable to the dendty
measured in February 2000. However, severd changes in the stand development were
observed over the 2000 growing season. While before sediment application in February
1999 the woody biomass was equaly digtributed over the surface, the stand developed
differently in the three examined plots in the 2000 growing season. In the sandy part
woody biomass increased with 5 ton/ha compared to the February 2000 measurements.
The production messured in the clay and intermediate parts were Sgnificantly less then the
production on the sand part and even dightly lower compared with the February 2000

biomass measurements.
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This indicates the complete sop of biomass production in these parts of the Ste as a result
of sediment application. During the 2000 growing season, a large proportion of the trees
(66%) in the clay pat of the dte died, while 22% showed symptoms of dress. In the
intermediate zone of the sediment this dieback was less outspoken. The part of the stand on
the sand pat of the dte remained hedthy with only 8% dead trees. Severa of the dead
treesin the intermediate and clay parts of the stand fell during stormsin August 2000.

Table 7-2: Woody biomess, stocking density, and tree vitdity in the 3.125 n? plots
measured in September 2000.

Biomass  Number of stems Number of stems

(ton DS/ha) (trees/plot) (trees/ha) (trees/plot) (%)

Plot S (sand) 37 93 13000  Living 85 87
Stressed 5 5

Dead 8 8

Plot | (intermediate) 28 9% 12800 Living 70 73
Stressed 4 4

Dead 22 23

Plot C (clay) 30 104 13800  Living 21 20
Stressed 22 21

Dead 61 59

Total stand 32 13200  Living 176 59
Stressed 31 10

Dead 91 31

Figure 7-14 depicts the combined diameter distribution of the dead, dsressed and living
trees for the three plots. Most of the dead trees are found in the larger diameter classes,
while the amount of living trees decreases with decreasing diameter. As dready mentioned
most of the dead trees were found in the clay pat of the sediment. From Figure 7-15,
which shows the diameter distribution of trees on the clay part of the dte, it becomes clear
that the best developed trees growing on this clay pat suffered most from the sediment
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gpplication. The mgority of the dead trees were found in the larger then 45 mm diameter
classes. The mgority of the surviving trees were found in the 30 to 45 mm range. This
indicates that the best developed trees in the clay part of the Ste were most vulnerable to
the sediment gpplication.
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Fgure 7-14. Diameter didtribution of living, dead, and stressed Salix fragilis trees
combined for the S, I, and C plots.
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Figure 7-15: Diameter digribution of living, dead, and stressed Salix fragilis trees in the C
plot.
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This is dso supported by the measured tree heights in the 3 plots (Table 7-3). In the sand
part, about 72% of the living trees are characterized with a height larger then 6 m. All he
dead and stressed trees were smaler then 6 m. The opposite was observed in the clay part.
Here, only 5% of the totd amount of trees was dive and characterized with heights larger
then 6 m, while 69% of the dead trees were found in the larger than 6 mclasses. As the
gand was made up for 92% of living trees in February 2000, it becomes evident that the
magority of trees in the 68 m and > 8 m classes died during the 2000 growing season. The
same was observed in the intermediate transect: the largest @t of the trees that died were
found in the height classes > 6 m.

Table 7-3: Didribution (% of totad and % of vitdity class) of Salix fragilis trees over the
different height classesin the 3 plotsin September 2000.

Height (% total) Height (% vitality class)
24m 46m 68m >8m 2-4m 46m 68m >8m
Plot S Living 10 14 24 33 12 16 28 4
Stressed 3 2 0 0 60 40 0 0
Dead 5 3 0 0 63 38 0 0
Plot | Living 23 31 15 2 33 43 21 3
Stressed 0 2 2 0 0 50 50 0
Dead 7 1 12 2 32 5 55 9
Plot C Living 8 8 5 0 38 38 24 0
Stressed 5 10 7 1 23 45 32 5
Dead 13 6 40 3 21 10 5
Stand Living 14 17 15 13 23 30 22
Stressed 3 5 3 0 26 45 29 3
Dead 8 3 17 2 27 11 56 5
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The adventitious root formation study in the tree plots showed that al living trees were
characterized by an adventitious root system in the new sediment layer (Table 7—4). Most
of the trees (92%) in the sand part of the Site were characterized with adventitious roots.
Except for 5% of them which showed stress symptoms, al these trees were found to be in
hedthy condition. The 8% of trees which faled to form adventitious roots were found to
be dead. On the clay pat on the other hand, 45% of the trees failed to form roots in the
new sediment layer and most of these trees subsequently died. The other hdf of the trees
did initidly form adventitious roots but this did not ensure surviva. More then hdf of the
trees with root formation were stressed or dead as a result of the root system losing contact
with the sediment layer as a result of sediment inclination, which amounted up to 40 cm in
the clay part. In generd, about 80% of the trees which origindly formed roots which kept
contact with the sediment layer were in good hedth. The other 20% were stressed or dead.
The formation of adventitious roots which kept contact with new sediment layer was thus
essentid to ensure tree surviva.

Table 7—4: Digribution (% of totad and % of vitdity class) of Salix fragilis trees over the
different root classesin the three plots in September 2000.

Root formation (% total) Root formation (% vitality class)
Roots + Roots - Roots + Roots -
contact contact No roots contact contact No roots
Plot S Living 87 0 0 100 0 0
Stressed 5 0 0 100 0 0
Dead 0 0 8 0 0 100
Mot | Living 70 0 3 9% 0 4
Stressed 1 3 0 25 75 0
Dead 2 1 20 9 5 86
PlotC Living 20 0 0 100 0 0
Stressed 5 13 4 23 59 18
Dead 1 16 41 2 28 70
Stand Living 58 0 1 93 0 2
Stressed 4 5 1 35 52 13
Dead 1 6 23 3 20 77
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Two of the three trees which were excavated at grid point 6 in September 2000 formed an
adventitious root system in the new sediment layer. All roots originated from a 15 cm zone
of the sem just below the new sediment surface. Two types of roots were observed: i) a
very dense and compact root system concentrated around the stem. The length of the
primary roots of this type was 40— 50 cm. and ii) up to 4 m long laterdl roots which grew
horizontdly just below the sediment surface. Secondary roots grew 10 cm downwards into
the sediment from the horizontd primary roots. The bark below the new root system of
both trees was showing sgns of decay a 1.5 m of depth. Bark could easly be removed
from the stem which dso showed signs of rot. This indicates that this section of the stem
and the origind root sysem logt ther functions. The functions of the origind root system
were taken over by the newly formed adventitious roots. If no adventitious roots were
formed trees died as a result of a lack of nutrients and water. This was observed for the
third excavated tree.

From the height and diameter measurements of the trees in the clay part it dready became
apparent that the best developed trees were characterized with a high mortdity. Figure 7—
16 shows that with increasing tree diameter the adventitious root formation decreased.
About 73% of trees with diameters > 45 mm did not form adventitious roots and 94% of
these trees subsequently died. These findings corroborate the results from Figure 7-15
which showed that the mgority of trees with a diameter > 45 mm died in the second year
after sediment gpplication.

The mean litter production collected from August to December 2000 for the whole stand
was 900 kg DM/ha. This was condderably less than the productions measured in the
previous growing seasons. In the clay part this production was only 233 kg DM/ha as the
mgority of the trees died during the 2000 growing season. On the sand part the
productions was 2010 kg DM/ha which was in the same order of magnitude as the 1999
production.
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Figure 7-16: Diameter didribution of adventitious rooted and unrooted Salix fragilis trees
inthe C plat.

The amdl Salix triandra plot & the end of the disposd sSte was not studied in as much
detal as the man Salix fragilis sand. However, visua observations showed that no
dieback of the trees occurred. Every Salix triandra tree formed an extensve and dense
adventitious root system at the base of its sem. This root system withstood the effect of the
declining sediment surface and kept contact with the new sediment layer. This resulted in
the formation of small root mounds & the base of the trees Fgure 5-2). No discoloring of
the leaves was obsarved and ledf fdl stated smultaneoudy with other Salix triandra trees
on the experimenta Ste. This indicated thet the Salix triandra trees were more tolerant to
the sediment application compared to the adjacent Salix fragilis trees, were adventitious
roots failed to form or lost contact with the new sediment layer.
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7.3.3 Nutrient and heavy metal uptake

Table 7-5 presents the mean nutrient and heavy metas concentrations in leaves, wood and
litter of Salix fragilis trees a the 17 grid points of disposal dte A. The results for the
nutrient concentretions in the leaves dlow an evdudion of the nutrient daius of the
invesigated sand. Threshold vaues for aufficient and optima nutrient concentrations in
willow leaves are given in Table 3-3 (van den Burg, 1990). All nutrients are sufficiently
present n the 3 examined growing seasons. However, the introduction of the new sediment
layer resulted in ggnificant changes in nutrient concentrations Both the N and P
concentrations are higher after the sediment gpplication. On the other hand, the S, Ca, Mg,
Mn, Al, and Fe concentrations are dl lower in 1999 compared to the 1998 vaues athough
they are dill sufficiently present according to van den Burg (1990). The concentrations of
these edements reached the 1998 levels again in 2000. The increese in N and P
concentrations are also observed for the wood, athough differences were not sgnificant.
The wood concentrations of S, Ca, Mg, Mn, Al, and Fe are lower in 1999, but subsequently
increase in the 2000 growing Season.

Heavy metd concentrations in leaves were dl dgnificantly lower in the year of sediment
gpplication. The difference was most outspoken for Cd and Zn. The same trend was
observed for the litter: the litter collected in 1999 was characterized with lower Cd, Zn, Ni,
Pb, and Zn concentrations compared to the 1998 samples. In 1998 sgnificantly higher Cd
and Zn concentration were found in the litter compared to the leaves sampled in August.
This difference was however not observed in the 1999 growing season. Table 7—6 depicts
the minerd mass of heavy metds recycled to the surface with leef fal before and after the
sediment gpplication.
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Table 7-5: Nutrient and meta concentrationsin leaf, wood and litter compartments of the Salix fragilis stand.

L eaf Wood Litter

1998 1999 2000 sign | 1998 1999 2000 sign | 1998 1999 sign
Ntot  mgkg 23932 a 25898 ab 28175 b * 4028 a 4985 a 5049 a 18,984 21876 *
P mg/kg 1943 a 2266 ab 22450 b * 626 a 789 a 725 a 1551 1540
K mg/kg 23755 a 19806 b 150 c¢ * 1586 a 2037 ab 2385 b * 4928 10891 *
S mg/kg 10321 a 5180 b M8 a * 8ll a 72 a 1160 b = 6953 6210
Ca mg/kg 28530 a 22365 a 28640 a 8928 a 812 a 12057 b = 36,470 26,567 *
Mg mg/kg 3463 a 2132 b 2448 b * 68l a 641 a 928 b * 2075 1870
Mn mg/kg 574 a 459 a 606 a 27 a 502 a 869 b * 1025 673 *
Al mg/kg 185 a 181 a 600 b * 506 a 266 b 113 a * 199 191
Fe mg/kg 22 a 253 a 241 a 617 a 174 b 5% b * 422 22 *
Na mg/kg 282 a 20 a 83 b * 89.6 110 304 448 583 *
Cd mg/kg 216 a 115 b 95 b * 57 a 33 b 46 ab * 383 14 *
Cr mg/kg 15 a 07 b 17 a = 17 a 19 a 63 b * 15 174
Cu mg/kg 181 a 106 b 111 b * 24 a 26 a 49 b * 177 94 *
Ni mag/kg 61 a 19 b 34 b * 10 a 09 a 50 b = 51 06 *
Pb mag/kg 102 a 72 b 40 ¢ * 13 a 17 ab 28 b = 145 102 *
Zn mg/kg 1206 a 321 b 759 ab * 116 a N8 a 176 b * 1952 504 *
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Table 7-6: Minerd mass of heavy metds recyded to the surface with leaf fal before and after
the sediment gpplication.

1998 1999
Concentration Litter productiorMineral mass |Concentration Litter production Mineral mass
mg/kg kg/ha.year g/ha.year mg/kg kg/ha.year g/ha.year
Cd 38.3 3120 1195 114 2670 30
Cr 15 3120 4.7 1.74 2670 4.6
Cu 17.7 3120 55.2 94 2670 25
Ni 51 3120 15.9 0.6 2670 16
Pb 145 3120 45.2 10.2 2670 27.2
Zn 1952.5 3120 6091.8 504.9 2670 1348

7.3.4 Effectson surface and ground water

When excess pumping water is brought back to the river Leg, it is highly enriched with sdts
and N. Only Zn exceeds the basc surface water qudity threshold vaues (Vlarem |1, gppendix
231) for heavy metds dthough with a dight margin. The sedimentation besin and the ditch
intercepted alarge percentage of the metals and suspended solids.

Measurements from the ground water samples showed that an As contamination has occurred
a the dte in the past. Up to 98 g/l As was found in groundwater samples prior to sampling.
This As contamingtion could possbly be atributed to the nearby paint factory. The continued
monitoring of the groundwaer up to two years after the operations showed that the
groundwater did not get enriched with heavy metds
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Table 7-7: Mean chemicd characterisics of water sampled a three locations of the excess
pumping water cycle compared to the basc surface water qudity threshold vdues (Viarem I,
gppendix 2.3.1). Colored values exceed threshold.

Parameter Wip Wout Wieie Threshold
pH 747 748 751 6,5<pH<8,5
EC puS/em 1563 1566 1649 1000

SS mg/l 40 31 2 50

Ntot mg/l 448 43,7 40,0 6

P mg/l 2,7 16 11

S mg/l 38,6 398 67,2 250

As pg/l 138 80 79 30

Cd ug/l 23 13 15

Cr pg/l 48,1 28,3 192 50

Cu po/l 50,7 55,1 32,7 50

Pb pg/l 90,6 57,0 40,3 50

Ni ug/l 17,3 11,2 137 50

Zn pg/l 320 196 209 200
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7.4 Discussion

Multi-layered dredged sediment digposd in afforested digposd Stes could be an interesting
technique to dore dredged sediments while credting an ecosysem, dabilizing the subdrate,
increesng dewatering and rendering the Ste more estheticdly atrective. The introduction of a
new sediment layer into a tree sand is comparable with a prolonged flooding of the gand. In
the fird severd months the stand was flooded by a mixture of waer and sediment. As the
sediment settled and excess water was gradualy removed, the stand was covered by a reduced
sediment layer which dowly riped and oxidized. Willows are known to be very tolerant to
flooding, and are auitable tree species to be used in this eco-technique. Hosner (1960)
compared the reaive tolerance of 14 tree gecies to flooding and found that Salix species
were the mogt tolerant. In addition, Good et d. (1992) concluded thet there exids a subgtantia
intragpecific varigbility in the tolerance to flooding between different Salix pecies and clones.
One of the prime adaptations of willow to flooding is the formation of adventitious roots
(Kozlowski, 1997). However, the pilot scde experiment described in this chapter showed that
goplying a new layer of sadiment in an afforested disposa Ste resulted in widespread die back
of Salix fragilis trees in large parts of the digposd gSte, but that trees can withstand a new
sdimet layer goplicaion if cetan conditions ae met. The rewlts from the <and
measurements before and after sediment application indicated thet tree survival was dependent
on the formation of a new advertitious root sysem in the new sediment layer. The formation
of adventitious roots was shown to be depending of tree species, on the trees location on the
Ste, and on tree characteridtics

In generd, the tolerance of trees to flooding is highly corrdaed to the ability of trees to form
adventitious roots (Clemens e d., 1978). Adventitious roots are formed when the original root
system ceases to fulfill its function and the newly formed roots subsequently take over nutrient
and water uptake to ensure aufficdent supply to the above ground parts. Additiond functions
are the oxidation of the rhizogphere to detoxify harmful compounds in reduced soils and the
increesed supply of gibberdlins and cytokinine to the leaves (Reid and Bradford, 1984).
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Advertitious roots are often thicker and are characterized with more intercdlular space then
roots growing in wel aeraed soils. They can transport large amounts of oxygen into the
reduced substrate (Hook et d., 1970). Salix trees are known to be very tolerant to flooding
(Hosner, 1960) and rapidly form adventitious roots under flooded conditions. However, this
characteridic is highly species and clone dependent (Good et d., 1992). This was dso shown
in our trid where advertitious root devdopment of Salix triandra trees was much more
vigorous compared to Salix fragilis trees. As a result, dl Salix triandra trees survived the new
sediment gpplication while mogt of the Salix fragilis trees on the day part of the digposa Ste
died.

The survivd of the Salix fragilis trees was highly dependent on ther location in the digposd
dtes Fragilis trees dStuated near the inlet modly survived the trestment while trees Stuated in
the res of the digposd Ste dmog dl died as a relt of the sediment gpplication. The
hydraulic rasng of the digposa gte from a sngle fixed inlet resulted in the formetion of a
drong texture gradient. The heavier sand fractions sdttled dose to the inlet while the amdler
dlt and clay fractions remained in suspenson and were trangported further into the disposa
gte This resulted in the esablishment of two eesly didinguishable zones in the diposa Ste
an area close to the inlet which was characterized with a high sand fraction and the rest of the
digposd gte which was filled with the finer day and glt fractions Salix fragilis trees in the
wel draned sandy pat of the disposal dte dmog dl formed an adventitious root system in
the new sediment layer and survived. However, in the ill draned day pat of the digposal Ste,
a large percentage of fragilis trees faled to form adventitious roots in the new layer. These
trees subsequently died. It was shown tha the best developed trees were mogt likdly to lack an
adventitious root sysem and that with increesng tree diameter the adventitious root formation
decreased. Observaions in the months after sediment application suggested that the absence of
adventitious roots was the result of the movement of these large trees as a result of the wind.
Due to this movement, large trees formed a void between the gem and the sediment which
prevented close contact necessary for the formation of advertitious roots.
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Smdler trees were less susceptible to wind action and were positioned more dable in the new
sdimet layer. Thee trees formed advertitious roots in the layers and initidly survived.
However, initid adventitious root formation was no guarattee for further survivad in the
growing seeson after the sediment application. As a result of dewatering and ripening the
sediment surface in the clay pat of the disposd Ste dropped up to 40 cm. This resulted in
exposng the newly formed advertitious root sysems above the surface after which nutrient
and waer supply to the tree was interrupted. Only trees which formed an extensve
adventitious root syssem which could kegp contact with the sediment were able to survive. As
dready mentioned, contrary to Salix fragilis trees, Salix triandra trees formed extensve root
systems which kept contact with the new sediment layer. The formation of adventitious roots
in close contact with new raised sediment was thus essentia to ensure tree survival.

In this experiment a sngle inled was usad for the hydraulic rasng of the sediment which
resulted in the concentration of the clay and dlt fraction in the largest part of the disposd Ste
This lead to a high degree of indination of the sediment as it consolidated. The use of a
mobile inlet would result in a more homogeneous didribution of the paticle fractions across
the digposal gte If the sediment goplied in this trid would be homogeneoudy mixed, the
folowing patide sze didribution would be found in the whole digposd Ste >50 pm: 18%,
20-50 pm: 55%, 10-20 pm: 7%, 2-10 pm: 13 %, and < 2 um: 8%. The >20 um fraction of the
whole disposal (73%) Ste would then be comparable to the >20 pm fraction found a the sand
pat of the dte when a dngle inlet is used (60 to 87%). This would reduce the inclination,
increese draineage and dewatering speed, and increese the posshility of adventitious root
formation and hence tree survivd. Ancther option which can increese the survivd chances of
the trees is to ensure that they are wdl dabilized in the new sediment layer. This can be
accomplished by hydraulicdly rasng the sandies sediments in the latest dages of the filling
of the disposd dte. As a reault, trees will be less susceptible to wind action and will have a
greeter chance to form adventitious rootsin the new sediment layer.
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Trees tolerant to flooding such as Salix can survive prolonged periods of flooding. However,
they rapidly wilt once parts of the canopy become submerged, as it results in the immediate
loss of leaves and the decay of growth shoots This was reported for a range of Salix species of
which parts of the canopy became submerged as a result of flooding (Good et d., 1992). The 6
year old Salix fragilis trees with a maximum height of 4 m a the time of sediment gpplication
died after a large pat of thar canopy was submerged immediatdy after pumping the sediment
and wae mixture up to a height of 35 m. The 2 year old trees in digposd dte B were
completdy submerged by the new sediment layer.

As areault of the extensve dieback of Salix fragilis trees in sections B to E, no pogtive effects
of the trees on sediment dewatering and ripening could be observed in these sections. In
gened, the sediment in the digposal Ste, except for the zone close to the inlet, dewatered very
dowly. Two growing sessons after the sediment agpplication large volumes of sediment were
dill in reduced conditions, especidly in the degper layers However, the sediment layer in the
Slix triandra gand oxidized & a fagter rate then the adjacent sediment between the sressed
and dead Salix fragilis trees. This indicates that Salix trees with a well developed root system
in the sediment layer can increase the dewatering speed and ripening.

Foliar nutrient anadlyss's showed that trees over the whole of the sediment disposal dte were
well supplied with nutrients. Both N and P concentrations in leaves and wood increased in the
two growing seasons dter the sediment gpplication. This increase in N and P concentrations
results from the introduction of reedily avalable N and P with the new sediment, which were
eedly taken up by the new adventitious root sysem. This increase was adso reported in
flooded willow trees (Hosner, 1960). Leaf heavy metd concentraions dl sgnificantly
decreased in both samplings after the sediment gpplication. This can be dtributed to the low
bio-availability of heavy metds in the reduced sediment (Tack et d., 1998). This decrease was
not observed in the wood samples On the contrary, wood heavy metad concentrations
increased in the second growing seeson after the sediment gpplication, as metds became more
avalable with the oxidation of the new sediment layer. This trend was not observed for the
leave samples. The Salix fragilis ‘Bdgisch Rood” usad in this trid done is characterized with
a high uptske of heavy metds. When willows ae used to dabilize and revegetae
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contaminated subdrates, as is the case in this eco-technique, it is advissble to use pecies
which are characterized with a limited upteke of heavy metds This is necessary to reduce the
rsk of soreading heavy metds to the environment through leef fdl. However, as a reault of the
lower meta concentrations and leaf biomass production after the sediment gpplication, smaler
amounts of heavy metds reeched the stands surface with leave fdl.
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7.5 Condusons

The multi-layered disposd of dredged sediments in disposd dtes previoudy planted with a
willow gand proved to be a successful technique if catan conditions ae met. To minimize
damage to the dand, trees on the digposd dte should form a new adventitious root system in
the rased sediment layer and roots should keep contact with the new sediment during and
after inclingtion of the sediment &yer. It is therefore important to use willow species which are
characterized by a vigorous formation of extendve adventitious root sysems as for example
Salix triandra. Salix fragilis trees proved less cgpable of forming adventitious roots which
were adle to keep contact with the new subgtrate. To reduce the impact of sediment inclination
it is important not to concentrate cdlay and st fractions in parts of the digposd dte but to
ensure a homogeneous digribution of the sand particle fractions over the entire dte. This can
be edablished usng a mobile sediment inlet. Another option which can increase the survive
chances of the trees is to ensure that they are wdl Sabilized in the new sediment layer. This
can be accomplished by hydraulicaly rasng the sandies sediments in the lates stages of the
filling of the digposd dte As a reault, trees will be less susceptible to wind action and will
have a gregter chance to form adventitious roots in the new sediment layer.

When willows are used to dabilize and revegetate contaminated subdtrates, as is the case in
this eco-technique, it is advisable to use pecies which are characterized with a limited upteke
of heavy metds This is necessay to reduce the risk of spreading heavy meds to the
envirorment through lesf fal. However, as a result of the lower metal concentrations and lesf
biomass production after the sediment application, smdler amounts of heavy metds reeched
the stands surface.
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8 General discussion and conclusions
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8.1 Geneal discusson

This work showed that the combination of on land contaminated dredged sediment disposd
and biomass production with willow cultures is a feesble land use option to integrate both
land uses into the environment. Land disposed contaminated dredged sediments proved to be a
auiteble and fertile subgrate for the growth of Salix trees Both the annud increments and ledf
nutrient gatus indicated that growing conditions are optima for the development of willow
dands on dredged sediments. The SALIMAT planting technique proved to be successful for
the rapid introduction of a dense willow stand on hydraulicaly raised dredged sediment. When
the willow wood is havesed a regular intervals, these contaminated dredged sediment Stes
with litle oter bendfidd use can be made useful through the production of biomass for
enegy purposss. If planted in rows, willows grown on contaminated dredged sediments can
be operated as in traditiond SRF sysems. The pilot scale production of willow biomass on
land digposed dredged sediments contaminated with organic contaminants for renewable
energy purposes has recently darted in the Netherlands (Bretder et d., 2001). However,
findings from this work indicated suggest that any tree-based strategy to restore land disposed
heavy metd contaminated sediments, whether it is for phytodtabilisation or extraction, may
reult in the digpesd of heavy metds to unwanted compartments in the ecosysem, through
leef fdl, root activity, and biomass converson. As such, possble metd losses to the
environment must be dlosdly monitored.

Some remarks can be made from a management point of view. In treditiond SRF for example,
cuttings are planted in rows to dlow mechanica haveding (Willebrand and Ledin, 1995).
Usang the SALIMAT technique to introduce the trees results in a dense and; which is
difficult to access with machinery. A new SALISTRIP sysem was recently developed to
dlow planting cuttings in rows on unpassable subdrates. Another concern may be the low
bearing capacity of the dredged sediments Applying heavy mechinery for harvest may result
in damage to roots and soil Sructure.
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The successful establishment of willow sands on dredged sediments provides the opportunity
to goply these dands for the phytoremediation of the sediments However, the potentid of
actively deaning contaminated dredged sediments from heavy metds through repested harvest
appears to be limited. Metd upteke rates by the investigated willow species were insufficient
to ensure the phytoextraction of dl metas in an gopropricte time scde. Hence, the use of
willow cultures for phytoextraction purposes on contaminated dredged sediments is only an
option if only Cd is in dight excess of threshold vaues for reuse of the sediment. Both Salix
fragilis ‘Bdgisch Rood and Salix triandra ‘Noir de Villanes proved to be good Cd
accumulators and are thus well suited for Cd phytoextraction purposes. The other metas (Cr,
Cu, Ni, Po, and Zn) are accumulated in too smal quantities to resut in sgnificant exports of
these metds from the dte. This is a serious drawback to the feeshility of a phytoextraction
system based on willow as dredged sediment is most often contaminated with a range of heavy
metds Finding presented in this work and reports in literature (Hasselgren, 1999; Klang
Wetsn and Perttu, 2003) suggedts that the potentid to remove metds from contaminated Ste
dedines with tree age. Seveard factors such as dilution, metd avallability in the root zone, and
root ectivity can have an influence on this trend. Identifying these factors is a most needed
task in further research.

In generd, phytoextraction of heavy metds is only feasble for Cd in low concentrations as for
example in agriculturd land enriched with Cd through the application of fertilizer. Another
use can be for remediation projects where the Cd dose to the sand can be controlled, as for
example in dudge agpplications in SRF dands. Unless metd accumulation in willow biomass
or the biomass production itsdf can be dragticdly increased, the progpect of willow based
phytoextraction sysems becoming an interesing option for the remediaion of contaminated
sdimentsissmdl.

Another drawback when med accumulaing willow dones ae <Hected for the
phytoremediation of dredged sediments are the large stocks of metds in leaf fdl, which can
result in unwanted fluxes of Cd and Zn to the environment. This fact is often overlooked in
literature deding with willow as a phytoextraction crop for heavy metds Up to hdf of the
accumulated amount of Cd in the aboveground biomass is recyded to the stand surface with
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lesf fdll, resulting in increased risks of food chain accumulation and dispersal. For Zn as much
four times of the dement is recyded through leaf fal as is exported through the harvest of the
dems. To ensure maximad Cd export and to minimize the risk of spreading Cd to higher
trophic leves, leaves should be harvested in combination with the wood. However, this may
endanger the biomass production over successve harvess, and hence the sustainability of the
SRF sysem. In addition, a combined harvest of gems and leaves can complicate stand
management. Sampling of biomass compartments should be peformed dose to the havest
and leaf senescence in order to correctly assess the potentid amount of exportable heavy
metds and the recyding of metds with lef fdl. The sampling and andyss of wood and bark
should be done separately asthey are characterized with different metad concentrations.

This sudy only conddered the compatmentdization and fae of metds in tree biomass and
closdy associated abiotic compartments but did not investigate metd transfer to higher trophic
levels. In generd, the main route for mobile metds to food chains is via ®il and litter feeding
animds, from example from eathworm to bird. The direct trander from contaminated tree
biomass to for example phloem and leaf feeders appears to be limited (Crawford et d., 1996a
and b). Espedidly the behaviour of Cd should be dosdy monitored. Mertens et d. (2001)
found only devated Cd levds in smdl mammads in three willow gands on ssdiment disposa
dtes compared to the background levels However, cdculaions usng the BIOMAG modd
indicated that the Cd pollution in the il caused low risk for predators. This pathway can be
of critica concern and merits further investigation.
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The more extensve use of willow gands in a combined SRF and sediment disposd land use
sysdem for phytogabilization and revegedion is a more promidng option. For this purpose,
non accumulaing willow dones for example Salix viminalis clones ‘Orm’ and ‘86133,
should be sdected to reduce the risk of soreading heavy metds with leef fdl. The introduction
of SALIMATS reaulted in an effective ‘green cgoping of the polluted dredged sediment
digposal gte through the devdopment of a high dendty fast growing sand with a long
growing season. As a result, metds are dabilized agang dugt blowing, water eroson, and
food chan accumulaion through the deveopment of a high densty, perennid root sysem and
the accumulation of OM and litter on the sediment surface. Previoudy derdict digposd Stes
can thus be sfdy vdorized for the production of willow biomass for renewable energy
pUrposes.

The on-gte gadficaion of harvested biomass in a smdl scde fixed bed downdraft gadfication
indalation proved to be a promisng technology to produced dectricity and heat in combined
land uses of SRF and dredged sediment disposd. However, as a result of the high combustion
temperaures and the limited temperature gradients in such smdl sysems large amount of the
metas, especidly Cd and Zn, present in the wood are volatilized during gadfication. On the
other hand, Cu was modly retained in the coarser ash fractions. An effident flu gas deaning
sydem should thus be incorporated in the sysem to minimize losses of metds to the
environment from the gadfication sysem. The recovered ash fractions ae enriched with
heavy metds, as a result of which ashes can not be recyced to the stand for fertilization but
have to be handled and stored with proper care.

In addition to the use of Salix for phytogabilisation and extraction purposes it can be expected
that there ae posshilities for its use in the phytodegradation of organic contaminants.
However, research on this topic is dill very limited. Vervaeke et d. (2003) indicated that the
introduction of a willow sand resulted in an increesed degradation of minerd ail, while a
dower PAH disspation was observed in the planted sediment. However, this study was not
able to target the specific factors respongble for the differences in degradation of PAHs and
minerd oil in fdlow sediments and sediments planted with willow. As it was expected thet the
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introduction of a dense root sysem would gsimulate microbid activity and PAH degradation,
further investigation on laboratory and glasshouse scale is needed to provide more ingght.

While it was shown that the sdective metd uptake limits the prospects for phytoextraction of
metals from dredged saediment the metd remova by willow would be of vaue if it depletes the
fractions of bio-avalade or environmentdly active metds in the substrate. However, it should
be conddered in any phytoremediation agpplication with willow that metds become more
avaldble in the willow root zone. This can lead to increesed leaching of metds to deeper
layers of the profile Higher Cd, Cu and Zn avalability in the root zone of willow were
attributed to the incressed oxidation in the vidnity of the roots in oxidizing ssdiment. This
increesed oxidation was attributed to i) a better agration of the root zone through active O,
trangport in willow roots and i) trangpiration by the trees In addition, longer-term effects of
willow roots on sediment dructure were obsarved which resulted in leaching of a fraction of
the avalable meds The willow root zone sediment wes wel dructured, fegtured fine
aggregaes, and was well permeated. The unrooted bulk soil, on the other hand, was very
compact, and was undructured, thereby preventing percolation and metd leaching. Further
invedigation should indicate if meds are dabilized agang leaching in the root zone of
willow dands planted on dready oxidized subdraes throwgh hydraulic control and
interception, as was suggested for poplar by Schnoor (2000). To completely immobilize heavy
metd in the sediments and thus prevent meta uptake by the trees, the top layer of sediments
could be mixed with amendments.

The multi-layered disposd of dredged sediments in disposd dtes previoudy planted with a
willow stand proved to be a successful technique if certain conditions are met. However, as a
result of the large scale dieback of trees in this sudy no effects of the presence of the trees on
sediment dynamics could be identified. To minimize damage to the stand, trees on the dispod
dte should form a new adventitious root system in the raised sediment layer and roots should
keep contact with the new sediment during and after indination of the sediment layer. It is
therefore important to use willow species which are characterized by a vigorous formeation of
extensve adventitious root sysems as for example Salix triandra. Salix fragilis trees proved
less cgpable of forming adventitious roots which were able to keep contact with the new
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ubdrate. To reduce the impact of sediment indination it is important not to concentrate cay
and dlt fractions in parts of the disposa dte but to ensure a homogeneous didribution of the
sand patide fractions over the entire dte. Another option which can increese the survivd
chances of the trees is to ensure that they are wdl Sabilized in the new sediment layer. This
can be accomplished by hydraulicaly rasng the sandies sediments in the latest dages of the
filling of the digposal dte. As a result, trees will be less susceptible to wind action and will
have a greater chance to form adventitious roots in the new sediment layer. As multi-layered
sediment disposa is a phytodabilization technique, non metd accumulating willow dones
should be sdlected.
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8.2 Genera conclusons

This work showed that the combined disposd of contaminated dredged sediments and biomass
production of willow biomass is a feasble land use option to integrae both land uses in the
landscape. Land disposad contaminated dredged sediments proved to be a suitable and fertile
subgrate for the growth of Salix trees. The introduction of dense willow stands managed in
SRF sygems can thus be regaded as a phytodabilization gep in the remedigion and
resoration of dredged sediment disposd Stes. The posshilities of actively deaning sediments
through the export of heavy metds with repested harvests are limited. Only dredged sediments
which only feaure dighty devated Cd concentrations compared to threshold vaues are
digble for remedigion with metd accumulaing willow dones Other metds ae not
accumulated in sufficient quantities to result in atimely remediation of the sedimentt.

If the am of the project is only to dabilize the sediments without biomass production large
volumes of dredged sediment can be dored on the same afforeted area in multi-layered
afforesed digposa gStes. Steps should however be taken that conditions are favorable for
adventitious root growth, which is essentid for tree surviva.

In evary phytodabilization use of willow it is essentid that non metd accumulating willow
clones are sdected to prevent large amount of especidly Cd and Zn reeching the sand surface
with leef fal. Willow root activity on the other hand can result in an increased availability and
higher risk of leaching. As such, possble metd losses to the environment must be dosdy
monitored in every phytoremediation Strategy based on willow.

The regillaly harvesed willow wood from both phytoextraction and dabilization gpplications
with willow can be safdy conversed to heat and dectricity in samdl scade downdraft fixed bed
gadfication units if the necessay precautions for flu ges demning ae taken. Previoudy

derdict dredged sediment disposd Stes can thus be vdorized for the production of willow
biomass for renewable energy purposes.
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Dutch summary

Fytoremediatie is een nieuwe bodemsaneingdechniek waarbij  vervuilde  subdtraten
gedtabiliseerd en of gereinigd worden met behulp ven planten. Sinds enkede jaren kan het
gebruik van Salix soorten rekenen op een toenemende belanggdling in deze context. Als een
gevolg ven hidorische pollutie van onze waelopen is baggergpecie aangerekt met
vahillende zware metden. De behandding van deze vevuilde baggerspecie ddt snds
vachillende jaren een technologische en economische uitdaging. Als gevolg hiervan worden
grote volumes vervuilde baggerspecie geborgen op land, wa resulteart in aanzienlijke
vevuilde oppeviaktes langsheen waerlopen. Het gecombineerde landgebruik van  korte
rotetie bosbouw (KRB) met de berging van vervuilde baggerspecie kan een optie zijn om deze
landgebruiktypes te integreren in het Vliaamse landschgp. Daarenboven bestaat de
mogelijkheid dat de vervuilde specie biologisch gereinigd kan worden door middd ven
fytoremediatie met behulp van wilgen.

Deze dudie had ds centrde dodgdling de mogdijkheden en beperkingen van fytoremediaie
van vevuilde baggerspecie met behulp van bebossngstechnieken te onderzoeken. Twee
concepten werden hierbij onderzocht: de fytoremediatie van landgeborgen specie met behulp
van korte rotatie boshouw systemen en het etagebouwconcept, waarbij verschillende lagen
baggerspecie in een reeds bebost depot worden gebracht. Bij het fytoremediatieonderzoek
werd het gedrag van zware metden in dergdijke sysemen ds centrad onderzoeksghema
genomen. Hierbij werden versthillende mogdijke verspreidingswegen van zware metden,
zods bladvd, uitgpoding en hun gedrag bij vergassing onderzocht. Verder werd aandacht
beteed aan de versthillende agpecten van deze technologieén: zods de aanplanting, de
bestandsontwikkeling, het beheer en de converse van de geproduceerde biomassa. Het
onderzoek van het etagebouwconcept richtte zich op de bepding van de praktische
haalbaaerheid van deze technologie op pilootschad.
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Verontrenigde baggergpecie is een geschikt subdrast voor de groa van wilgen. Dit blesk uit
de nutriéntengehdten in de bladeren en de jaarlijks geproduceerde biomassa die opliep tot 17
ton DShajaar, wat hoger is dan in traditionde KRB sysemen. Met behulp van de SALIMAT
planttechniek kon hydraulisch opgespoten baggerspecie snd en efficiént beplant worden met
een dicht wilgenbestand (tot 440,000 scheuten/ha). De aanleg van dergdijke bestanden kan
bijgevolg ds een fytodabilisatiemaatregd beschouwd worden. Door regdmatige oogst van de
geproduceerde  biomassa  kunnen opdagplasisen voor baggerspecie, die voorheen geen
bijkomende landgebruiksfunctie hadden, worden aangewend voor de productie van
hernieuwbare energie.

Het potentied om vervuilde baggerspecie actief te reinigen door herhadlde ooggen van met
zware metden aangerijkte biomassa is beperkt. Enkd voor specie waanven dleen de Cd
concentratie de drempelwaarde voor hergebruik ds bodem overschrijdt zijn er vooruitzichten
om fytoextractie met wilgen toe te passen. Te hoge Cd concentraties resulteren echter in
onaanvaardbaar lange remediatieperiodes om de Cd concentraies van de in dit wek
onderzochte baggerspecie terug te brengen naar zijn drempdwaarden waren mingens 40 tot
60 jaar nodig, afhankdijk of bladeren d dan niet samen met het hout worden geoogd. De twee
onderzochte wilgenklonen Salix fraglis ‘Bdgisch Rood en Salix triandra ‘Noir de Villanes
bleken goede accumulaors van Cd te zjn en zjn geschikt voor gebruik in
fytoextractietoegpassngen voor Cd. In het hout en de bladeren werden Cd concentraties tot
regpectieveijk 26.4 mglkg en74 mgkg gemeten. De overige zware metden (Cr, Cu, Ni, Pb, en
Zn) worden in te klene mate gesccumuleerd in de bovengrondse biomassa van wilg om
voldoende export ervan mogdijk te maken.

Wanneer metadlaccumulerende wilgenklonen worden aengeplant op met Cd  verontreinigde
specie bereken aanzienlijke hoevedheden Cd het bestandsopperviak met de bladvad. Tot de
heft van de totde hoevedhaed Cd in de bovengrondse dden wordt op deze wijze
gerecycleerd. De mingradlmassa van Zn in de bladeren is zdfs 4 maa mear dan deze in het
hout. Dit resulteert in de verhoging van het risco voor opname in de voedsdketen en
vargreding van de bladerennaar aanpdende niet vervuilde percden. Om een maximde Cd
export te behden en het risco op versoreiding van zware metden te beperken dienen bladeren
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samen met het hout geoogs en afgevoerd te worden. Dit kan echter de duurzaamheid van de
biomassgproductie over verschillende oogsten in gevaar brengen. Daarenboven bemosllijkt
deze operatie het beheer van het KRB systeem. De concentraties van zware metden vertonen
aavzienlijke sdzoende veanderingen over een  groasdzoen in dle  onderzochte
biomassacompartimenten van wilg. Bemonderingen van deze compatimenten dienen zo kort
mogelijk bij de ooget of de bladvd te gebeuren om mineraadmasA's die geéxporteerd kunnen
worden met oogst en bladvd te berekenen. De bemongering en andyse van hout en schors
dient afzonderlijk te gebeuren daar deze compatimenten gekenmerkt worden door Serk
verschillende metaal concentraties

Omwille van de beperkte en sdectieve metadlaccumuletie en het risco op verspreiding van
zwae metden is fytodabilistie een interessantere optie voor de vdorisgtie van vervuilde
baggerspecie. Voor dit dod dienen niet accumulerende wilgenklonen, zods Salix viminalis
‘Orm’ en ‘86133 gesdecteerd te worden. Het aanplanten met behulp van SALIMAT
reulteart in  een effectieve ‘groene adekking van het vervuild opperviak door de aanleg van
een sndgrodend dicht besand met een lang groeisaizoen. De ontwikkding van een dicht
meerjaars wortesysteem en de accumulatie van nigt met zware metden aangerijkt strooise en
organische sof resulteart in de dabilistie van zware metden tegen water erose, vergorading
door de wind, en opname in de voedselketen.

De op veontrenigd sediment geproduceerde biomassa kan  vervolgens ter  plaatse
gevaoriserd worden in kleinschdige vergassnganddlaties Omwille ven de hoge
verbrandingsemperaturen en het beperkte temperatuursverva worden een groot percentage
van de in het hout aanwezige zware metden, voord Cd en Zn, gevolaizeard tijdens de
vergassing. Cu werd echter voord teruggevonden in de grotere adfrecties Inddlaties voor de
vewerking van met zware metden aangrijkt hout dienen dus uitgerust te worden met een
efficént gasreinigssysteem om vergprading van zware metden naar de omgeving te beperken.
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In eke fytoremediatietogpassng met wilgen dient rekening gehouden te worden met een
hogere beschikbaerheid van zware metden in de wortdzone van het besand. De verhoogde
beschikbaarheld van Cd, Cu en Zn werd toegeschreven aan een varsndde oxidatie van het
sediment in de wortdzone. Deze was het resultaat van 1) een betere doorluchting ven de
wortelzone door actief trangport van O, door de wortdls en i) de verhoogde evoptranspiratie.
Op langere termijn vertoonde de aanwezigheid van wortds een duiddijke invioed op de
sedimentdructuur, die in een verhoogde uitspoding van zware metden resulteerde. De
wortezone van wilgen was goed gestructureerd en geaggregeerd terwijl onbeworted sediment
zeer compact en ongestructureerd bleef. Verder onderzoek moet aantonen of zware metden in
reeds geoxideerd subdtraat gestabiliseerd kunnen worden tegen uitspoding ds een gevolg van
hydraulische controle en interceptie.

De praktische uitvoering van het etagebouwconcept bleek haalbaar indien aan verschillende
voorwaarden voldaan werd. Om schade aan het bestand te beperken is het noodzakdlijk dat de
bomen een nieuww adventief wortdsyseem ontwikkdlen in de nieuwe specidaeg. Daarenboven
dient dit wortdsysteem het contact met de specie te behouden terwijl deze uitrijpt en inklinkt.
Wilgensoorten die gekenmerkt worden door de vorming van een uitgered en and
ontwikkdend adventief wortdsysteem dienen derhdve gesdecteard te worden. Uit het
onderzoek bleek dat dit lastste het gevd was voor Salix triandra, terwijl Salix fragilis dechts
beperkte anventiefwortdsysemen ontwikkdde. Om de impact van inklinking op het nieuwe
betand te minimdizeren is het bdangrijk een goede menging van zand en kla fracties over
het volledige opperviak van het bestand te verkrijgen. Dit kan bekomen worden door gebruik
te maken van een mobide spuitmond bij het opspuiten van de nieuwe sedimentlaeg. Verder
kunnen bomen beter gestabilisserd worden in de nieuwe specidaag indien het meest zandige
sediment ds laatse wordt aangebracht. Als een gevolg van een uitgebreide derfte konden
geen effecten van het betand op de baggerspecielitrijping vastgestdd worden. Zods
angewvezen in  dke fytodabdlisatietechniek dienen nig accumulerende  wilgenklonen
gesdlecteard te worden om de verspreiding van zware metalen naar de omgeving te beperken.
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