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PREFACE
The present special issue of Fresenius Environmental Bulletin contains selected papers that were presented at the
1st International Conference on Environmental Management, Engineering, Planning and Economics (CEMEPE)
which was held together with a special conference of the Society for Ecotoxicology and Environmental Safety
(SECOTOX) and took place on the Greek island of Skiathos from June 24 to 28, 2007. The conference was organized by the Department of Planning and Regional Development (University of Thessaly), the Technical Chamber
of Greece, the Department of Mechanical Engineering (Aristotle University of Thessaloniki), the Sector of Industrial
Management and Operations Research (School of Mechanical Engineering, National Technical University of Athens) and the Department of Pollution Control Technologies (TEI of West Macedonia). An international board of
valued scientists comprised its scientific committee. Regarding the venue of the conference, Skiathos is a small
Greek island in the Aegean, near to the mountain of Pelion in mainland Thessaly. It boasts some of the most beautiful beaches in Greece, vast cultural heritage and a wealth of tourist facilities.
CEMEPE symposia aspire to be held on a biennial basis in selected places around Greece characterized by both natural beauty and cultural significance. The aim of these symposia is the presentation of scientific surveys and papers
relating to the fields of environmental science, covering varied topics of high environmental relevance. 344 oral and
211 poster presentations were included in the five hectic days of the first CEMEPE conference in three parallel sessions.
Forty eight (48) papers were initially submitted to be considered for publication in this special issue. The final selected papers represent the most important aspects discussed in the congress in the general context of “Environmental Pollutants and Risk Assessment”. We would like to thank all the authors for their worthy contributions to this
special issue of Fresenius Environmental Bulletin as well as the Editor of the Journal Professor Harun Parlar for the
faith he showed in us and his undeterred help throughout the handling of manuscripts. We are also thankful to the
reviewers (listed below) for the time and effort they sacrificed in order to ensure high standards for the submitted
manuscripts.
The next conference, 2nd CEMEPE, will be held on the cosmopolitan island of Mykonos, Greece on June 2009 and
will be organized by University of Thessaly and National Technical University of Athens. We are looking forward
to meeting all previous CEMEPE participants as well as new environmental scientists. Until the next meeting, best
wishes from Greece.
We are grateful to the following reviewers for their careful and objective evaluation of the submitted papers T. Albanis, C. Blaise, D. Bouranis, E. Diamadopoulos, N. Kalogerakis, K. Kasemets, P. Kassomenos, V.A. Katsiki, C.
Laspidou, K. Liapis, A. Loukas, G. Lyberatos, L. Manusadzianas, A. Markoglou, A. Matzarakis, P. Melidis, H.
Okamura, S. Ozkan, A. Papadopoulos, M. Petala, C. Polatidis, A. Psilovikos, P. Samaras, M. Scholz, A. Triantafullou, A. Valavanidis, P. Vasseur, K. Wadhia, D.J. Walker, T. Yiannakopoulou, A. Zouboulis
Associate Professor Athanassios Kungolos
Department of Planning and Regional Development
University of Thessaly
Pedion Areos
38334 Volos, Greece.

Dr. Christina Emmanouil
Laboratory of Pesticides’ Toxicology
Benaki Phytopathological Institute
8 St. Delta Street
14561 Kifissia, Athens, Greece

Assistant Professor Avraam Karagiannidis
Department of Mechanical Engineering
Laboratory of Heat Transfer and Environmental Engineering
Aristotle University of Thessaloniki
541 24 Thessaloniki, Greece
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BIOASSAYS AND BIOMARKERS, TWO PILLARS OF
ECOTOXICOLOGY: PAST, PRESENT AND PROSPECTIVE USES
Christian Blaise* and François Gagné
Fluvial Ecosystem Research Section, Aquatic Ecosystem Protection Research
Division, Environment Canada, 105 McGill street, Montréal, QUE., Canada, H2Y 2E7

ABSTRACT
Ecotoxicology has blossomed into a popular discipline
of the environmental sciences thanks to bioassays and biomarkers (BBs), essential tools that allow the determination
of numerous and versatile effects measurements. We present some of the ways in which they have been applied and
how they have evolved over the past decades to appraise
the ecotoxicity of contaminants impacting aquatic systems.
From single use in a target species to measure one effect,
BBs are now employed in batteries across several taxonomic groups to determine multiple endpoints. Indices that
integrate and reduce toxicity data into single numerical
values have also proven to be useful to assess water and
sediment quality. BBs are now confronted with issues related to emerging chemicals, bio-transformation and ecological relevance. For such challenges, toxicogenomics
should markedly enhance their power in the years to come.

KEYWORDS: Bioassays, biomarkers, aquatic ecotoxicology, pollution, prospects of ecotoxicology

INTRODUCTION
Anthropogenic activities, driven by economic endeavors and the desire to enhance the quality of life of our species, have, in turn, triggered the need for ecotoxicology, and
shaped its evolution. Indeed, the myriad of contaminants,
old and new, discharged (and still discharging) to various
compartments of the biosphere as a result of the industrial
revolution, have amply demonstrated that progress can be a
"double-edged sword", the down-side of which is environmental pollution [1]. Effects-based measurements, a necessary response to assess the toxic potential of xenobiotics,
complex environmental media (e.g., industrial and urban
effluents) as well as possible adverse impact on exposed
biota, saw some development and validation as early as the
1960s. From ecotoxicology, a new discipline of the environmental sciences appearing in the 1970s [2], emerged its
two most important pillars, bioassays and biomarkers. This

paper offers some historical insights on the way these have
been applied, and on their expected advances in the context
of new contamination concerns for aquatic environments.
BIOASSAYS:
A RESPONSE TO WHAT LIVES IN WATER
Extensively employed in the 1960s and 1970s, the application of fish (sub)lethality assays was an important first
step in appraising toxicity of wastewater and chemical contaminants [3]. It was soon recognized, however, that toxicity
could vary widely across trophic levels and that proper
assessment of chemical pollutants had to be conducted with
representatives of several taxonomic groups to circumscribe
their full toxic potential. With time, biological testing encompassed several methods capable of determining the
relative sensitivity of decomposers, primary producers, primary and secondary consumers towards chemical stressors. Examples include bioassays using bacteria [4], microalgae [5], protozoans [6], micro-invertebrates [7], fish [8]
and fish cells [9], all of which proved immensely useful to
evaluate ecotoxicity.
While a single bioassay was at times applied for toxicity screening [10], concurrent conduct of several bioassays also proved profitable to appraise chemical contamination [11]. Hence, battery approaches involving tests conducted over different trophic levels were eventually favored
over single species testing at one taxonomic level. From
battery testing later emerged indices that reduced multiple
toxicity measurements into single numerical values to reflect what might be termed "environmental Richter scales"
indicative of the degree of hazard represented by a particular source (or site) of pollution to a specific receiving
aquatic environment. Examples of such scales include the
PEEP (Potential Ecotoxic Effects Probe) index, a simple
effects-based hazard assessment scheme to compare the
toxic potential of a series of wastewaters discharging to
a common receiving aquatic ecosystem [12, 13], as well
as the SED-TOX index that aggregates multiple toxicity
data into a single value, the SED-TOX score, to rank marine, estuarine and/or freshwater sediments in terms of their
degree of environmental degradation [14].
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After more than four decades of bioassay applications,
the diversity, richness and usefulness of toxicity testing
initiatives are unquestionably evident, as reported in the
scientific literature. In essence, toxicity testing has significantly focused on liquid (complex environmental samples,
chemical and biological contaminants) and solid media
(sediments) assessment. For both media, miscellaneous
studies/ initiatives linked to toxicity testing applications
have again promoted the development, validation, refinement and use of toxicity testing procedures [15]. Finally,
national legislations (environmental regulations, enforcement activities, water quality standards/guidelines) seeking to protect and conserve aquatic systems have substantially profited from the use of bioassays. In Canada, for
example, different statutes require toxicology measurements
(e.g., Fisheries Act, Canadian Environmental Protection
Act, Pest Control Products Act) that are well served by
bioanalytical methods [16].
BIOMARKERS: BEYOND SURVIVAL,
GROWTH AND REPRODUCTION
While survival, growth and reproduction are key assessment endpoints addressed by bioassays, biomarkers incorporate a series of more subtle biochemical/ physiological parameters to assess (geno)toxicological, immunological, endocrinological and behavioral perturbations at the
level of individuals. As the second pillar of ecotoxicology,

the biomarker arena had modest beginnings at first (less
than 100 publications up to 1985), but their development
and applications increased sharply afterwards (circa 7000
published articles from 1991-1998) [17]. A large number
of definitions have been proposed in the literature to define
biomarkers, one of which states that "the term biomarker is
used in a broad sense to include almost any measurement
reflecting an interaction between a biological system and
an environmental agent, which may be chemical, physical
or biological" [17]. Much akin to their bioassay predecessors, biomarker evolution has gone from single use to multiple uses via battery approaches. Single use includes, for
example, that of the well-known EROD (7-ethoxy resorufin
O-deethylase) biomarker measured in fish liver, whose
activity was linked to that of cytochrome CYP1A1 implicated in the metabolism of polyaromatic hydrocarbons
(PAHs), co-planar polychlorinated biphenyls (PCBs) and
dioxins [18]. Metallothionein (MT) induction is another
example of single biomarker use to indicate the activation
of defense mechanisms resulting from exposure to heavy
metals [19].
Battery approaches employing multiple biomarkers
measured simultaneously were later employed to increase
the interpretation capacity of laboratory and field studies,
and also because of the physiological and molecular interrelationships which can exist among biomarker responses.
As an example, Figure 1 shows the relationship existing
between Vg (vitellogenin-like proteins) indirectly measured

(BE)
Vg vs MT:
R = - 0.219
p = 0.181

300
200
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0

(Baude)
Vg vs MT:
R = - 0.392
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FIGURE 1 - Temporal variation of Vg (hemolymph alkali labile phosphate) and MT (digestive gland) levels in clams collected from two
intertidal stations in the Saguenay Fjord area in 1997 ( Baude is an unpolluted reference station and BE is one impacted by heavy metal
pollution where Cd, Cr and Ni concentrations in soft tissue are twice those of the Baude station, and where Hg and Mn are six times those
of the Baude station. Vg levels are expressed in µg of PO4/mg hemolymph protein and MT levels are expressed as nmol of MT/mg proteins).
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by an alkali labile phosphate method [20], and MT levels
in clams collected from a metal-contaminated site (BE)
in the Saguenay Fjord (Québec, Canada) and a reference
site (Baude) located near the mouth of the Saguenay Fjord
during the vitellogenesis period. These biomarkers were
measured monthly from May through to October in 1997
(only May to July data are shown in Fig. 1) which encompass the gametogenesis and spawning period. At the Baude
site, vitellogenesis begins in May, peaks in June, afterwhich Vg levels drop until they reach their baseline in July
which carries through to October. Vg and MT levels are
inversely correlated (R = - 0.392; p = 0.008) with MT
levels kept low during May and June, perhaps from mobilization of Zn to the gonad to bind the Vg molecule during the post-translation stage. At the BE metal-impacted
site, MT levels remain high in May to protect clams from
metal exposure, thereby delaying the onset of vitellogenesis. In June, BE clams must lower their MT levels to liberate physiological Zn in order to initiate vitellogenesis
which is reflected by a concomitant increase in Vg levels.
The animals immediately raise their MT levels again in July
when the reproduction period is over. The perturbation
owing to metallic stress is observed in that Vg and MT are
no longer significantly correlated at the BE site (R = - 0.219;
p = 0.181). This example highlights the importance of conducting multiple biomarker measurements to properly interpret field data and, in this particular case, to better understand the interaction between heavy metal contamination
and reproduction in wild clam populations.
Biomarker measurements integrated into single index
values indicative of the degree of contaminant pressures
impacting specific feral populations of biota at different
geographical locations, in analogous fashion to bioassay
scales discussed before, have also been developed [2123]. Beyond the use of indices to map out impacted areas
in the field, integration of biomarkers could also be used
to evaluate which tissues are targeted in organisms during
their reproductive period, or in situations of exposure to
mixed and diffuse sources of pollution [24]. The effects of
cumulative stressors and assessment of toxicity at different
levels of biological organization (i.e., molecules → cells
and tissues → individuals → populations) constitutes another relevant area of investigation with biomarkers.
BIOASSAYS AND BIOMARKERS :
WHAT LIES AHEAD?
Because of the significant amount of ecotoxicological
information still to be acquired for thousands of existing and
new chemicals, and because of new contaminant pressures
stemming from economies of developing countries worldwide, "classical ecotoxicology" using bioassays and biomarkers as before will continue to be in demand. In
addition, the pillars of ecotoxicology will be called upon
to address new challenges. For instance, novel applications requiring rapid microscale bioassays to alert for
potential human and environmental toxicity in variable

water sources are now in the making to deal with accidental
and/or intentional releases of toxic chemicals and biological
agents [25]. This will offer an effective means for prevention, surveillance and alertness to ensure safety of water
uses for humans and aquatic biota. Furthermore, both
bioassays and biomarkers are expected to shed much
needed insights into the possible adverse effects of emerging chemicals which include EDS (endocrine disrupting
substances), PPCPs (pharmaceuticals and personal care
products), GMOs (genetically-modified organisms) and
nanomaterials. While some toxicity data do exist for
EDS, PPCPs and GMOs, albeit still incomplete, the scientific community is only now beginning to turn itself to
assessing the environmental risks associated with the diverse products of the nanotechnology industry. Again,
biomarker measurements displaying subtle undesirable
effects possibly resulting from the biotransformation of
some chemicals uptaken by biota will deserve attention. In
particular, oxidative stress owing to the release of reactive
oxygen species (ROS) can be a consequence of metabolization following xenobiotic accumulation [26]. For example, acute exposure of the cnidarian Hydra attenuata to the
anti-depressant drug carbamazepine for 48 h induced
oxidative metabolism at a threshold level of 7.1 µg/L with
a concomitant increase in lipid peroxidation [27]. This concentration is similar to the maximum value of 6.3 µg/L
reported in WSTPs (wastewater sewage treatment plants)
for this substance [28], suggesting that oxidative stress could
occur at levels close to those discharged by municipal effluents. Caffeine, a relatively non-oxic molecule also discharged by WSTPs, has also been shown to produce oxidative stress in Hydra following biotransformation [29].
The continuing search for biomarkers predictive of
population effects will also prevail in the future because of
their ecological relevance. Recent studies indicate that biomarkers such as those measuring vitellogenin [30], as well
as immuno-competence and mitochondial electron
transport [31, can have intrinsic links with population
impairment. Furthermore, biomarkers may shed light on
interactions between chemical stressors and global phenomena such as climate change (e.g, altered water and
temperature levels) which may possibly exacerbate adverse effects on biota [31]. Finally, the emergence of new
disciplines that can be regrouped under the banner of toxicogenomics (i.e., transcriptomics, proteomics and metabolomics), coupled with bioinformatics, will, in time, pervade bioassays/ biomarkers and enrich ecotoxicology with
powerful new tools to assess chemical pollution by providing new insights into the biochemical and molecular status
of impacted organisms [32]. Clearly, the best is yet to come
from the multi-disciplinary field of ecotoxicology to combat, solve and prevent environmental pollution problems.
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ABSTRACT

INTRODUCTION

In the present study the induction of vitellogenin has
been studied as a biomarker of exposure in crabs in order
to assess its relationship with contaminants bound to sediments [Zn, Pb, Cu, Ni, Co, V and polyaromatic hydrocarbons (PAHs)] affected by different oil spills in Spain. Two
different 28-days bioassays have been carried out both under field and laboratory conditions by exposing the crab
Carcinus maenas to contaminated sediment samples. For the
field approach the organisms were labelled and kept in
cages located in the study sites during the exposure period.
In the experiment conducted under laboratory conditions
sediment from the stations was collected and carried to the
laboratory where labelled crabs were placed in 20 L tanks
with the sediment samples. For both bioassays haemolymph
was extracted from the individuals the day 0 and 28 of exposure to determine the variation in the levels of vitellogenin after the bioassay. The Spanish sediments selected
for this study had been affected in a different way by oil
spills; the Galician Coast (NW Spain) was acutely impacted
by the accident of the tanker Prestige (2002) whereas the
Bay of Algeciras (South Spain) suffers chronically from
continuous input of different contaminants from ships and
industries located in the area, including oil spills. Results
show a relationship between vitellogenin variation and contaminants. The variation of vitellogenin concentration was
related to the presence of PAHs and the metals Pb, Ni and
Cu in the sediment, which occurred mainly in the treatments from the Bay of Algeciras. In this sense, the study
shows a partial recovery in the sediment quality in the
Galician Coast three years after the spill, whereas the Bay
of Algeciras is significantly more polluted than the sediments studied in the area of Galicia.

KEYWORDS:
vitellogenin, oil spill, ecotoxicity, invertebrate, PAHs.

Sediments, as an important part of the ecosystem, are
often studied to assess environmental quality. Complex
mixtures of contaminants however can be examined with
difficulty, thus the study of both chemical and toxicological effects turns out to be a suitable tool to achieve the objectives proposed in sediment quality assessment. Biomarkers can be defined as measurements of body fluids, cells
or tissues that indicate in biochemical or cellular terms the
presence of contaminants or the magnitude of the host response to such contaminants [1]. Combining chemical
analysis with suites of biomarkers addresses the need for
more pragmatic environmental assessment techniques linking environmental degradation with its causes [2].
The chemicals introduced into the environment have
the potential to interact with neuro-endocrine signalling
cascades, resulting in signal perturbations [3]. Such altered
signalling can result in modifications to development, maturation, reproduction, and other neuro-endocrine-regulated
processes that hinder population sustainability [4]. Laboratory studies have demonstrated the susceptibility of crustaceans to toxicants and field studies have revealed evidence
of endocrine disruption among various crustacean populations [5].
Due to their biological and ecological characteristics
crabs are suitable organisms for use in ecotoxicological
studies [6]. In the present study vitellogenin (VTG) is used
as a biomarker to assess the toxicity caused by oil spills
on the crab Carcinus maenas. Vitellogenesis is a process
by which female crustaceans produce and sequester nutrients into developing oocytes [7]. Vitellogenin is a protein
produced in the hepatopancreas and transported through
the haemolymph to the ovary, where it enters into growing
oocytes [7]. The inhibition or stimulation of vitellogenin
levels in haemolymph could provide a useful indicator of
direct repercussions on the reproductive capacity in the
female crabs [8].
The aim of this study was to investigate the relationship between contaminated sediments with the induction
of vitellogenin in the crab Carcinus maenas by exposing
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the organisms to sediments from the Galician Coast (NW
Spain), three years after an oil spill (Prestige), and sediments from the Bay of Algeciras (S Spain), chronically
impacted by spills of different contaminants including oil
spills. Exposures were performed under field and laboratory conditions with the purpose of study the similarities
and differences of both methodologies.
MATERIALS AND METHODS
The sediments selected for this study were affected in a
different way by oil spills; the Galician Coast (NW Spain)
was acutely impacted by the accident of the tanker Prestige (2002) whereas the Bay of Algeciras (S Spain) chronically suffers continuous input of different contaminants
coming from ships and industries located in the area, including oil spills. Figure 1 shows the location of the study
sites.

▪F ▪E
▪D

Atlantic Islands
National Park
C

A
B

Ría de CormeLaxe

Spain

GR3
GR4
P1
Bay of
Algeciras

N
W

E
S

FIGURE 1 - Map of study sites: the coastal area of Galicia showing
the locations of the sampling stations. A, B and C refers to the stations
located in the Cies Island in the Atlantic Island National Park and
D, E and F to those in the Bay of Corme-Laxe. The stations located
in the Bay of Algeciras are GR3, GR4 and P1.
Sediment Sampling and Characterization

Sediments from the selected sites were carried to the
laboratory and were sampled for physical characterization and chemical quantification. The analyses of PAHs
were carried out according to USEPA SW-846 Method
827C78082 [9]. For trace metal analyses (Zn, Pb, Cu, Ni,
Co, V), the sediments were digested as described by Loring and Rantala [10] and then measured by atomic absorption spectrophotometry (AAS). Organic carbon content was
determined using the method of Gaudette et al. [11] with
the El Rayis [12] modification. For sediment grain size,
an aliquot of wet sediment was analyzed using a Fristch
laser particle sizer (model Analysette 22) following the
method reported by DelValls and Chapman [13].

Toxicity Tests

Intermoult females crabs (carapace width (47-57mm)
were collected from a clean site in the Gulf of Cádiz (SW,
Spain) [8] and were acclimatized for two weeks in the laboratory. After that period the sediment samples were
placed in 20-L aquariums and sea water was added (1:4).
Aeration was provided after the sediment had settled down.
Crabs were labelled and a number of them were placed
in the aquariums in the laboratory (8 per aquarium); 20
crabs were located in the cages (50cm x 25cm x 15cm;
approximately 0.5cm mesh size) which were transferred
to the study sites and positioned and wedged into the
sediment during low tide. The bioassays run in replicate (3) and lasted 28 days.
Vitellogenin Determination

Haemolymph samples were taken from the base of a
walking leg using a syringe the days 0 and 28 of the bioassay. The samples were transferred to microcentrifuge
tubes and were kept into liquid nitrogen before storing them
in the -80 ºC freezer. Vitellogenin determination was performed using a direct Enzyme-Linked Inmunosorbent Assay (ELISA) adapted from Pateraki and Stratakis [14]. The
96-well microtiter plates were coated with the standard
solutions, purified VTG (0, 22, 10, 20, 50, 75 and 100 ng
100 µL -1 ) and haemolymph samples from each crab
(200 µL). Excess protein in the well was removed with
washing (PBS-T). Any sites on the wall of the plate well
not covered by protein were then blocked using a general
“bland” protein; in this case dried milk powder was reconstituted. This stopped antibody binding direct to the polystyrene wall and giving false positives. After further washing the primary antibody (supplied by School of biological
sciences, University of Plymouth, UK) was added to the
wells and incubated for 1 h at 37ºC. If vitellogenin/vitellin
was present in the sample this primary antibody would bind
with it. After one hour the plate was again washed out removing antibody. Then the secondary antibody was added.
This second antibody was a goat anti-rabbit monoclonal
preparation which will bind with any antibody produced
in a rabbit. This antibody was commercially supplied by
Sigma. The plate was incubated for 1 h further at room
temperature, and washed out to remove out secondary antibody. Following this, ABTS (2,2´-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt was allowed
to react at room temperature in the dark for 10-30 min. The
plate was read at 405 nm and VTG standards were fit to a
linear regression (R2 = 0.96; slope = 0.144). 28-day VTG
results were normalized with the 0-day VTG concentrations ([VTG*] = [28-days VTG] – [0-days VTG]) providing the amount of proteins that fluctuates during 28 days
of exposure.
Statistical Analysis

Contamination and VTG* data were linked by factor
analysis, using principal components analysis (PCA) as the
extraction procedure (STATISTICA®); this is a multivariate statistical technique for exploring variable distribu-
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Vitellogenenin Analysis

tions The objective of PCA is to derive a reduced number
of new variables as linear combinations of the original variables. This provides a description of the structure of the
data with the minimum loss of information [9].

Mean values of vitellogenin concentration in haemolymph show a slight decrease in most of the treatments after
28 days of exposure (Fig. 2) even though the significant
standard deviation obtained. The decline was detected
mainly in the laboratory tests whereas caged crabs presented a lower variation in the vitellogenin levels after the
exposure period. The difference between laboratory and
field studies could be related to the fact that caged crabs
were subjected to the environmental conditions such as
changes in abiotic factors and currents what may decrease
the availability of the contaminants. Although vitellogenin
levels in the presence of endocrine disruptors contaminants
are normally induced there are studies that support a decrease in the concentration of this biomarker as explained
below. In this study those organisms exposed to sediments
from the Bay of Algeciras (GR3, GR4 and P1) suffered
the highest variations in vitellogenin levels.

RESULTS AND DISCUSSION
Chemical Analysis

Sediments were mainly contaminated by PAHs, and
the samples from the Bay of Algeciras, continuously affected by oil spills, turned out to be the most contaminated
by these compounds (Table 1). On the other hand, results
do not show a prevailing tendency in the concentration of
metals among sediments from the different areas. High
levels of Zn were detected in the stations A, C (Cies Island)
and F (Corme-Laxe) from Galicia, whereas Cu levels were
high P1 and Ni in GR3, both stations located in the Bay of
Algeciras.

TABLE 1 - Values of total organic carbon (%dry weight), fines (% of dry sediment < 63 mm) and the
concentration of contaminants (metals (mg /kg dry weight);PAHs (mg /kg dry weight)) in sediment samples from
Galicia (Cíes Island: A, B, C; and Corme-Laxe: D, E, F) and Algeciras Bay (GR3, GR4 and P1). Not detected is expressed by n.d.
Stations
A
B
C
D
E
F
GR3
GR4
P1

O.C.
0.28
0.26
0.30
0.31
0.37
0.65
2.15
3.19
3.86

Fines
4.32
2.81
2.76
3.79
5.50
5.95
69.4
59.3
35.4

Zn
377
91.0
164
25.0
19.9
271
138
35.3
56.7

Pb
1.50
0.90
0.85
3.70
7.30
5.90
21.6
6.21
12.3

Cu
5.20
1.40
1.40
0.70
0.43
4.20
5.01
3.67
75.2

Ni
13.3
2.40
4.50
1.70
1.50
5.70
74.7
13.1
13.3

Co
0.30
0.20
0.10
0.34
0.35
0.36
12.8
5.59
n.d.

V
0.70
0.80
0.60
2.00
2.10
3.40
26.1
n.d.
6.84

PAH
108
67.0
n.d.
38.0
52.0
323
3150
802
641

1.2
1.0

VTG

0.8
0.6
0.4
0.2
0.0
A

B

C

D

E

F

A-c

B-c

C-c

D-c

E-c

F-c

GR4

P1

GR3

GR4-c

P1-c

GR3-c

treatments

FIGURE 2 - Levels of vitellogenin (ng /100mL) in haemolymph of crabs exposed to sediments from Galicia
(Cíes Island: A, B, C; and Corme-Laxe: D, E, F) and Algeciras Bay (GR3, GR4 and P1); samples from the caged
organisms have the suffix “–c”. The results shown match with the day 0 (dotted bar) and day 28 (striped bar) of exposure.

Linking vitellogenin variation
with chemicals bound to sediments

The variables (O.C., fines, Zn, Pb, Cu, Ni, Co, V, PAHs,
and VTG) were autoscaled (standardized) so as to be treated
with equal importance [15]. The application of the PCA to

the original 10 variables indicates that they can be grouped
in two new factors which explain a 72% of the total variance in the original data set. A group of variables as those
associated with a particular component where the loading
was 0.30 or higher was interpreted (Table 2). The first prin-
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TABLE 2 - Sorted rotated factor loadings (pattern) of 10 variables
for the two principal factors resulting from the multivariate analysis
of results obtained from the chemical analysis and the vitellogenin
determination.
Zn
Pb
Cu
Ni
Co
V
PAH
%C.O.
%fines
VTG

FACTOR1
─
0.84
─
0.93
─
0.54
0.97
0.53
0.91
0.37

FACTOR2
─
0.32
0.95
─
0.95
─
─
0.80
0.33
0.56

cipal factor, #1 is predominant (50%) and it groups the
variation of vitellogenin concentration in the haemolymph
of the crabs with the presence of PAHs and the metals Pb,
Ni and V in the sediment and its association with the organic carbon and grain size. Factor #2 (22%), shows the
relationship between the grain size and the total organic
carbon in the sediments with the presence of Pb, Cu and
Co and the link with the variation in vitellogenin levels.
The influence of the two factors at the 18 treatments
is reflected by the Factor score at these treatments and is
shown in Figure 3. Factor 1 which shows the relationship
of the vitellogenin variation and the contamination by PAHs,
Pb, Ni and V has a main prevalence in the stations from
the Bay of Algeciras GR3 and GR4 both in laboratory and
field exposures. Factor #2, which links the variation of
vitellogenin concentration with the metals Pb, Cu and Co,
it is mainly prevalent in the stations GR4 and P1, laboratory and caged exposures, in the Bay of Algeciras. Treatments from the Galician Coast did not present positive
loading in the factor scores.

Results obtained in the Statistical analysis have shown
that the range of variation of the vitellogenin concentration
in the haemolymph of the crabs was related to the PAHs
and the metals Pb, Ni, Cu, Co and V. Even though V and
Co are included in the definitions of factor #1 and 2 respectively, they appear at low concentrations in the sediments what means that probably the correlation is due to
basal levels of these metals in the environment and do not
suppose contamination. Previous studies showed a relationship between vitellogenin and metals [16], although in
that case there was a vitellogenin induction along the time
of exposure, whereas in the present case of study vitellogenin decreased in the majority of the treatments. It is
known that vitellogenin levels in the presence of endocrine disruptors contaminants normally are induced. Other
studies [17] suggested that metals may interfere with the
ovarian cycle in Carcinus maenas and, therefore, with the
reproduction of this species. Preceding investigations in
fishes [18], considered that low vitellogenin levels in females could be indicative of pollution induced dysfunction
at the reproductive endocrine system level. In the environment, both estrogen antagonists and agonists are present
[19]; indeed, trace metals have been considered to decrease
Vg mRNA and protein synthesis in trout hepatocytes [20].
PAHs are a class of chemicals that are also anti-estrogenic
since they can decrease Vg gene expression [21,22]. PAHs
have been found to have a deleterious effect on the vitellogenesis of fish from feral populations as well as in laboratory experiments, reporting reduction in plasma
vitellogenin [23]. Alterations in vitellogenin-like protein
levels were also observed in mussels exposed to organic
pollutants [24] whereas studies with female clams exposed to PAH contamination presented low levels of
alkali-labile phosphate which positive correlates with
vitellogenin [25].

3.5

3.0
P1
2.5
P1-c
2.0

Factor 2

1.5

1.0

0.5

-1.0

D -0.5 E
B D-c E-c
F
C
B-c C-c
F-c
A
A-c

GR4
GR4-c

0.0
0.0

0.5

1.0

-0.5

1.5

2.0

2.5GR3'
GR3'-c

-1.0
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FIGURE 3 - Estimated factor scores for the two factors in each of the 18 cases. The factor scores quantify the prevalence of each
factor for every station and are used to establish the definition of each factor. Samples from the caged organisms have the suffix “–c”.

CONCLUSION
In the present study a decrease of vitellogenin concentration in haemolymph from the crab Carcinus maenas exposed to contaminated sediments was detected after 28 days
of exposure. The variation of vitellogenin concentration was
related to the presence of PAHs and the metals Pb, Ni and
Cu in the sediment, which occurred mainly in the treatments
from the Bay of Algeciras (chronically affected by oil spills)
whereas the Galician Coast (acutely impacted by an oil spill)
did not present this association. This points to a recovery of
the area affected by the oil spill. Although both field and
laboratory tests presented the same trends in vitellogenin
variations, the response was lower under field conditions
which means that laboratory tests resulted to be more sensitive than field studies in order to assess sediment toxicity.
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TESTING THE RELIABILITY OF PROTOZOA AS INDICATORS
OF WASTEWATER TREATMENT PLANT PERFORMANCE
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ABSTRACT

KEYWORDS: Activated sludge, microbial community, autecology
synecology, protozoa indicators, rotifers, fuzzy regression.

In ecology, a synecological study deals with a group or
community of organisms as well as their relationships to
each other and to their environment, while an autecological study deals with the interactions of an individual organism or a single species with living and non-living factors of its environment. Following the autecological approach, fuzzy regression (FR) analysis (which is based on
fuzzy set theory) has been used along with classic regression (CR) analysis to evaluate the reliability of protozoa as
indicators of treated effluent quality. Both statistical analyses have been based on data collected from an aerobic
reactor that operated under conditions of extended aeration. Some common protozoa (Opercularia, Vorticella and
Tra-chelophyllum) have been found to be related to good
effluent quality, but the statistical results were inconsistent. The statistical significance of classic regressions
was improved when biovolume instead of cell abundance
was used as a measure of the microfauna biomass. Generalizations of statistical results regarding protozoan indicators involve a high degree of uncertainty; therefore, we
suggest that protozoan indicators should be used only as
empiric tools of expert system development, and only for a
particular plant. Following the synecological approach, the
activated sludge (AS) community has been analysed on the
basis of trophic relationships, employing three trophic
levels (P1, P2 and P3), with P1 = all bacteria; P2 = bacteria
eating protozoa, rotifers and nematods; P3 = top predators
(arthropods and carnivorous protozoa). This simple community did not directly respond to changes in the quantity
and quality of the substrate; however, the sizes of P2 and
P3 became maximal when the sludge was 25 days old. The
reactor’s conditions were similar to those of a biological
filter; this favored the development of rotifers, which at
times predated intensively upon bacteria and caused severe
reduction in sludge activity concentration. We concluded
that the biovolume ratio (I), a measure of the relative
dominance of rotifers in the second trophic level, is a
satisfactory biological indicator of process stability and
effluent quality.

INTRODUCTION
For a better understanding of the AS process, several
approaches have been employed. On the one hand, engineering approaches treat the AS microbial community either
coarsely as a «black box» or in a more refined manner that
incorporates several functional parts of the AS community
in process models and software [1]. On the other hand, microbial approaches focus either on molecular analysis bypassing the functional role of protozoa and metazoa on
the AS process [2], or on the autecology of ciliated protozoa (trying to relate their presence and abundance to AS
process performance [3-6]). These microbial approaches
have been proven to be useful but offer a fragmented picture of the complex phenomena in the AS. Treated effluent quality attributes like organic carbon, ammonia and suspended solids are emergent properties that arise from processes performed by the microbial community as a whole.
Therefore, a synecological approach of the AS community
might shed more light in the ecological phenomena taking
place, and might suggest other ways to achieve a more effective control of the process.
In view of the above arguments, both approaches are
followed in the work reported here. At first, in line with
the autecological approach, we critically review the subject of protozoan indicators of effluent quality and consider
various reasons for the statistical inconsistencies reported
in the literature. To overcome inconsistencies and improve
the reliability of protozoa indicators, we propose a statistical methodology suitable for complex and ill-defined
problems that is based on fuzzy set theory. Secondly, in
line with the synecological approach, we investigate the
effect of the AS operational conditions on the organization of the entire AS microbial community; then we seek
relationships of this community with the quality of the
treated effluent. We sought answers to the following
questions: Which ciliated protozoa species are reliable
indicators of AS process efficiency and effluent quality in
stable operating conditions? In such conditions, what kind
of microbial community develops? Is this community related to the treated effluent quality and in what way? Are
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there any other potential biological indicators of process
performance, besides ciliated protozoa?
MATERIALS AND METHODS
Experimental Set-up

A continuous flow laboratory scale reactor was used.
It consisted of a 40-L complete mixed aerator compartment with double glass walls and a 9-L sedimentation tank
(clarifier) with tapered bottom that enabled the settled
sludge to be accumulated and pumped back to the aerator
tank. Two sets of experiments have been performed: In the
first set (experimental set 1), synthetic substrate has been
used. In the second set (experimental set 2), municipal
wastewater supplied from a plant operating under extended
aeration conditions has been used. The two experimental
sets were identical, except for the type of the substrate used.
In extended aeration, the supply of substrate per unit of
microbial biomass (F/M ratio) is low and the microbial
biomass remains in the system more than 20 days (long
sludge age). The temperature of the reactor was maintained
at 23° C with a thermostat bath; the pH was within the
7.15–7.25 range with the aid of a pH electrode and the
automatic addition of 2N HCl or 2N NaOH; air was continuously supplied through the bottom of the aeration tank
at a rate of 500 L/h by an external air compressor with
pressure and flow regulators. The time of biomass retention in the system was regulated by biomass wasting directly from the aerator tank. Letting V be the volume of the
reactor and Qw the rate of biomass discarded from the
aeration tank, the time of biomass retention in the system,
that is the sludge age θc, will be θc = V/Qw. Through choices
of Qw, we achieved sludge ages of 30, 25 and 20 days. For
each given sludge age, three incoming flow-rates were
chosen (1.5 L/h, 1.7 L/h and 2.0 L/h), each corresponding
to hydraulic retention times of the substrate in the system
that were equal to 27 h, 24 h and 20 h, respectively. Therefore, nine different combinations of sludge age and retention time corresponding to nine fixed operating conditions
of the reactor were created for each set of experiments
(types of substrate). Each operating condition was observed
separately and analyzed (daily sampling) for six days. Sludge
from a municipal wastewater treatment plant (WWTP) that
operated under extended aeration conditions was used to
provide an inoculum. Sampling started after a sludge acclimation period of three months with the sludge age of
30 days. For the sludge ages of 25 and 20 days, shorter
acclimation periods (about 2-2.5 months) preceded the onset
of the samplings. Between the changes in the substrate inflow rate, the system was left for at least one week to acclimate before the onset of sampling. The total experimental period lasted about 24 months.
Medium Preparation

A concentrated medium was prepared once or twice a
week, depending on the inflow, with the following composition: 45 g dextrose, 25 g Nutrient broth, 15 g urea in 1 L
tap water [7]. The final medium was prepared daily from
the concentrated medium (6 mL/L concentrated medium)

using dilution water that was prepared with 1 mL phosphate buffer solution, 1 mL MgSO4, 1 mL CaCO3 and 1 mL
FeCl2 in 1 L tap water [8]. The final concentration of synthetic substrate was COD = 400 mg/L, BOD = 300 mg/L,
N-NH4+ = 42 mg/L, and P-PO4 2- = 12 mg/L. In municipal
substrate, BOD ranged from 280 to 500 mg/L, N-NH4+
from 15 to 68 mg/L, and P-PO4 2- from 10 to 21 mg/L.
Analytical Procedures

Daily samples were taken from the aeration tank mixed
liquor (ML) and from the clarified effluent. Sample analyses were performed according to standard methods
[8]. Mixed liquor suspended solids (MLSS) according to
Section 2540D (Total Suspended Solids Dried at 103-105
0
C), mixed liquor volatile suspended solids (MLVSS)
according to Section 2540E (Fixed and Volatile Solids
Ignited at 550 0C) , and SVI according to Section 2710D
(Sludge Volume Index). SVI measures the volume occupied by 1 g of sludge if 1 L of the mixed liquor is left to
settle for 30 min. SVI is an index of effluent quality, because it measures the ability of the microbial biomass to
be separated from the treated effluent after the biological
treatment. It follows that high values of SVI coincide with
high suspended solids and indicate low settling ability of
the sludge and bad effluent quality. Ammonia nitrogen was
determined according to Nessler method, ortho-phospates
according to vanadomolybdophosphoric acid method [8]
(Sections 4500-NH 3, 4500-P), and BOD 5 according to
Section 5210B. Sludge activity was measured as Oxygen Uptake Rate (OUR) with the aid of an YSI oxygenmeter according to Section 2710B. OUR is the rate of
dissolved oxygen consumption by the sludge in an aerated
sample, and it is expressed in mg O2L-1min-1. Specific
Oxygen Uptake Rate (SPOUR) represents the sludge
activity per unit of sludge biomass and is expressed in mg
O2L-1min-1 and per g of MLVSS; it was estimated by
dividing the OUR by the corresponding MLVSS of each
sample.
Total Bacterial Counts

Duplicate samples of 500 mL from the aeration tank
were homogenized for 1 to 2 min; adding 1 to 2 drops of
Tween 80 and shaking facilitated the homogenous dispersion of bacteria. Samples were then diluted in sterile glassware with phosphate buffer prepared with high-grade water. Diluted samples were fixed with formaldehyde (1 mL
of 37% formaldehyde in 20-mL sample) and counted within
24 h. The bacteria were stained with the fluorescent dye
DAPI (4΄,6-diamidino-2-phenylindole) [9]. Two mL of the
diluted sample were placed in a 25-mL glass tower, fitted
with a glass funnel and a stopper in a vacuum flask that
was connected to an air pump. DAPI was added and, after
5 min, a reduced vacuum (<13 cm Ηg) was applied. Bacteria were collected on black 25-mm diameter polycarbonate filters of 0.22 µm porosity (Millipore
GTBP02500) backed with cellulose filters of 0.45 µm
porosity (Millipore AW0302500), to ensure even distribution of bacteria. The wet filter was then mounted with
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non-fluorescent oil on a glass slide and bacterial cells
were enumerated at 1250X magnification under UV light
excitation. At least, 400 bacterial cells were counted in
each filter from 12 to 20 random fields. Results were
expressed as bacteria cell density (cells/mL).
Enumeration of Protozoa and Metazoa

Protozoa and metazoa (rotifers, nematods and arthropods) were identified and counted, in 100–400 µl fresh
samples, by inverted microscopy under 320X to 512X magnifications; taxon abundance was estimated as cells/mL or
individuals/mL. At least, 100 cells per sample were counted. Microfauna identification was based on various
sources [10-12].
Biovolume Estimation

Since rods and filaments were rarely observed, coccoid prokaryotes were dominant. The diameter of bacteria
vulnerable to grazing by protozoa ranges from about 0.4
µm to 1.6 µm [13], while Philodina, a bdelloid rotifer,
commonly found in wastewater, is able to feed on polystyrene beads of sizes 0.2, 1.0 and 3.0 µm [14]. Based on this,
we assumed that the bacteria most vulnerable to grazing
have a mean diameter of 1 µm (corresponding to a sphere
volume of 4.1888 µm3); thus, the biovolume of bacterial
population vulnerable to grazing per mL of sample was
estimated as the product of bacterial cell density multiplied by 4.18888. To convert µm3/mL to mm3/mL, we
multiplied by 10-9.
The dimensions of eukaryotic organisms were measured to the nearest µm in the standard microscope by a
stage micrometer. The shape of each taxon was approximated to the nearest 3-D geometrical structure (or combination of structures), and its biovolume (Vg) was estimated accordingly [15, 16]. More than 95% of the organisms
belonging to the same taxon were approximately of the
same size. The commonest observed taxa, and their estimated cell or individual biovolumes (Vg) are shown in
Table 1. The population biovolume of a taxon i per mL of
sample (Vi) was calculated as the product Vi = DiVg,
where Di is the cell or individual abundance of taxon i. To
convert µm3/mL to mm3/mL, we multiplied by 10-9.
TABLE 1 - Nearest 3-D shape and cell or individual
biovolume of microfauna observed in an aerobic
activated sludge reactor fed synthetic and municipalsubstrate.
Taxon observed

Nearest 3-D shape

Biovolume
(Vg) (µm3)

Protozoa
Opercularia
Vorticella
Trachelophyllum
Euplotes
Aspidisca
Coleps
Heliozoan
Tokophryum
Glaucoma
Metazoa

Cone and truncated cone
Cone
Cone and 3-D elipse
Half 3-D elipse
Half 3-D elipse
Two truncated cones
Sphere
Pyramides
Half 3-D elipse

0.52X105
0.55 X105
0.35 X104
0.74 X105
0.16 X105
0.29 X105
0.56 X104
0.72X105
0.38 X104

Philodina

Two cones, truncated cones,
cylinder
Arthropod
Half 3-D elipsoid
Nematod
Cylinder
Regression Analyses

0.46 X106
0.68 X106
0.40 X106

The data matrix of each set of experiments consisted
of 54 measurements of each variable (six measurements
for each of the nine operating conditions). The data values
were normalized before regression analyses. Treated effluent BOD and SVI were treated as dependent variables,
while all the other variables and the observed protozoan
taxa as independent variables. Two types of regression
analyses were used: Crisp or classic regression (CR) analysis [17] and fuzzy regression analysis (FR) [18].
Specifically, in CR, allowance for the inexact relationships between input and output is effected through the
inclusion of an error (or disturbance) term, u, in the linear
regression model as follows:

y = a0 + a1x1 + ...+ an xn + u

(1)

As an alternative to the probabilistic specification of
Equation 1, an inexact relationship may be represented via
a fuzzy linear regression model of Equation 2:

y = A0 + A1x1 + ...+ An xn

(2)

where coefficients Ai are symmetrical fuzzy sets, and the
fuzzy linear regression becomes a possibilistic model.
Thus, the inability to construct an exact relationship enters
directly into the model through fuzzy coefficients. In general, a fuzzy symmetrical number A is expressed as A = (r,
c)L, and its membership function is expressed as follows:
µΑ(x) = L[(x-r)/c], c>0, where L(x) is called the reference
function and satisfies the following conditions: L(x) = L(-x),
L(0) = 1 and L(x) is a decreasing function in [0, ∞ ]. The
numbers r and c express centre and spread, respectively.
The number r usually is close to or coincides with the partial correlation coefficients of crisp linear regression; the
number c represents the degree of uncertainty, which is
additional information incorporated in each variable that
enters the model. Therefore, when c = 0, for a variable in
the linear model, the uncertainty is minimal; for a variable
that may be an indicator species, this means that it has a
high indicator value; the opposite holds for variables that
enter the fuzzy model with a non-zero value of c. The
problem is solved as a Linear Programming Problem, and
the fuzzy numbers r and c are estimated by the Simplex
Method. The Maple ver. V software was used for the estimation of the fuzzy numbers, while the statistical package
Statgraphics ver. 2.1 was used for CR.
RESULTS
Reactor Operation

The constant BOD concentration of the medium in the
first set of experiments, combined with the three different
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inflow rates, resulted in three fixed organic carbon loadings that were equal to 10.8 g BOD/d, 12.2 g BOD/d and
14.4 g BOD/d; the respective values for N-NH+4 were
equal to 1.5 g N/d, 1.7 g N/d and 2.0 g N/d, and for PPO2-4 were equal to 0.43 g P/d, 0.49 g P/d and 0.58 g P/d

(Fig. 1). The operation profile of the reactor is shown in
Table 2. The size fluctuations of the trophic levels of the
sludge, as a response to BOD and ammonia loadings, are
shown in Fig. 1 and will be discussed later on in the section
Microbial Community Network. With the exception of the
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FIGURE 1 - Fluctuations of the major treated effluent quality attributes, and the major groups
and trophic levels of a microbial community developed with synthetic wastewater under different
experimental conditions of extended aeration (columns represent means of six daily measurements).
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TABLE 2 - Operation profile of an aerobic reactor fed synthetic substrate for different sludge ages.
N-NH4+
effluent
(mg/L)

loading
(g/day)

BOD
effluent
(mg/L)

removal
(%)

loading
(g/day)

Mean
Min
Max

12.5
10.8
14.4

16
6
28

95
91
97

1.7
1.5
2.0

1.4
0.6
4.5

Mean
Min
Max

12.5
10.8
14.4

13
8
18

96
94
97

1.7
1.5
2.0

0.5
<0.1
0.9

Mean
Min
Max

12.5
10.8
14.4

10
5
15

96
95
98

1.7
1.5
2.0

0.7
<0.1
2.3

Grand
mean

12.5

13

96

1.7

0.9

removal loading
(%)
(g/day)
20 days
97
0.45
83
0.43
98
0.58
25 days
99
0.45
97
0.43
99
0.57
30 days
98
0.45
95
0.43
99
0.57
98

P-PO42
MLVSS
effluent removal (%) (g/L)
(mg/L)

SVI
SPOUR
(mL/g) mg O2/Lmin-g)

8.70
<0.01
0.44

19.8
0.8
43.8

1.36
0.58
1.60

0.24
0.17
0.31

456
156
590

0.12
0.07
0.15

6.70
0.02
0.37

13.2
1.4
37.2

1.50
1.16
1.86

0.21
0.19
0.24

99
81
171

0.10
0.08
0.13

8.20
0.03
0.38

19.0
3.8
39

1.80
1.56
2.05

0.17
0.13
0.23

154
101
200

0.09
0.06
0.12

7.70

17.3

1.55

0.21

236

0.10

0.45

occasional high SVI values, the reactor performed generally
well: BOD removal and ammonia nitrogen were over 91%
and 83%, respectively, mean phosphorus removal was about
17%. The sludge biomass in the reactor was low (MLVSS
less than 2.05g/L) and below the usual range for the extended aeration technology (2-3g MLVSS/L). MLVSS
accounted for 60% of the total solids in the reactor indicating a high degree of sludge mineralization. The sludge
had a mean specific activity of 0.10 mg O2/L-min per g of
MLVSS. Due to the low biomass of the sludge, the substrate supply per unit of biomass (F/M) was high with a

F/M

mean value of 0.21 that was above the usual range of extended aeration technology (0.05-0.15).
The Microbial Profile of the Sludge

When synthetic substrate was used, three major microbial groups were observed: bacteria, protozoa and metazoa
(Table 3). Mean bacteria abundance was equal to 1.05 x
109 cells/mL and ranged from 0.36 x 109 to 2.20 x 109 cells/
mL. Mean protozoa abundance was 3115 cells/mL and
ranged from 141 to 15680 cells/mL. The protozoan microfauna was restricted to nine protozoan taxa: Opercularia,

TABLE 3 - Structure of the microbial community developed in an AS reactor fed synthetic substrate
for different sludge ages (biomass measurement is based on cell or individual abundance per mL (Di))a.

Mean
Min
Max
% in group
Presence
freq

0.89
0.36
1.49
100

25
0
141
4.6
27.8

108
0
329
20.0
55.6

272
0
752
50.3
83.3

0
0
0
0
0

Groups of microorganisms
Protozoa
(cells/mL)
Asp
Col
Hel
Tok
20 days
26
30
58
14
0
0
0
0
166
141
752
141
4.8
5.5
10.7
2.6
27.8
38.9
11.1
16.7

Mean
Min
Max
% in group
Presence
freq

0.90
0.51
1.32
100

5708
752
11991
78.6
100

178
0
423
2.5
83.3

1316
0
5126
18.2
61.1

30
0
235
0.4
33.3

25 days
9
0
0
0
47
0
0.1
0
33.3
0

18
0
282
0.2
11.1

0
0
0
0
0

3
0
47
<0.1
5.6

7262
940
15680
100
-

111
0
470
57.2
72.2

34
0
141
17.5
66.7

49
0
141
25.3
67.7

194
0
611
100
-

Mean
Min
Max
% in group
Presence

1.36
0.71
2.20
100

1159
0
3009
75.2
88.9

260
0
1068
16.9
61.1

102
0
791
6.6
50.0

0
0
0
0
0

30 days
3
0
0
0
47
0
0.2
0
5.6
0

3
0
47
0.2
5.6

5
0
47
0.3
11.1

9
0
119
0.6
11.1

1541
141
3679
100
-

188
0
564
80.0
83.3

13
0
94
5.6
16.7

34
0
141
14.4
50.0

235
0
658
100
-

Bacteria
(cells/mL)X109
Operc

Vort

Trach

Eupl

Glau

Total

Rot

Metazoa
(ind/mL)
Nem
Arth

8
0
47
1.5
16.7

541
141
1504
100
-

159
0
470
87.8
83.3

3
0
47
1.7
5.6

19
0
94
10.5
27.8

181
0
470
100
-

Total

Grand mean
1.05
2297
183
563
10
13
10
26
6
7
3115
153
17
34
204
% in group
73.8
5.9
18.1
0.3
0.4
0.3
0.8
0.2
0.2
100
75.0
8.3
16.7
100
Presence
100
72.2
66.7
64.8
11.1
22.2
13
9.3
9.3
11.1
79.6
29.7
48.5
freq
a
Means are based on eighteen samples; grand mean is based on fifty four samples; presence frequency corresponds to % presence in the samples; Rot: Rotifer (Philodina);
Mem: Nematod; Arth: Arthopod
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TABLE 4 - Structure of the microbial community developed in an AS reactor fed synthetic
substrate for different sludge ages (biomass measurement is based on cell or individual biovolume per mL (Vi)a.
Groups of microorganisms
Bacteria
(mm3/mL

Protozoa
(mm3/mL)X10-2
Operc

Vort

Trach

Eupl

Asp

Col

Mean
Min
Max
% in group
% in total

3.73
1.51
6.24
100
97.40

0.13
0.00
0.73
12.04
0.03

0.59
0.00
1.870
54.63
0.15

0.l10
0.00
0.26
9.26
0.03

0.00
0.00
0.00
0.00
0.00

0.04
0.00
0.26
3.70
0.01

0.09
0.00
0.41
8.33
0.02

Mean
Min
Max
% in group
% in total

3.77
2.14
5.53
100
90.20

29.65
3.91
62.29
7.09

0.97
0.00
2.31
3.10
0.23

0.46
0.00
1.79
1.47
0.11

0.22
0.00
1.74
0.70
0.05

0.01
0.00
0.07
0.03
*

0.00
0.00
0.00
0.00
0.00

Mean
Min
Max
% in group
% in total

5.70
2.97
9.22
100
96.8

6.02.
0.00
15.63
80.60
1.02

1.42
0.00
5.83
18.88
0.24

0.04
0.00
0.28
0.53
*

0.00
0.00
0.00
0.00
0.00

*
0.00
0.07
0.00
*

0.00
0.00
0.00
0.00
0.00

Grand mean
4.40
11.93 1.00 0.20
0.07 0.02
% in group
100
89.63 7.51 1.50
0.52 0.15
% in total
95.00
2.58
0.22 *
0.02 *
a
Means are based on eighteen samples; grand mean is based on fifty four
Nematod; Arth: Arthopod; * Values less than 0.01

Total
community
(mm3/mL

Metazoa
(mm3/mL)X10-2

Hel
Tok
20days
0.03 0.10
0.00 0.00
0.42 1.02
2.78 9,26
*
0.03
25 days
0.01 0.00
0.00 0.00
0.16 0.00
0.03 0.00
*
0.00
30 days
*
0.04
0.00 0.00
0.03 0.34
0.00 0.53
*
*

Glau

Total

Rot

Nem

Arth

Total

*
0.00
0.02
0.00
*

1.08
0.05
2.92
100
0.30

7.34
0.00
21.69
83.89
1.91

0.12
0.00
1.89
1.37
0.03

1.29
0.00
6.38
14.74
0.34

8.75
0.00
21.69
100
2.30

3.83

*
0.00
0.02
0.00
0.00

31.32
4.93
65.53
100
7.50

5.12
0.00
21.69
52.14
1.22

1.37
0.00
5.67
13.95
0.32

3.33
0.00
9.57
33.91
0.80

9.82
0.00
29.96
100
2.30

4.18

*
0.00
0.05
*
*

7.52
0.29
18.96
100
1.30

8.68
0.00
26.03
75.41
1.47

0.52
0.00
3.78
4.52
0.09

2.31
0.00
9.57
20.07
0.39

11.51
0.00
33.43
100
1.90

5.89

0.03 0.01 0.05 *
13.31
0.23 0.08 0.38 *
100
*
*
*
*
2.90
samples; presence frequency corresponds to %

Vorticella,Trachelophyllum, Euplotes, Aspidisca, Coleps,
Heliozoan, Tokophryum, and Glaucoma. Opercularia,
Trachelophyllum and Vorticella accounted for 97.8% of
total protozoan cells; Opercularia was dominant (74% of
total protozoa cells/mL) and present in about 72% of the
samples. Trachelophyllum and Vorticella accounted for 18%
and 6% of total protozoa cells/mL, respectively; they were
both quite common and present in about 65% of the samples. The other protozoa taxa accounted for the remaining
2.2% of protozoa cells/mL; they were rarely observed, with
the exception of Aspidisca that was present in about 22% of
the samples. Mean metazoa abundance was equal to 204 ind/
mL, and it ranged from 0 to 658 ind/mL. Rotifer (Philodina)
was the dominant metazoan (75% of total metazoan
abundance); it was common and present in about 80% of
the samples. One unidentified arthropod and one unidentified nematod accounted for the remaining 17% and 8% of
metazoa abundance, respectively. The population biovolume
of each taxon (Vi) was estimated by multiplying the cell
abundance (Di) from Table 3 by the cell or individual
biovolume (Vg) of each particular taxon from Table 1. The
population structure based on biovolume calculations is
shown in Table 4. By converting the cell or individual
abundance of the different-sized microorganisms to a common unit, namely mm3/mL, it was possible to (1) assess the
total community biovolume, (2) assess the contribution of
each particular taxon or group to the total community biovolume, (3) reassess the contribution of each taxon to the
group it belonged, and (4) estimate the size (biovolume) of
each trophic level.
Mean total community biovolume developed with synthetic substrate was equal to 4.63 mm3/mL; 95% of this

7.05
70.29
1.52
presence

0.67
2.31
6.68
23.03
0.14
0.49
in the samples; Rot:

10.03
4.63
100
2.10
Rotifer (Philodina); Mem:

was due to bacteria, 2.9% to protozoa and 2.1% to metazoa.
Total biovolume increased with sludge age from 3.83 mm3/
mL, in the 20-days sludge, to 5.89 mm3/mL in the 30-days
sludge. The contribution of each group to the total community fluctuated with sludge age: in the 25-day sludge, bacteria reached their minimum contribution to the total community biovolume (90.2%), while protozoa and metazoa
reached their maximum (7.5% and 2.3%, respectively).
Comparing Tables 3 and 4, it follows that the degree of
dominance of each taxon depended on the measure of biomass used: Opercularia accounted for 73.4% of the total
protozoa cell abundance and almost 90% of the total protozoa biovolume. Trachelophyllum accounted for 18.1% of
the total protozoa cell abundance but only for 1.5% of the
total protozoa biovolume. This means that the dominance
of the small-sized taxa was overestimated when cell abundance was used as a measure of biomass; the opposite holds
for medium and large sized taxa. These differences are reflected in the regression analyses that are presented in the
following section. The structure of the microbial community developed with experimental set one (synthetic substrate) was generally similar to that developed with experimental set two (municipal substrate, data not shown).
Crisp and Fuzzy Regression Analyses
of Protozoa Indicators of BOD and SVI

The multiple crisp and fuzzy regression models for the
two different units of measurement of protozoa biomass
[cell/mL] or [mm3/mL], and the two types of substrate are
shown in Table 5. Comparing the CR models for the two
different units of biomass measurement (Equations 1, 4, 7
and 10 with the corresponding Equations 2, 5, 8, and 11),
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TABLE 5 - Crisp and fuzzy regressions of BOD in the effluent and sludge ability to settle (SVI) vs.
protozoa and operating variables in a reactor fed synthetic and municipal substrate (sludge age 20 days).
Synthetic substrate
Crisp regressions
(cells/mL)
[BODeff]=17.33
-5.20[MLVSS]+4.37[Glau]
-0.59[Vort]

(1)

(R2=95.9, **p<0.01)

(mm3/mL)
[BODeff]=31.01+0.26[Bacteff]
-22.5[Prot]-9.9[MLVSS]
-0.83[NH4eff]+1.86[PO4eff]-1.49[Col]
-1.51[Hel]-1.87[Operc]
-2.37[Trach]-1.81[Vort]

(2)

Fuzzy regressions
(mm3/mL)
[BODeff]=(13.59,0)+(0.28,0)[Bacteff]
-(22.6,0.5)[Prot]-(10.06, 0)[MLVSS]
-(0.82,0)[NH4eff]+(1.87,0)[PO4eff]-(1.49, 0)[Col]
-(1.53,0)[Hel]-(1.81, 0)[Operc]
-(2.32,0.05)[Trach]- (1.80,0)[Vort]
(3)

2

[SVI]=11.48+0.23[Bacteff]
-0.12[Prot]-3.20[MLVSS]
-0.74[NH4eff]-1.46[Col]-7.4[Glau]
-4.39[Hel]-2.65[Operc]-1.62[Trach]0.81[Vort]
(4)
(R2=98.2, *p<0.05)
Municipal substrate
[BODeff]=5.15-2.96[MLVSS]

(5)

[SVI]=(13.88,0)+(0.87,0)[Bacteff]
-(13.34,0)[MLVSS]
-(1.51,0)[NH4eff]+(1.82,0)[PO4eff]-(1.67,0)[Asp]
-(1.97,0)[Col]-(60.92,0)[Glau]
- (12.36,0)[Hel]-(2.45,0)[Operc]-(3.04,
0.005)[Trach]- (2.02,0)[Vort]
(6)

(8)

[BODeff]=(2.18,0)-(2.84,0.3) )[MLVSS]

(R2=99.9, **p<0.01)
(7)

2

[BODeff]=5.15-2.96[MLVSS]

(9)

2

(R =83.8, **p<0.01)
[SVI]=14.01-2.74[MLVSS]

(R =99.3, **p<0.01)
[SVI]=3.96-0.74[BODeff]+0.87[Bacteff]13.34[MLVSS]
-1.51[NH4eff]+1.82[PO4eff]-1.97[Asp]1.67[Col]+60.9[Glau]
-12.36[Hel]-2.45[Operc
]-3.04[Trach]-2.02[Vort]

(R =83.8, **p<0.01)
(10)

2

(R =61.06, **p<0.01)

[SVI]=6.91-1.58[Prot]
-0.53[NH4eff]-22.54[Asp]+29.65[Glau]30.63[Hel]-2.19[Operc]-16.49)[Tok]
(11)

[SVI]=(3.11,0.003)-(1.88,0) [Prot]
- (0.66,0.17)[NH4eff]-(22.98,0) [Asp]+(30.28,0)
[Glau]-(25.71,0) [Hel]-(2.77,0.17) [Operc]
-(13.73,5.56)[Tok]
(12)

(R2=90.4, **p<0.01)

one may easily conclude that the models are strongly
affected by the measurement unit of biomass; when
[mm3/mL] is used, the regressions become more accurate
(higher R2 values and statistical significance); moreover,
more variables are included in the models.

zoa Opercularia, Vorticella, Aspidisca and Heliozoan, the
rotifer Philodina, and one unidentified nematode. Level P3
contained carnivorous protozoa Coleps, Trachelophyllum,
Euplotes and Tokophryum, and one unidentified arthropod.

Comparing FR models (Equations 3, 6, 9 and 12) with
the corresponding CR models (Equations 2, 5, 8 and 11) for
the same unit of biomass [mm3/mL], we come to some
interesting observations: First, the same variables are
included in both types of statistical models. In FR models,
the fuzzy numbers are shown in parentheses. The first
number, the centre, is close to the partial correlation coefficients of the corresponding crisp regressions. The second number, the spread, is indicated with bold. For example in Equation 6, Trachelophyllum appears as an uncertain indicator of SVI for synthetic substrate, since it
enters the model with a spread value equal to 0.005. An
uncertainty is also revealed in Equation 12 for Opercularia
and Tokophryum, since they enter the FR model of SVI
for municipal substrate with spreads that are equal to 0.17
and 5.56, respectively.

1rst Trophic level
(4.40 mm3/ml)

2nd Trophic level
(0.21mm3/ml)

3rd Trophic level
(0.024mm3/ml)

95%

4.5%

0.5%

PROTOZOA
Opercularia: 0.12
Vorticella: 0.01
Other: 0.003

PROKARYOTES
4.40

NEMATODS

ARTHROPODS
0.023

0.007

ROTIFERS
Philodina: 0.07

CARNIVOROUS
PROTOZOA
0.001

Microbial Community Network

Based on the trophic habits of the observed genera, cell
abundance and biovolumes of each taxon, we constructed
the ecological network of the particular microbial community developed with synthetic substrate, and estimated
the mean biovolume of each trophic level for the experimental period (Fig. 2). Three trophic levels, namely P1, P2
and P3, have been identified. Trophic level P1 included all
coccoid prokaryotes that may serve as prey to protozoa,
rotifers and nematods. Trophic level P2 contained proto-

WASTED SLUDGE

Respiration losses

Transactions from prey to predator

FIGURE 2 - Ecological network of a microbial community developed
with synthetic substrate in an reactor under extended aeration conditions (boxes represent major taxonomic groups; arrow direction is
from prey to predator (thick arrows indicate intense predation);
numbers correspond to biovolumes (mm3 /mL)).
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The first trophic level had a mean biovolume of 4.40
mm3/mL and accounted for 95% of the total community
bio-volume (Fig. 2). P1 peaked at the 30-days sludge and
reached about 8.0 mm3/mL (Fig. 1a). The second trophic
level had a mean biovolume of 0.21 mm3/mL and accounted for the 4.5% of total community biovolume. The
combined bio-volumes of Opercularia and Philodina accounted for about 90% of P2; Vorticella, Aspidisca and
Heliozoan, and the nematod accounted for the remaining
10% of P2. The relative biovolumes of protozoa and metazoa in P2 fluctuated strongly with sludge age: metazoa
were dominant in the 20-day sludge and protozoa in the
25-day sludge. In the 30-day sludge, metazoa were dominant in two out of the three sets of observations (Fig. 1b).
The third trophic level had a mean biovolume of 0.024
mm3/mL and accounting for 0.5% of the total community
biovolume; metazoa (arthropods) covered 96% of P3; the
remaining 4% of P3 was due to the carnivorous protozoa.
Metazoa were the dominant group in all sludge ages (Fig.
1c). Statistical analyses between the columns shown in Fig.1
have not been performed.
Microbial Community versus
Reactor Operating Conditions, Efficiency and Stability

No connection can be detected between the size of
the first trophic level and either the daily loads of organic
carbon and ammonia nitrogen or the sludge age (Fig. 1).
Similarly, no connection can be detected between the
sizes of second and third trophic levels and the organic
carbon or ammonia nitrogen daily loads. However, P2 and
P3 fluctuate in a more or less similar manner, and both
peak when the sludge is 25 days old. The high values and
the wide range of effluent quality parameters observed in
the 20-day sludge indicate an inefficiency and instability
of the reactor (Figs. 1e, f and g); these attributes cannot be
directly and exclusively related to the size of P1, but rather
to those of P2 and P3. The metazoa over the protozoa
biovolume or biovolume ratio (I) represents the degree of
dominance of these two major groups in P2, and it ranged
from 32.6 to 0.05. This ratio seems to be visually wellcorrelated to the reactor’s degree of efficiency and stability
(Fig. 1d). Since Opercularia and Philodina account for
about 90% of the second trophic level, it follows that I is
strongly influenced by the relative biovolumes of these two
particular taxa.
DISCUSSION
Protozoa as Indicators of Effluent Quality The Autecological Approach of AS Microbial Community

Many attempts have been made to elucidate the role of
protozoans in the AS community and improve their indicator value [5, 6, 19-23]. In spite of these efforts, the impact
of protozoa on the AS community structure is not clear yet.
After almost eight decades of research, it seems that the
reliability of the usual protozoa-based indices of effluent
quality is still rather limited. This may be due either (1) to

systematic causes such as the choice of protozoa biomass
measure, or (2) to methodological causes such as exogenous constrains to which wastewater treatment plants are
subjected that are further discussed herein.
Choice of Biomass Measure

Abundance of individuals, as cells/mL, has been used
to calculate saprobity indices in aquatic environment on
the basis of indicator species [24]. Clearly, cells/mL is only
an approximate estimation of ciliated protozoa biomass due
to the large variability in size (from 20 to over 500 µm)
among the ciliated species observed in AS process. Ratsak
et al. [25] noted that phagotrophic protozoa consume bacteria at a rate proportional to their volume, while trophicdynamic models of aquatic food webs use the [mass/ volume] or the [g-wet wt] values as measures of predator and
prey biomass [26].
When we use cell densities to describe protozoan population dynamics, and we relate it to the performance of a
plant or plants, we may underestimate the effect of larger
size protozoa [15, 16]. Moreover, Salvado et al. [21] point
out that the higher the ciliate species population density,
the better the indicator value of a certain species. Therefore, the choice between cells/mL or biovolume/mL influences in-directly the indicator value of a species.
Exogenous Constrains

Wastewater treatment plants microbial communities
and treated effluent quality are subjected to various constrains, such as the type of technology and the prevailing
operating conditions, the climate, the influent quality etc.
An examination of the relevant literature reveals that
data, treated with various statistical methods, come from a
variety of wastewater treatment plants; this increases dramatically the number of exogenous factors that influence
protozoan abundance, and reduces the statistical reliability
of the results. In the studies reported, data originate from
one to three plants [20, 21, 27-31]; Madoni et al. [27] report
data from 17 plants and Madoni [31] from 44 plants. It is
noted that authors stress the limitations of their results,
attributing them to factors not accounted for, such as the
composition of the influent, the different operational parameters of the plants, the seasonal incidence, and the inter- and
intra-specific relations. Those authors also stress the limitations of using ciliate densities as quality indicators. For
example, Al-Shahwani and Horan [28] suggest a 12-months
period of plant monitoring before accepting such an indicator.
Salvado et al. [21] report that protozoa correlation coefficients appear as negative or positive depending on the
observed effluent BOD range; ciliated species can be good
indicators for BOD effluent values between 4 and 18 mg/L,
while values of over 30 mg/L are associated with low densities or absence of ciliates. Other researchers [20] have
observed variations in positive or negative coefficients that
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correlate common protozoan ciliate Vorticella microstoma
with effluent quality.
Conclusively, reported results clearly show that one
cannot transfer correlation findings based on single protozoa taxa from one plant to another.
The issues discussed above arise, in part, from the limitations of the autecological approach that considers only
the cause and effects` relationship of [protozoa] vs. [effluent quality]. This approach is widely used in AS plants;
therefore, in the first part of this work, we tested the reliability of protozoan indicator species. However, three experimental and statistical improvements have been adopted:
(1) In order to minimize exogenous variability, the system
parameters have been reduced by supplying the reactor
with a constant and known influent composition, at least in
the first set of experiments with synthetic substrate, and by
maintaining constant reactor temperature, pH and dissolved
oxygen. (2) The abundance of all microbial groups has
been estimated both as cells/mL and mm3/mL to assess
the impact of biomass measure on the statistical significance of regressions. (3) Two statistical methods, (CR),
based on classical set theory, and (FR), based on fuzzy set
theory, have been applied to recognize indicators that
enter in the regression models but have some degree of
uncertainty. The last type of analysis is especially suitable
in predicting the behavior of biological systems known for
their complexity and high degree of uncertainty. By applying the FR in our data set, uncertainty values were assigned directly to the indicator species that were included
in the FR model, instead of assigning uncertainty to the
model as a whole.
Protozoan abundance was found to be related not to the
organic or ammonia loading of our reactor but to the sludge
age (Fig. 1). This means that the relationship [inflow substrate quality] vs. [protozoa abundance] was influenced by
other factors as well, sludge age being one of them. It follows that, under the multi-variable conditions of a full-scale
plant, these factors multiply dramatically. Moreover, protozoa are one of the many factors affecting treated effluent
quality, prokaryotic abundance and activity, being the most
important. The statistical inconsistencies found in Equations 3 to 12 are attributed to other factors that influence
the correlation of [protozoa] vs. [effluent quality] not accounted for.
If we attempt to generalize the statistical results coming from a variety of plants in order to spot indicators of
effluent quality, we increase dramatically the total uncertainty of analysis; the total uncertainty is due both to the
uncertainty of prediction of protozoan abundance from plant
operating conditions and to the uncertainty of prediction
of effluent quality from protozoa abundance. Therefore, it
is not surprising that no consistent statistical results can
support the indicator value of protozoa, even in recent
literature [32, 33]. The use of biovolumes instead of cell or
individual abundance and the assignment of uncertainty to
particular taxa may improve the significance of statistical
models; however, these models should be regarded as

empiric tools that may be used in the development of expert systems that are suitable only for a particular plant
and for a well-defined range of operating conditions. The
experimental and statistical approach of this work aimed
at a more accurate, even though less general, correlation
of protozoa to the effluent quality by avoiding the abovementioned drawbacks of effluent quality indices.
Microbial Community The Synecological Approach of AS Microbial Community

The substrate supply to the reactor was within the
usual range for municipal wastewater treatment, but the
biomass of the sludge and its activity were low and comparable to those of a reactor subjected to starvation up to
16 days [34] (Table 6). Moreover, Martin Cereceda et al.
[35] report that in the relatively stable physico-chemical
environment on the biofilm of a unit located in the last
stage of a full-scale Rotating Biological Contactor plant
(RBC3) treating municipal wastewater, metazoa (rotifers,
nematods and annelids) were important sludge constituents
besides ciliated protozoa. The physico-chemical environment
in our reactor was stable and it was quite similar to that of
this biofilm, especially during spring and summer (Table 7).
This means that, when a WWTP works under extended
aeration conditions, stable inflow quality and relatively high
temperatures, metazoa may become an important part of the
microbial sludge. Because rotifers function as bacteria predators, their role should be seriously considered. Lapinski and
Tunnacliffe [14] report that, when 100,000/L of the rotifer
Philodina were added in a reactor fed wastewater, they were
able to reduce the total biomass by up to 11% within 48 h.
Philodina were present in almost all of our samples and
reached numbers as high as 564 ind/mL or 564,000 ind/L
(Table 3). This means that rotifers had the potential to
reduce the total sludge biomass up to 50% within 48 h and
create conditions similar to those of starvation. Intense rotifer
predation may be, therefore, a hidden cause of bacteria cell
loss and sludge ages fixed with hydraulic regulation may
not reflect the actual age of the sludge. The minimum bacteria abundance (0.36 x 109cells/mL) was observed in a
sample of the 20-days sludge and corresponded to 16 days
of reactor starvation (Table 6). In this sample, only Aspidisca and Philodina were observed in the second trophic
level and they had equal abundances (166 cells or ind/mL).
However, the biovolume of Philodina was equal to 7.6 x
10-2 mm3/mL, or about 29 times higher that the corresponding biovolume of Aspidisca (0.26 x 10-2 mm3/mL). Since
phagotrophic protozoa consume bacteria to a rate proportional to their volume, it is logical to assume that the reduced bacteria abundance was not due to the predation by
Aspidisca but rather to the predation by Philodina; this low
bacterial biomass must be one of the reasons for the reactor’s instability in the 20-days sludge (Fig. 1). It can be deduced that the biovolume ratio reflects more accurately the
reactor’s stability than protozoa indicators abundance alone.
Coello et al. [34] report on a reduction in both the size
and the abundance of the higher organisms as starvation
proceeds, but they do not give any details about the exact
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size or the number of metazoa. We did not observe any such

changes; on the contrary, metazoa (including arthropods)

TABLE 6 - Comparison of the reactor variables in this work with those
in a reactor subjected to starvation (adapted from Coello et al. [34]).
Variable
MLVSS (g/L)
Total bacteria
[(cells/mL)X109]
Specific activity
(mgO2/l min per g MLVSS)
Temperature (0C)

This work
2.05-0.58
2.2-0.36

Initial conditions
1.97
3.0

0.15-0.06

0.20

23

Reactor in starvation
After 1 day of starvation After 16 days of starvation
1.43
0.56
2.2
0.28

24±2

0.14

0.08

-

-

TABLE 7 - Comparison of physico-chemical parameters and the major sludge microbial groups observed in this work
with those observed in the biofilm of a full-scale Rotating Biological Contactor (adapted from Martin- Cereceda et al.[35]).
Variable
Temperature (0C)
BOD (mg/L)
N-NH+4 (mg/L)
Ciliated protozoa (cells/gVSS)
Mean
Max
Metazoa Rotifers (ind/gVSS)
Mean
Max
Nematods (ind/gVSS)
Mean
Max

were quite abundant in our samples (Table 3). This happened because the physico-chemical environment in our
reactor was similar to that of a biological filter where metazoa could have proliferated. Arthropods are usually drifting organisms; therefore, they either pass unnoticed, or are
ignored in studies of wastewater sludge community. Although potential top predators, their relative impact on the
sludge community structure has not been evaluated yet.
Some authors [10, 35] have observed them only in biological filters. However, other researchers consider their presence to be significant in AS, especially in pilot plants
where they may cause severe problems due to intense predation [36].
The biovolume of the third trophic level was dominated by arthropods and fluctuated in a similar manner to
the second trophic level (Fig. 1c). When P3 becomes maximal in the 25-day sludge, protozoa were dominant in P2.
Because organic load seems not to be the only factor that
shapes the abundance of protozoa, we may consider the
effect of the top predators. As Philodina is, at least, one
order of magnitude larger than protozoa (Table 1), one
might expect that arthropods prefer Philodina over protozoa as prey. That would allow protozoa to dominate in P2
rendering the biovolume of metazoa over that of protozoa
ratio I minimal; this coincided with the periods of maximum reactor process effectiveness. The claim that rotifer
abundance is regulated by top predation is further supported by similar experiments, carried out by these authors,
with domestic wastewater; in that case, arthropods were not

This work
23
5-28
<0.1-4.5

RBC biofilm (spring and summer)
17.4-21.3
16-26
15.1-17.7

2.03X106
10.5X106

6.54X105
2.8X106

0.98X105
3.8X105

1.2X105
1.28X106

1.1X104
9.4X104

1.7X105
5.6X105

observed and Philodina was much more abundant [37] (data
not shown).
Protozoa biomass should be regulated, at least to some
extent, by competition with rotifers (at least at times of
reduced prokaryote densities). Even though this hypothesis has not been supported by experimental work yet, it is
in agreement with Yang and Sykes [26] who, after extensive mathematical simulation, concluded that, in aquatic
systems of three trophic levels, the top and low trophic
levels are food-limited, but the intervening level is predator-limited. This consideration sheds a different light to the
protozoa indicator problem. Apparently, further experimental work focused on the synecology of activated sludge
is needed to elucidate further these phenomena.

CONCLUSIONS
In this work, the autecological approach has been followed to evaluate the reliability of protozoa as indicators
of treated effluent quality. To achieve this, we used fuzzy
regression analysis, a statistical method suitable for ‘soft’
systems such as the microbial community of activated
sludge. Some common protozoan species (Opercularia,
Vorticella and Trachelophyllum) have been found to be
qualitatively related to good effluent quality; however, the
statistical results were inconsistent. Inconsistencies regarding the indicator ability of rare taxa (Heliozoan, Coleps,
Aspidisca and Glaucoma) were also found. All classic re-
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gressions had a higher significance level when the biovolume was used as a measure of microbial biomass. All
statistical results should be considered within the particular experimental range of this work (stable operating conditions, long residence time of sludge in the reactor). Given
that generalizations of statistical results regarding protozoan indicators involve a high degree of uncertainty, we
suggest that protozoan indicator species should be used
with caution as empiric tools for expert system development for a particular plant.
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INFLUENCE OF ENVIRONMENTAL FACTORS ON THE DISAPPEARANCE OF MICROBIOLOGICAL FAECAL POLLUTION INDICATORS AND DERMATOPHYTE FUNGI INDICATORS ON SAND
Marta Ruiz*, Manuel Antequera, Ricardo Obispo and Marta Castelaín
Centre for Harbors and Coastal Studies of CEDEX, Antonio López 81, 28026 Madrid, Spain

ABSTRACT
The influence of environmental factors on the disappearance of microbiological faecal pollution indicators and
dermatophyte fungi indicators on sand to be used for beach
nourishment is studied. For that purpose, sand was collected and submitted to experimental studies for 65 days.
Heavy metals, total organic carbon (TOC), volatile solids,
polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHs) and organochlorine pesticides (OCPs)
content, as well as, granulometric distribution of the sand
were analyzed to guarantee its adequacy for the experiment. Sand was disposed in trays, inoculated with previously characterized wastewater (20%, v/w), and placed in
an outdoor area. The trays were exposed to different environmental conditions of depth and movement of the sand
(shallow trays with movement versus deep trays without
movement), exposure to direct sun radiation (with versus
without exposure) and moisture (daily watered with deionised water versus not watered). Faecal coliforms, enterococci and dermatophyte fungi indicators were analyzed
during the experiment.

KEYWORDS:
microbial faecal pollution, beach nourishment, wastewater.

INTRODUCTION
Beach nourishment in a country with so many coastal
kilometers as Spain is getting more and more frequent.
When sand from a different area is used for this purpose, it
can present a certain concentration of organic matter, microorganisms of faecal origin, and/or fungi and yeast. The
importance of this matter is reflected in the European policy through the EIA Directive (Environmental Impact Assessment Directive 85/337/EEC, amended in 1997) on the
assessment of the effects of certain public and private projects on the environment and the SEA Directive (Strategic
Environmental Assessment Directive 2001/42/EC) on the

assessment of certain plans and programs on the environment. In Spain, the Methodological Guideline for the Development of Environmental Impact Studies on Sand
Dredging Operations for Beach Nourishment [1] deals with
this issue. In line with this, the Directorate General of
Coasts of the State Secretariat of Waters and Coasts of the
Spanish Ministry of Environment aware of the matter, commissioned the Centre for Harbors and Coastal Studies of
CEDEX with the study of the issue for the Spanish coasts.
For that purpose, research studies were carried out to know
the influence of environmental factors on the temporal
evolution of the oxidation process of organic matter and
the disappearance of the microbiological pollution of faecal
origin in a sand polluted with wastewater, and its extrapolation to the case of a nourished beach. Subsequently, the
environmental quality criteria required for the sand to be
used for beach nourishment has to be determined.
Since the dredged material to be used for beach nourishment is likely to have been in contact with raw or treated
wastewater, results, such as those found by Niewolak et
al. [2], are very interesting to us. They analyzed the presence of total coliforms, faecal coliforms, faecal streptococci
and Clostridium perfringens in soils watered with biologically treated wastewater, finding that all groups of organisms were more numerous in the surface layer (0–10 cm)
compared to deeper layers of soil (15-25 and 30-50 cm).
These results are in agreement with those found for soils
irrigated with secondary-treated wastewater [3]. Manios et
al. [4] evaluated the effect of sprinkling secondary-treated
wastewater or chlorinated effluent on pots filled with a
mixture of topsoil, peat, and sand, observing that it could
result in a substantial “contamination” of lawns, without
any proof that sun and temperature could reduce the number of coliforms. They found that coliforms can survive in
this sort of medium for quite a considerable amount of time,
recovering the destructive effect of the chlorination. They
also concluded that intense sunlight (up to 68,000 lux) was
far more effective in coliforms suppression than elevated
temperature (up to 38 ºC). Craig et al. [5] found that E. coli
survival has an inverse relationship with temperature in
both coastal waters and sediment. They also noted that
small particle size and high organic carbon content en-
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hanced E. coli survival in coastal sediments in the microcosms assayed. Moreover, in order to asses the decay rates
of faecal coliforms and enterococci, Anderson et al. [6] inoculated marine sediments with wastewater under aerobic
conditions, UV radiation and temperature fluctuations for
28 days. They observed that the daily decay rates both for
faecal coliforms and enterococci were not significantly
different.

enterococci, but using the selective Slanetz-Bartley agar
with 2,3,5-triphenyltetrazolium chloride (TTC) [13]. Colonies were counted after 48-h incubation at 37 ºC.

Regarding the specific behavior of E. coli in sand, its
concentration in sand is significantly correlated to that in
surrounding waters, and it may be able to sustain its population density in temperate beach sand during summer
months without external inputs. UV exposure did not seem
to affect significantly E. coli concentration, contrary to humidity and mechanical grooming [7-9].

Particle size analysis was carried out by screening [14],
and the percentages of coarse, medium and fine sand were
determined.

So, just as the factors mostly influencing the environmental quality of a matrix treated with some sort of
wastewater are clear, the range of influence of these variables may not be clear. Likewise, there is a lack of certainty
of the hygienic and environmental guarantees of a beach for
public use which may have received sand with organic
and/or pathogen load.
In this work, the influence of layer depth and moisture content of sand, sun radiation, and the hand-raked
aeration on the temporal evolution of the oxidation process of the organic matter and the disappearance of microbiological pollution of faecal origin in sand polluted
with wastewater is studied. The results obtained will assist in the determination of the environmental quality
criteria required for the sand to be used for beach nourishment.
MATERIALS AND METHODS
Microbiological Analysis

Sand samples were prepared for their microbiological
analysis according to standard methods [10]. For that purpose, 10 g sand were placed in a sterilized Erlenmeyer flask
together with 89.5 ml phosphate buffer solution (3.0 g
K2HPO4, 1.0 g KH2PO4, 1000 ml deionised water, pH 7.2,
sterilization in autoclave at 121 ºC for 15 min) and 0.5 ml
surfactant Tween-80 to facilitate the liberation of the bacteria associated to sediment particles [11]. The suspension was
kept on an agitation plate for 30 min at smooth speed, and
settled for 15 min. When required, additional dilutions
were prepared with the same buffer solution, or direct filtration or plating was carried out depending on the needs
derived from the expected concentrations and culture technique to be used.
Faecal coliforms bacterial densities were determined by
the membrane filter (47 mm diameter, 0.45 µm pore size)
procedure, using m-FC medium with rosolic acid, prepared
in 2-ml ampoules to pour on the absorbent cellulose pads.
Incubation was done for 24 h at 44.5 ºC [12]. The membrane filter procedure was also used for the enumeration of

Sabouraud-chloramphenicol agar was used as medium for the selective cultivation of yeasts and moulds at
the adequate dilutions for 7 days at 22 ºC.
Physicochemical Analysis

Samples were prepared for the analysis of their metal
content: sand was dried at 55 ºC, then homogenized and
grinded in an agatha mortar. Afterwards, samples were
digested with concentrated HNO3 in closed Teflon vessels
under controlled pressure and treatment in a microwave
oven, and subsequently filled to the mark (adequate volumes in each case). Wastewater samples were digested with
10% HNO3 in a microwave oven.
Mercury was measured through cold vapor atomic absorption spectrometry, whereas cadmium, lead, copper and
zinc were determined by atomic absorption spectrometry
with deuterium or Zeeman background correction, subject
to the requirements and using flame or graphite atomization
depending on the concentrations of the analytes in each
sample.
Samples for PCBs, PAHs and OCPs determination
were extracted with cyclohexane and dichloromethane, and
then concentrated and purified by column chromatography.
PCBs and OCPs were analyzed by capillary gas-chromatography with ECD-detection [15], and PCB congeners as
recommended by the Oslo Convention. PAHs determination was done by high performance liquid chromatography
with fluorescence and UV detection [16], 16 compounds
recommended by the United States Environmental Protection Agency (USEPA) were quantified, as well as the sum
of 9 of them as suggested by the Oslo-Paris (OSPAR)
Commission.
Volatile solids and oxidizable organic carbon in sand
samples, as well as total organic carbon in wastewaters
were also determined. To quantify the volatile solids content
of sand, the fraction less than 2 mm was separated, dried in
an oven (80 ºC), and then homogenized in a mortar. The
determination was done gravimetrically, after calcination
at 550 ºC. The sediment was oxidized with potassium dichromate in presence of sulfuric acid for the determination of the oxidizable organic carbon content. The excess
of oxidant was validated with ferrous ammonium sulphate
(Mohr’s salt) and the amount of oxidized organic carbon
was calculated from the amount of dichromate reduced.
An automatic analyzer was used for the determination of
total organic carbon in wastewater samples [17].
Experimental Set-up
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Sand collected from the beach of Castellón (Spain) was
sifted and characterized (two replicates) through granulometric, microbiological and chemical analyses (data not
shown) to guarantee that it was not initially polluted and,
therefore, appropriate for conducting the experiments. The
sand was a medium sand type (99.93%), with a 0.065% fine
sand and a 0.005% coarse in its composition. Regarding
its chemical characterization, the sand was clean and showed
very low values, even under detection limits, of most of
the parameters analyzed. With respect to the microbial
characterization of the sand, 2 and 1 cfu/g faecal coliforms
were counted in the 2 samples analysed, as well as 1 and
0 cfu/g enterococci. Similarly, 190 cfu/g dermatophyte
fungi were found. Once characterized, the sand was placed
in 12 plastic trays: 9 shallow trays (65x39.5x15 cm) receiving 30 kg providing a 7-cm layer depth, and 3 deep ones
(65x39.5x26.5 cm) receiving 75 kg with 18 cm layer depth.
Raw wastewater and sludge were collected from La
China, a wastewater treatment facility in Madrid. The aim
was to determine which one, sludge or wastewater, was
more appropriate to be used as inoculum (see Table 1). For
that purpose, the microbiological contents of the sludge,
the wastewater, as well as 20% (v/w) wastewater+sand
and sludge+sand mixtures were determined. This preliminary test aimed to ensure an initial concentration of microorganisms in the inoculated sand high enough to study
its temporal decrease rate.
In view of the results obtained, it was decided to use
raw wastewater as inoculum, since it showed enough bacterial load enabling a more homogeneous mixture with sand.
Raw wastewater was then collected on a second occasion
to carry out the experiments. Once in the laboratory, it was
chemically characterized (data not shown). All the parameters analyzed were under the detection limits, but the TOC
content was 83 mg C/L as expected considering the substance object of study. Therefore, it was concluded that
there was no contaminant in the raw wastewater in such a
concentration that could pose an antibacterial effect. The
microbiological load in the wastewater was also determined
(three replicates, see Table 2) to guarantee an initial density

of microorganisms in the inoculum to sand (20%, v/w),
being large enough to study its temporal decreasing rate.
The experiment was designed with the aim of studying the temporal evolution of faecal coliforms, enterococci
and dermatophyte fungi concentrations in sand inoculated
with wastewater under different conditions of depth (influence of movement associated to shallow trays), humidity, and solar radiation. Bearing in mind this objective, the trays (one treatment plus a replicate) were exposed to the following conditions:
- Trays nº 1 and 2: shadow, dry sand and superficial
sampling.
- Trays nº 3 and 4: shadow, wet sand and superficial
sampling.
- Trays nº 5 and 6: sun, dry sand and superficial sampling.
- Trays nº 7 and 8: sun, wet sand and superficial sampling.
- Tray nº 9: control for superficial samples (sun and dry
sand).
- Trays nº 10 and 11: sun, wet sand and deep sampling.
- Tray nº 12: control for deep samples (sun and wet sand).
For that purpose, 6 and 15 L raw wastewater (20%,
v/w) were inoculated in the shallow and deep trays, respectively. Besides, in order to achieve moisture saturation level, trays nº 1-8 received 2 L, and trays n° 10 and
11, 3 L deionized water, whereas control trays, nº 9 and
12, only received 8 and 18 L deionized water, respectively. Afterwards, the sand was homogenized and the trays
placed in an outdoor area. Trays exposed to shadow conditions were covered with a metallic net frame box, black
at its top, in such a way that the wind could pass through
its lateral holes, but the sand did not receive the sun radiation. Trays exposed to sun conditions were also covered
with a protective metallic net frame to avoid pollution of
the sand (birds, cats). Trays submitted to wet conditions

TABLE 1 - Preliminary test: microbiological characterization of wastewater and sludge.

Wastewater
Sludge
Sand+wastewater (20% w/v)
Sand+sludge (20% w/v)

Faecal coliforms (cfu/100 ml)

Enterococci
(cfu/100 ml)

7.2*106
6.1*106
2400
2200

1.4*106
4.9*106
2600
9600

Dermatophyte fungi
(cfu/100 ml)
3.5*105
3.2*106
3800
590

TABLE 2 - Microbiological characterization of the wastewater inoculated to the sand.

Wastewater 1
Wastewater 2

Faecal coliforms (cfu/100 ml)

Enterococci
(cfu/100 ml)

2.25*106
3.89*106

1.09*106
1.31*106
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Dermatophyte fungi
(cfu/100 ml)
3.5*105
3.3*105
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Wastewater 3 2.94*106
Average value 3.03*106

1.56*106
4.2*105
6
1.32*10
3.7*105
Evolution
of
the
Concentration
of Faecal Coliforms
saturation

were daily watered with deionized water up to
level. The sand in the shallow trays, contrary to the deep
ones, was daily moved, in order to simulate the effect of
people when walking on the beach and the effect of the
cleaning machines. Deep trays were not exposed to shadow
conditions because it was supposed that deep samples were
not going to be significantly affected by the effect of sun
radiation. The experiment took place from July 17th to
September 20th with a daily average temperature of 25.5 ºC
(calculated from [18]). During the experimental period, it
rained only at three days (July 19th, September 7th and
15th) with 0.7, 1.0 and 1.2 mm precipitation, respectively
[18]. High temperature values, together with low pluviometry recorded, justify the election of summer period of the
year, considered to be the most favorable one for microorganisms` development, to carry out the experiments [19].
Therefore, the worst case scenario from the view of microbiological pollution of the sand is being considered.
Regarding sampling, sand samples from each tray were
taken on days 0, 1, 2, 4, 7, 10, 14 and 17 to conduct microbiological analyses. Subsequently, in view of the results
obtained, samples were taken on days 21, 24, 30, 37, 44,
51 and 65.
RESULTS AND DISCUSSION

Three samples per experimental group, and this is three
replicates in two trays, were examined. Letters A and B
denoted two replicates of the same tray. The analysis of
each microbiological parameter was finished when no concentration or values equal to those of control trays were
detected. The results obtained were compared to the threshold values established by the Spanish Guideline for the
Development of Environmental Impact Studies on Sand
Dredging Operations for Beach Nourishment, since it was
also the aim of the study to meet those requirements.

Several values are not reported (see Table 3) because
of interference problems in the culture plates which may
be due to the development of an inhibition factor of the
growth of faecal coliforms, since this only happens during
the first days of experimentation. No more faecal coliforms
were detected in the dry shallow trays (nº 5 and 6) from
day 7, occurring from day 17 for the wet shallow trays
exposed to sun radiation (nº 7 and 8) (see Fig. 1). However,
the tendency was the same: a sharp increase of bacterial
density after the first day of addition, then, a decrease
during the second day to values similar to those of inoculation, and a sharp decrease which tends towards zero after
day 4. Considering the threshold value of 30 cfu/g established by the Spanish Guideline, this condition would be
achieved from day 7 in the dry shallow trays, compared to
day 14 in the wet shallow trays exposed to sun radiation.
The different exposure conditions applied to the sand were
statistically compared using SPSS version 15.0 statistical
package. It was found that the variance observed between
them was different (Levene’s test), indicating the need for
a Games-Howell adjustment, which led us to find no difference between the exposure conditions applied. However,
when graphically analyzing the effect of the absence of sun
radiation, compared to sun radiation on dry and wet shallow trays, the same tendency (wet conditions extend in time
the presence of faecal coliforms in sand) could be seen.
Regarding the effect of shadow on dry (nº 1 and 2) and
wet shallow trays (nº 3 and 4), the above tendency for the
trays exposed to sun radiation (nº 5-8) was observed (wet
conditions extend in time the presence of faecal coliforms
under shadow conditions). This statement is in agreement
with Shibata et al. [20] who suggest that moist conditions
help microbes to survive longer. It was also observed that
the tendency in the shadow and wet shallow trays (nº 3
and 4) was similar to that of wet shallow trays exposed to
sun radiation (nº 7 and 8), but, in this case, the bacterial
disappearance occurred from day 30. Therefore, wet con-

TABLE 3 - Values of faecal coliforms (cfu/g) recorded during the experimentation.
Sample
1
2A
2B
3
4A
4B
5
6A
6B
7
8A
8B
10
11A

Sampling day
0
1
4447
3200
4447
4447
4800
4447
6700
4447
4447
2530
4447
17300
4447
9000
4447
9300
4447
20500
4447
2300
4447
6900
4447
1010
4447
16400

2
1800
4950
4200
6700
3100
2700
1400
3800
5500
1600
4600

3
1700
2300
8300
13200
6320
2110
2630
3300
4900
3530
20
1110
6800
9900

4
2200
1100
1100
1200
1500
2300
2100
300
400
500
1200
1100
800
500

7
14
0
0
78
172
940
0
0
0
2
128
0
0
0

163

10
0
0
0
307
267
142
0
0
0
72
77
68
431
265

14
0
0
0
107
174
185
0
0
0
1
18
11
25
0

17
End
End
End
6
45
44
End
End
End
3
7
2
0
0

21
End
End
End
0
19
21
End
End
End
0
0
0
4
End

24
End
End
End
20
32
34
End
End
End
2
0
0
10
End

30
End
End
End
0
0
4
End
End
End
End
End
End
End
End

37
End
End
End
1
3
0
End
End
End
End
End
End
End
End

44
End
End
End
2
3
4
End
End
End
End
End
End
End
End
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4100

13300

1500

28

310

0

20000

End

End

End

End

End

shadow, dry, superficial
shadow, wet, superficial
sun, dry, superficial
sun, wet, superficial
sun, wet, deep

18000
16000

Faecal coliforms (cfu/g)

2

14000
12000
10000
8000
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4000
2000
0
0
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24

30

37

44

Time (days)
FIGURE 1 - Average values and standard deviation of faecal coliforms (cfu/g) of the three
replicates analysed during the experimentation. The different exposure conditions tested are indicated.

ditions clearly slow down the bacterial disappearance process. On the contrary, in the dry shallow trays at shadow
(nº 1 and 2), faecal coliforms disappeared from day 7, so
the influence of sun radiation on the decrease of faecal
coliforms was stronger under wet conditions compared to
dry ones. In the case of the deep trays (nº 10 and 11), important fluctuations were observed during the first 3 days,
but high values were always recorded. As in the other cases,
a significant decrease was observed from day 4, getting to
levels lower than 30 cfu/g from day 14, and disappearing
completely from day 30. As it could be expected, a favorable environment for the survival of faecal coliforms is
provided by the absence of movement, together with wet
conditions. This finding is in agreement with Kinzelman
et al. [9] who found a significantly lower density of Escherichia coli in deeper groomed moist sand (7 to 10 cm
depth), but not in dry sand. The fact that bacteria are able

to survive longer under these specific conditions is possibly due to the protection from desiccation and excessive
irradiation they provide to the bacteria.
Evolution of the Concentration of Enterococci

Table 4 gathers the data obtained for the concentration
of enterococci during the experimentation. Again, the different exposure conditions applied to the sand were statistically compared using SPSS version 15.0 statistical package. The result of the Levene’s test indicated the need for a
Games-Howell adjustment, which led us to find no difference between the exposure conditions applied. Nevertheless, it can be graphically observed (see Fig. 2) that the
presence of enterococci tends to decrease from the very
beginning in the shallow trays exposed to sun radiation
(nº 5-8). In the case of the dry trays (nº 5 and 6), the concentration reached the threshold value established by the

TABLE 4 - Values of enterococci (cfu/g) recorded during the experimentation.
Sample
1
2A
2B
3
4A
4B
5
6A
6B
7
8A
8B
10
11A

Sampling day
0
1
6200
5600
6200
4900
6200
3900
6200
7300
6200
7900
6200
3900
6200
4600
6200
5100
6200
5000
6200
5800
6200
2070
6200
1840
6200
2010
6200
2050

2
1650
2440
2400
3700
3900
3200
2100
2700
2900
1940
1460
1800
1210
650

3
990
2140
1980
1730
2540
1680
1370
1350
1600
1390
1260
980
9700
3100

4
1050
1090
1090
1150
1290
1530
960
950
670
730
610
880
570
840

7
306
338
358
644
364
864
160
138
140
268
182
178
524
606

10
60
64
32
212
244
160
8
14
10
52
42
48
232
182

164

14
2
6
2
52
71
82
43
0
0
27
8
5
11
7

17
5
5
5
19
35
44
1
0
0
3
10
10
29
107

21
3
5
4
39
38
39
0
End
End
5
6
6
47
3

24
2
2
3
24
28
18
End
End
End
10
4
1
47
34

30
0
1
0
4
8
10
End
End
End
0
1
1
48
0

37
End
End
End
5
3
2
End
End
End
End
End
End
2
29

44
End
End
End
2
2
1
End
End
End
End
End
End
3
77

51
End
End
End
End
End
End
End
End
End
End
End
End
0
17

58
End
End
End
End
End
End
End
End
End
End
End
End
2
4

© by PSP Volume 18 – No 2. 2009

11B

6200

2750

Fresenius Environmental Bulletin

600

3800

720

652

232

4

143

3

37

2

28

20

17

0

51
209
131
145
309
291
291
End
End
End
72
49
82
50
236
69
145
54

65
200
164*
245
70
75
109
End
End
End
64
45
64
51
104
107
32
30

20000

shadow, dry, superficial
shadow, wet, superficial
sun, dry, superficial
sun, wet, superficial
sun, wet, deep

18000

Enterococci (cfu/g)

16000
14000
12000
10000
8000
6000
4000
2000
0
0

1

2

3

4

7

10

14

17

21

24

30

37

44

51

58

Time (days)
FIGURE 2 - Average values and standard deviation of enterococci (cfu/g) of the three
replicates analysed during the experimentation. The different exposure conditions tested are indicated.

TABLE 5 - Values of dermatophyte fungi (cfu/g) recorded during the experimentation.
Sample
1
2A
2B
3
4A
4B
5
6A
6B
7
8A
8B
9
10
11A
11B
12
* invasive

Sampling day
0
1
882
760
882
691
882
1200
882
1300
882
360
882
2100
882
1036
882
380
882
500
882
340
882
160
882
210
190
190
882
460
882
260
882
200
190
330

2
491
366
664
900
827
1045
473
782
645
627
391
375
191
155
236
270
191

3
700
800
900
570
764
900
650
790
573
891
700
900
160
450
240
210
140

4
700
1000
800
591
1200
564
390
227
300
430
310
500
140*
192
210
270
130

7
670
427
700
900
718
259
1100
180
127
482
400
291
190
309
260
161
150

10
370
464
360
445
1100
390
20
47
43
160
190
118*
54
260
70
97
68

Spanish Guideline (30 cfu/g) after 10 days, tending towards zero (day 17) afterwards. The same trend was observed for the wet trays (nº 7 and 8), but later in time, this
is, from day 14 until achieving the zero value from day
30. Then, it could be said that when exposed to sun radiation, wet conditions lengthen the presence of enterococci
in sand. When the shallow trays were under shadow conditions (nº 1-4), the trend was the same, but slowed down
in time compared to the trays exposed to sun radiation (nº
5-8). It was not until day 14 for the dry trays (nº 1 and 2),
and until day 24 for the wet trays (nº 3 and 4), that the
threshold value was reached, getting the zero value from
days 30 and 44, respectively. So, it could be stated that

14
2500
170
180
500
350
460
27
60
43
210
180
180
79
105
109
150
55

17
91
182
209
110
400
309
47
52
33
94
500
107
30
600
210
280
122

21
101
180
200
127
200
430
26
45
49
92
220
240
37
160
30
40*
72

24
103
155
117
364
382
418
33
78
46
164
90*
211
39
241
201
262
82

30
127
164
191
255
136
236
End
End
End
164
145
136
60
70
173
145
54

37
255
245
173
309
300
255
End
End
End
105
182
91
44
173
155
173
109

44
180
151
55*
191
110
209
End
End
End
170
80
67
47
135
215
170
52

wet conditions slow down the disappearance process of
enterococci in superficial sand. This circumstance is more
marked when the sand does not receive sun radiation.
Finally, the threshold value was achieved in the deep trays
(nº 10 and 11) from day 51, reaching the zero value on
day 58. Therefore, the behavior of the concentration of
enterococci is affected by the movement of the sand.
Evolution of the Concentration of Dermatophyte Fungi

Table 5 shows the concentrations of dermatophyte fungi
during the experimental period including the control tray
values (nº 9 and 12) due to their background levels. Sampling was finished when achieving values close to the
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background levels, onday 65, but for trays nº 5 and 6
which reached these values from day 24 on. When statistically comparing the different exposure conditions applied
to the sand using SPSS version 15.0 statistical package,
the Levene´s test for equality of variance indicated that
variances were not equal across samples. Subsequently,
Games-Howell tests of contrasts (0.05 significance level)
showed statistically significant differences between some
of the exposure conditions applied on dermatophyte fungi
number present in the sand. Thus, the biggest difference
found was between the deep trays daily watered and exposed to sun radiation and the shallow shadow dry trays
(p value 0.000). There was also a significant difference (p
value 0.003) between the shallow trays exposed to shadow
and dry conditions, with regard to those daily watered and
exposed to sun radiation. The number of dermatophyte
fungi present in the shallow trays exposed to dry conditions
were also significantly different depending on shadow or
sun radiation conditions (p value 0.012). Finally, a significant difference was found between the dry and not sun-

irradiated shallow trays and the wet irradiated deep trays
(p value 0.025). These findings would indicate the negative
effect on the population of dermatophyte fungi caused by
the exposure to sun radiation of the sand, even under wet
conditions on both shallow and deep trays. The worst
case scenario in diminishing of dermatophyte fungi was
registered in the shadow wet shallow trays. When graphically considering (see Fig. 3) the values of dermatophyte
fungi recorded during the experimentation, it is observed
that when exposed to sun radiation (nº 5-8), wet conditions (nº 7 and 8) prolonged the time (from day 24 to day
65) required for the disappearance of dermatophyte fungi.
On this occasion, the effect of humidity on trays exposed
to shadow conditions (nº 1-4) is not related to a longer
presence of dermatophyte fungi in sand, but to their
higher concentration values. On the other hand, the deep
trays need more time to achieve stable concentration values. The threshold value established by the Spanish
Guideline, 10,000 cfu/g, was not reached during the experimental period.

10000

shadow, dry, superficial
shadow, wet, superficial
sun, dry, superficial
sun, wet, superficial
sun, wet, deep
superficial control
deep control

9000

Dermatophyte fungi (cfu/g)

8000
7000
6000
5000
4000
3000
2000
1000
0
0

1

2

3

4

7

10

14

17

21

24

30

37

44

51

65

Time (days)

FIGURE 3 - Average values and standard deviation of dermatophyte fungi (cfu/g) of the three
replicates analysed during the experimentation. The different exposure conditions tested are indicated.

CONCLUSIONS
The disappearance of faecal coliforms, enterococci and
dermatophyte fungi in sand inoculated with 20% (v/w) raw
wastewater is affected by its exposure to sun radiation,
wet conditions and sand movement. Under the experimental set-up studied, wet conditions slow down disappearance of faecal coliforms. This effect is more important
when the sand does not receive sun radiation. This trend is
also followed by the enterococci, whose persistence in the
sand is increased by the lack of sand movement. Considering the worst possible scenario, 30 and 51 days, respec-

tively, will be required to keep levels of faecal coliforms
and enterococci below the threshold of 30 cfu/g established by the Spanish Guideline. Therefore, the survival
of enterococci is higher in time compared to that of faecal
coliforms, which is in agreement with other works in the
field [11]. When considering the dermatophyte fungi concentrations registered in the control trays, it can be stated
that non-polluted sand shows background levels around
200 cfu/g. Besides, the effect of sun radiation on the decrease of dermatophyte fungi levels is more important than
the effect of humidity. Moreover, the sand movement
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speeds up the disappearance process of the biological
parameters studied.
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PLANTS IRRIGATED WITH METALLIFEROUS WATER
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ABSTRACT

INTRODUCTION

Giant reed (Arundo donax L.) plants were grown outdoors, in pots, for 2 years and were irrigated with metalliferous water containing cadmium (Cd) and nickel (Ni) in
low (5 mg/L), medium (50 mg/L) and high (100 mg/L) concentrations, whereas in the control group tap water was
used. The determined soil Cd and Ni total contents (extracted by HNO3 + H2O2) ranged widely (13.5-973.8 mg/kg
Cd and 68.5-2543.3 mg/kg Ni). For assessing the metal accumulated in the different soil phases, three extractant solutions were used, giving distinct extractable concentration
peaks in the topsoil, following the order EDTA>DTPA>>
KNO3. At the end of each cultivation period, all plants were
harvested and the above-ground parts were divided into
three equal pieces, apart from the panicle. Fresh and dry
weights as well as heavy metal contents for leaves and stem
of each third and the panicles were determined. The results
showed that plant growth was not affected by elevated
heavy metal content in the irrigation water and, thereafter,
in the soil. Cadmium and nickel accumulation in all plant
parts was increased in both years by the treatments, and
the highest concentrations were determined in the leaves of
the lower third. Cadmium showed a clear and stable vertical distribution in all treatments; in leaves, a significant
decrease towards the top was determined, while the opposite was observed in stems. Panicle Cd contents were similar to the upper stem thirds, increasing by treatment. Nickel
contents were generally higher than that of Cd, and they
did not show a significant height effect for all treatments.
The determined Cd and Ni total uptake within each third
(leaves+stems) showed the highest contents in the middle
third for the first year, while, in the second year, metal
allocation varied, depending on heavy metal and treatment.

KEYWORDS: Cadmium, nickel, giant reed, Arundo donax L.,
energy crops, metal allocation, phytoremediation.

Non-conventional water sources could be used as complementary supplies to partially alleviate water scarcity in
regions where freshwater resources are extremely scarce.
Such water resources could be used for irrigation through
several specialized processes, as desalination of seawater
and highly brackish water [1, 2], collection, treatment and
use of wastewater [3], capture and reuse of agricultural
drainage water [4, 5], and extraction of groundwater containing a variety of toxic elements [6]. In certain regions and
countries, the annual renewable supply of water is very
low and marginal water is used for the irrigation demands
of the area’s agriculture, resulting in vast areas of agricultural land becoming non-arable and hazardous for wild life
and human populations. Phytoremediation is the use of green
plants to remove pollutants from the environment, or to
render them harmless [7], and is among the most growing
challenges for environmental research. The phytoextraction potential of a plant species is determined by its annual
biomass production and its metal content. Several recent
studies are focused on high biomass-yielding plants [8, 9],
which are able to transfer the heavy metals efficiently and
rapidly from the soil via the root system to the aerial part.
Perennial grasses produce high biomass yields and have
attracted an interest in their use as energy crops in the US
and Europe. Also, research is being done into the phytoremediation potential of these species, i.e. for miscanthus
(Miscanthus sinensis L.) [10, 11], giant reed (Arundo donax
L.) [12-14], and vetiver grass (Vetiveria zizanioides L.) [15].
Although the metal bioconcentration capacity of grasses is
usually lower than the corresponding capacity of the hyperaccumulator plants, the final uptake could be similar [16].
The possibility to combine the irrigation with marginal
water, the phytoremediation and the biomass production for
energy purposes seems very promising. Our previous studies indicate that the perennial grass giant reed (Arundo
donax L.) could tolerate a wide range of cadmium and
nickel content in the irrigation water and, thereafter, in the
soil [12-14]. Moreover, A. donax exhibits many attractive
traits for biomass production in the Mediterranean region.
High yield potential, high contents of lignin and cellulose,
low irrigation and nitrogen inputs, as well as high resistance
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to drought are some of those characteristics [17]. To our
knowledge, no information is available for the giant reeds
phytoextraction capacity and for the potential vertical distribution of the heavy metals in the above-ground biomass.
Several studies have shown that heavy metals are vertically distributed within the above-ground part of e.g. Salix
viminalis L. [18], Populus sp. [19], Fagus silvatica L. [20],
and Pinus sylvestris L. [21].
The aims of this study were: (i) to investigate if giant
reed plants accumulate Cd and Ni in their tissues (stems,
leaves and panicles) when they are irrigated with metalliferous water, and (ii) to define the vertical distribution of
Cd and Ni within the above-ground parts of giant reed. The
heavy metal allocation in giant reed plants could be useful
for two practical purposes: (i) in order to determine the
optimum harvesting height so as to ensure the extraction
of the maximum heavy metal quantity, and (ii) in order to
sample in the field easily and accurately to get a representative mean heavy metal concentration value for the
whole above-ground biomass. The determination of the
heavy metal accumulation in a harvested energy crop is
accomplished by grinding the whole above-ground part
and sub-sample, since elemental concentrations may vary
towards the top of the plants, depending on the mobility
of each element, its speciation and the way the plant
handles it. However, in grasses, it is sometimes difficult to
follow the above-mentioned procedure and, also occasionally, it is necessary to subsample in the field. The
choice of sampling positions along the above-ground plant
part may influence the results, particularly if few sampling
points are used and pronounced concentration differences
exist.
MATERIALS AND METHODS

digestion [13]. The pots were arranged in 15 lines (4 pots
per line, one pot for each treatment), according to the
completely randomized design. Irrigation was performed
daily at 20:30 with a computerized drip irrigation system,
using constant flow drippers. Every three days, the irrigation quantity was calculated by weighing the pots in order
to maintain the water-holding capacity to 65% and avoid
drainage from the pots. For a period of 45 days, the plants
were irrigated with tap water in order to achieve their
good adaptation. Then, the irrigation system was used to
provide the plants with the metalliferous water daily. Cadmium (Cd(NO3)2·4H2O) and nickel (Ni(NO3)2·6H2O) aqueous solutions were prepared in 4 tanks (500 L each), which
were placed at the beginning of the irrigation system. The
first tank contained tap water and was used for the irrigation of the control plants (treatment I). The second tank
contained 5 mg/L of Cd and 5 mg/L of Ni (treatment II),
the third tank contained 50 mg/L of Cd and 50 mg/L of Ni
(treatment III), and the fourth tank contained 100 mg/L of
each metal (treatment IV).
TABLE 1 - Physical and chemical properties of the initial soil.

________________________________________
Physical
Size fractions (%)
Clay
13.7
Silt
38.7
Sand
47.6
Texture
Sandy Silty Loam
Chemical
pH
7.55
CEC (meq 100g-1)
25.20
EC (mS cm-1)
2.15
Organic matter (%)
3.2
Cd total concentration (mg/kg)
0.6
Ni total concentration (mg/kg)
1.4
___________________________________________________
Soil Analysis

Experimental Setup

A 2-year pot experiment was held in a field of the
Agricultural University of Athens, situated at latitude 37o
59΄ N, longitude 23o 42΄ E and altitude 33 m. For this purpose, 400 rhizome cuttings were collected from the Kopais
lake area in Viotia, Greece, and planted for 30 days in sand
in a nursery. One month later, 60 healthy, homogeneous
and uniform-in-size plants (rhizomes of 10.0 ± 0.5 cm in
length, bearing one stem each of 15.0 ± 0.5 cm in height)
were selected for the experiment. Each rhizome was transplanted into a 50 x 50 cm plastic pot, filled with surface,
tilled, homogenized and air-dried soil. Selected soil characteristics were determined following standard procedures
(Table 1). Particle size distribution was measured by the
pipette method [22], soil pH was determined using a 1:1
soil/distilled water ratio; cation exchange capacity (CEC)
by the ammonium acetate method [23], electrical conductivity (EC) by using a conductivity-meter on the soil extract obtained by shaking soil with double-distilled water
at 1:2 (w/v) soil/water ratio, and organic matter content by
the Walkley-Black method [24]. Total Cd and Ni concentrations of the initial soil were measured by nitric acid

At the end of the first year, the pot soil of the 2, 6, 9
and 11 lines (16 pots) was separated into three equal zones
of 15 cm each (A: top, B: middle and C: base) and samples of each zone were taken, air-dried at room temperature and ground to pass a 2.0-mm mesh. Single extraction
tests were used to study the eco-toxicity and mobility of
metals in soils. Four different extractants were considered,
namely KNO3 (0.5 M), DTPA (0.005 M / pH 7.3), Na2EDTA (0.05 M / pH 7) and concentrated HNO3 with H2O2
additions, so as to extract the exchangeable, bioavailable,
organic and carbonate bound and the total forms of cadmium and nickel, respectively [13, 25-27]. Metal concentrations were measured by atomic absorption spectrometry (AAS). At the end of the second year, the same procedure was followed for the pot soil of the 3, 5, 7 and 10
lines (16 pots).
Plant Measurements and Analysis

At the end of the two cultivation periods, the plants
were harvested and the stems were divided into three equal
pieces (apart from the panicles). All plant components were
successively washed with tap and deionized water. Fresh
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and dry (70 oC for 3 days) weights were recorded for the
leaves and the stem of each third and for the panicles, and
they were ground using a cross hammer beater mill and
sieved with a 1-mm sieve. Samples (2 g) were weighed
accurately into Pyrex beakers and placed in a muffle furnace at 460 oC for 16 h [28]. After cooling, 10 ml conc.
HNO3 was added to each sample, swirled and placed on a
hotplate. The digests were allowed to evaporate to near
dryness, and H2O2 was added till the solution became
limpid. The sample volumes were adjusted to 15 ml using
deionized water, and the resulting solutions were filtered
through Macherey-Nagel MN 6141/4. The filtrates were
analyzed for heavy metals using AAS.
Statistical Analysis

Data were subjected to a one-way statistical analysis
of variance (ANOVA) using the STATISTICA 6.0 statistical package (Stat Soft, Inc). Separation of means was performed by post-hoc (Scheffe test) comparison at the 0.05
significance level (n=4).

RESULTS AND DISCUSSION
Risk assessment of a trace metal in soils is often evaluated on the basis of the total concentration and/or the metal
bioavailable fractions. Depending on soil chemistry, metal
reactions affect the solubility, mobility, chemical form and
toxicity of the contaminant [29]. In this experiment, a number of selective chemical extractions were used to assess
the Cd and Ni mobility, and availability to plants. Moreover, given that cadmium and nickel were added as soluble
salts to the pots, their solubility would be higher than for
a long-term contaminated soil.
Metal concentrations in soil differed between the soil
zones and the treatments. The top (A) zones exhibited the
highest total metal contents, as it was expected according
to the literature [30, 31], and the decline in middle (B) and
base (C) zones was considerably important. The determined
total heavy metal contents in A zones ranged widely, and
they were significantly increased by the treatment, i.e.
from 13.5 mg/kg Cd and 68.5 mg/kg Ni (low treatment first year) to 973.8 mg/kg Cd and 2543.3 mg/kg Ni (high
treatment - second year) (Table 2). It would be expected that
each treatment’s final total concentration values of the
second year would be almost double from the corresponding ones of the first year. No such observation was made
in the results, and this is probably due to the fact that for a
period of 6 months (November till April) the pots were
not irrigated with the metalliferous treatments while, at
the same time, since the experiment was in situ, the soil
was exposed to rainfall which washed out a quantity of the
metals. The data for the increase in concentrations between
the two periods is a case in point. In low treatment (II),
both cadmium and nickel were doubled in 2003 compared
with 2002. In medium (III) and high (IV) concentration
treatments, however, the Ni increased by 50%, while Cd

increased only by 10%. Cadmium is one of the most water-soluble metals [30, 31] and possibly the greatest part
of its quantity was washed away by rainfall during the
winter.
All used extractant solutions had distinct extractable
concentration peaks in the topsoil following the order
EDTA>DTPA>> KNO3 (Table 2). EDTA is assumed to
extract both carbonate bound and organically bound fractions of metals in soil [25], while DTPA extracts the bioavailable fraction [27]. Higher percentages were extracted
with EDTA in comparison with DTPA, and the ratios obtained were generally between 1.5 and 5 for both metals,
as it was also reported by Sahuquillo et al. [29]. The concentrations of EDTA-extractable Cd reached 75-80 % of
the total Cd content, while Ni corresponding percentage
was 30-50 %. The DTPA extraction yields were up to 2030 % and 15-30 % for Cd and Ni, respectively. It is obvious that the typically most mobile element Cd was extracted in higher percentages than the intermediate mobile
Ni. KNO3 is a mild extractant and for the samples with
low metal content (treatment I - control and II, soil zones
B and C), it mainly provided extraction yields below the
detection limits of the AAS. Low extraction yields, below
1% of the total content, were observed for the soil samples with higher metal concentrations (treatments III and
IV, soil zones A).
Several metals are essential for plants (i.e. Mn, Cu, Zn,
Ni), and they are required for a variety of metabolic processes because of their chemical properties, such as redoxactivity under physiological conditions (Cu, Fe) or Lewis
acid strength (Zn) [32]. These same properties are the reason why they can easily be toxic when present in excess.
Redox-active metal ions can trigger the formation of hydroxyl radicals, via oxygen activation. Uncontrolled highaffinity binding to sulfur-, nitrogen- and oxygen-containing
functional groups in biological molecules can cause inactivation and damage. The range for essential transition metals between deficiency and toxicity is extremely narrow.
There are also several other elements that are not essential
for the plants (i.e. Cd, As, Cr, Se), and they can be toxic
above a certain threshold. Plants have evolved a complex
metal homeostasis system, which regulates their uptake and
distribution, enabling them to protect the metabolic processes [32, 33]. Two strategies have been proposed to explain plant tolerance to heavy metals: i) the exclusion, comprising avoidance of metal uptake and/or root to shoot
transport, and ii) the accumulation, tolerating high concentrations of metals in plant tissues [34].
The main overt toxicity symptoms caused in plants by
elevated heavy metal concentration in soil are chlorosis,
week plant growth and yield depression. The giant reed
plants did not show any toxicity symptoms during both
experimental years. All plants grew well and it was impossible to distinguish between the heavy metal-treated
plants and the control ones. The determined fresh and dry
weights i.e. for each stem third, the corresponding leaves
and the panicles, did not differ significantly between con-
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trol and treated plants (data not presented). Determined
weights of the middle third (stem + leaves) were significantly higher than those of the upper and lower thirds of
the plants in all treatments, since the leaves of the upper
thirds were the newest expanded and, therefore, smaller
than the leaves of the middle third, while some leaves of

the lower third were dried. In the second year, a reduction
in the produced above-ground biomass was observed. Fresh
weight of each third (stem + leaves) for all treatments and
for both years ranged between 35.4-44.0 g (upper), 73.394.4 g (middle) and 32.6-45.9 g (lower), respectively. Cor-

TABLE 2 - Cadmium and nickel soil concentrations in the top (A), middle (B) and
base (C) pot zones for the years 2002 and 2003 (average values±standard deviation, p<0.05, n=4).
TREATMENT
YEAR

I (0 mg/L)

II (5 mg/L)

III (50 mg/L)

2002

2003

2002

2003

0.5±0.2
a1 a2
0.4±0.1
a a
0.4±0.1
a a

0.5±0.2
a a
0.3±0.0
a a
0.2±0.0
a a

13.5±0.5
b a
1.2±0.4
b b
1.2±0.5
b b

26.1±3.1
b a2
1.1±0.5
b b
0.7±0.3
b b

A

ND

ND

ND

ND

B

ND

ND

ND

ND

IV (100 mg/L)

2002

2003

2002

2003

158.6±19.3
c a
4.4±0.8
c b
1.4±0.3
b b
0.7±0.2
a a

180.5±15.5
c a
4.1±1.9
c b
0.9±0.2
b b
0.6±0.2
a a

905.8±93.3
d a
29.2±3.5
d b
2.5±0.7
c b
8.8±3.8
b a

973.8±24.7
d a
27.3±2.6
d b
1.7±0.6
c b
6.4±1.3
b a

ND

ND

ND

ND

CADMIUM
A
HNO3

B
C

KNO3

DTPA

C

ND

ND

ND

ND

ND

ND

ND

ND

A

0.2±0.0
a

0.2±0.0
a

B

ND

ND

ND

ND

0.4±0.1
a a
0.3±0.0
a a
0.3±0.0
a a

0.3±0.0
a a
0.2±0.0
a a

5.8±1.0
a a
0.9±0.3
a b
0.2±0.0
a b
17.2±2.5
a a
0.4±0.1
a b
0.4±0.1
a b

72.3±6.2
b a
1.4±0.2
b b
0.4±0.1
a b
120.3±5.2
b a
3.0±0.6
b b
0.9±0.3
b b

62.8±6.8
b a
1.0±0.4
a b

C

6.3±1.9
a a
0.4±0.1
a b
0.3±0.1
a b
9.9±1.0
a a
0.6±0.3
a b
0.6±0.3
a b

319.0±35.4
c a
7.6±1.1
c b
0.7±0.2
a b
710.2±45.4
c a
19.0±1.8
c b
1.1±0.1
b b

357.5±24.3
c a
5.7±0.7
b b
0.5±0.2
a b
712.3±24.6
c a
17.4±2.0
c b
0.9±0.2
b b

1744.5±120.6
c a
92.2±7.0
c b
12.5±2.5
b b
46.4±6.5
c a
0.8±0.3
b b
0.3±0.3
a b
506.7±34.4
c a
24.5±2.2
c b
1.2±0.3
b b
873.4±33.0
c a
30.9±7.4
c b
1.2±0.6
a b

2543.3±110.1
c a
70.9±13.9
c b
8.8±1.2
c b
34.3±4.4
c a
1.1±0.8
b b
0.2±0.2
a b
438.2±14.3
c a
13.8±2.2
c b
0.5±0.3
a b
869.2±45.1
c a
21.2±5.5
c b
0.3±0.3
b b

A
EDTA

B
C

ND

ND
178.2±18.2
b a
2.6±0.6
b b
0.5±0.1
a b

NICKEL
1.3±0.3
a1 a2
1.1±0.4
a a
1.2±0.4
a a

1.4±0.4
a a
1.2±0.2
a a
1.0±0.3
a a

A

ND

ND

B

ND

C

A
HNO3

B
C

KNO3

A
DTPA

B
C
A

EDTA

B
C

68.5±11.7
a a
2.5±0.7
a b
1.5±0.6
a b
1.0±0.4
a a

137.0±6.3
a a
6.0±1.1
a b
2.8±0.3
b b
0.3±0.3
a a

ND

ND

ND

ND

ND

ND

ND

0.4±0.1
a a
0.5±0.0
a a
0.2±0.0
a b
1.0±0.3
a a
0.8±0.2
a a
0.7±0.1
a a

0.4±0.2
a a
0.3±0.1
a a
0.4±0.1
a a
0.9±0.3
a a
0.6±0.2
a a
0.8±0.3
a a

29.6±4.6
a a
1.2±0.4
a b
0.5±0.5
a b
45.2±6.5
a a
2.1±1.1
a b
1.1±1.0
a b

23.4±3.4
a a
0.7±0.6
a b
0.7±0.8
a b
43.9±8.9
a a
0.9±0.6
a b
0.8±0.7
a b

ND: not detected
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901.2±41.3
b a
28.2±4.3
b b
10.7±1.8
b b
9.2±1.6
b a
0.3±0.2
a b
0.5±0.3
a b
221.8±6.7
b a
5.7±0.9
b b
1.4±0.5
b b
351.8±13.9
b a
8.7±1.6
b b
1.9±0.6
b b

1363.3±51.7
b a
21.7±2.6
b b
7.3±2.0
c b
3.5±0.2
b a
0.8±0.3
ab b
ND
117.4±11.9
b a
2.7±1.2
b b
0.5±0.5
a b
304.4±13.6
b a
5.4±1.0
b b
0.8±0.8
a b
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Different letters within the first columns show significant differences among treatment.
Different letters within the second columns show significant differences among soil zones for the same treatment.

responding dry weight values ranged between 11.0-15.8 g
(upper), 28.4-35.0 g (middle) and 16.1-20.7 g (lower), respectively.
The results of this experiment show that heavy metals
were detected in all plant parts, increasing both years by
the treatments. Cadmium concentrations showed a decreasing tendency in the second year of the experiment,
while the reverse was observed for nickel. The highest Cd
contents were determined in the leaves of the lower third.
A significant height effect was found for Cd, and its concentrations in leaves decreased towards the top of the plant
(Fig. 1), while in stems an increase was observed (Fig. 2).
Laureysens et al. [19] found for Cd the same increasing
trend towards the top in wood of a poplar coppice plantation. Panicle Cd contents were similar to the upper stem
thirds, increasing by the treatment (Fig. 3A). Reeves and
Baker [34] proposed that the common levels for Cd and
Ni in plant leaves are 0.1-3.0 mg/kg and 1-10 mg/kg in the

dry matter, respectively. A comparison of the data with
these limits indicates that in treatments II and III cadmium concentrations for the lower leaves exceeded these
limits, while for the leaves of the middle and top thirds,
they were within them. In treatment IV, cadmium contents were elevated for all the leaves along the plant, but
they were well below the criterion used to classify the
hyper-accumulating species (100 mg/kg Cd).
The determined concentrations of Ni were higher
than that of Cd (Figs. 4 and 5). The leaves accumulated
higher Ni amounts than the stems, generally showing a
decreasing tendency towards the top of the plants, while
the reverse was observed in stems. Nevertheless, for Ni
no significant height effect was found for all treatments.
Laureysens et al. [19] also reported that nickel distribution within the wood of poplars did not show a general
trend. For both years, in treatments III and IV, the leaves
of the lower third had the highest concentrations. Signifi-
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FIGURE 1 - Cadmium vertical distribution in leaves for both years of the experiment (average values ± standard deviation, p<0.05).
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Different letters show significant differences among treatment.
FIGURE 2 - Cadmium vertical distribution in stems for both years of the experiment (average values ± standard deviation, p<0.05).
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FIGURE 3 - Panicle cadmium (A) and nickel (B) concentrations for
both years of the experiment (average values ± standard deviation, p<0.05).
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FIGURE 4 - Nickel vertical distribution in leaves for both years of the experiment (average values ± standard deviation, p<0.05).
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Different letters show significant differences among treatment.
FIGURE 5 - Nickel vertical distribution in stems for both years of the experiment (average values ± standard deviation, p<0.05).

cantly decreased Ni content was found in the leaves of the
middle and the upper third, while within each treatment,
the Ni concentration between the two thirds did not differ
significantly. In treatment II, nickel did not show a height
effect in both leaves and stems, and its accumulation did
not differ significantly from the corresponding of the control plants, with the exception of the lower leaves and the
lower and middle stem thirds of the second year. In treatment III, determined stem Ni values did not differ between
the lower and the middle third for both years, while significantly higher concentrations were found in the upper
third. In high treatment IV, Ni contents in stems increased
significantly towards the top of the plants. Nickel concentrations in panicles were increased by the treatments, but
in the second year the values in treatments III and IV did not
differ significantly (Fig. 3B). Ni contents in leaves, exceeding the reported common levels by Reeves and Baker [34],
were observed in all thirds of the highly treated plants (IV)
and in the leaves of the lower third in treatment III.

The results of this work are not in accordance with the
findings of Sander and Ericsson [18], who reported that
there was not a clear tendency for increased shoot Cd concentration towards the top of Salix viminalis, while the increase of Ni contents were significantly higher from the
lowest to the highest levels in the shoots, and more specifically, the concentration of Ni differed by a factor of almost eight from the lowest to the highest sampling level
in 3-years-old shoots. This diversion is probably due to the
different Cd and Ni specific responses of these two plant
species.
Total Cd and Ni uptake within each third of the aboveground biomass (leaves + stems) was determined (Figs. 6
and 7). For both metals, total accumulation was significantly positively correlated with the produced dry biomass of each third. A variation in metal content and biomass production was observed among the first and the
second year of the experiment, and total uptake of each
third did not show a general trend for both years. In the first
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FIGURE 6 - Total cadmium accumulated within the dry biomass of each third (leaves + stems) of giant reed for both years of the experiment.
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FIGURE 7 - Total nickel accumulated within the dry biomass of each third (leaves + stems) of giant reed for both years of the experiment.

year, a stable heavy metal allocation was observed; the
middle third showed the highest accumulation for both
metals in all treatments, probably due to its significantly
higher dry biomass production in comparison with the corresponding of the lower and upper thirds. In the second
year, the heavy metal allocation varied, depending on the
heavy metal and the treatment. Cadmium uptake was higher
in the lower third for treatments II and III. and in the middle third for treatment IV. Nickel accumulation was higher
in the lower third only in treatment III, while in treatments
II and IV, the middle thirds showed higher Ni uptake.
The useful information coming out of the results of this
work is the detailed description of metal accumulation and
allocation within giant reed tissues and, therefore, the provision of a guide to (i) define the optimum harvesting height
if giant reed is used for combined phyto-remediation and
energy production purposes, and (ii) to sample easily and
more accurately so as to determine cadmium and nickel
content of this plant. In order to get a representative mean
Cd concentration value for the whole above-ground biomass, the sampling method must take into account the
variations in elemental concentrations towards the top of
the plants. Nickel vertical distribution in the above ground
plant parts differs among treatments. In low soil concentrations, Ni distribution was the same along the aboveground part and, therefore, sampling could be done from
any vertical interval. In higher soil concentrations, vertical
Ni contents gradients along the aerial parts must be taken
into account.

ing ones of the upper and lower thirds. A reduction in biomass production was observed in the second year. Cadmium and nickel accumulation in all plant parts was increased during both years by the treatments, and the highest concentrations were determined in the leaves of the
lower third. Cadmium showed a clear and stable vertical
distribution, and its concentrations in leaves decreased towards the top of the plants, while in stems the reverse was
found. Nickel contents were generally higher than cadmium,
and they did not show a significant height effect for all
treatments. The determined total Cd and Ni uptake within
each third (leaves + stems) showed the highest contents in
the middle third for the first year, while in the second year
metal allocation varied, depending on the heavy metal and
the treatment.
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ABSTRACT
Phytoremediation is a promising new technology to
remediate ecosystems using certain plants that can accumulate and withstand relatively high concentrations of a
pollutant. Growth traits and cadmium (Cd) uptake of two
weeds (Phalaris minor, Abutilon theophrasti) and four crop
species (Gossypium hirsutum, Cichorium intibus, Vicia sativa, Apium graveolens) grown in soil with varying levels
of Cd (0-200 mg/kg), were studied in a greenhouse under
controlled environment for 5-7 weeks. The species tolerance to Cd (as plant growth), in descending order, was: V.
sativa > Gossypium hirsutum >A. graveolens, C. intibus,
A. theophrasti >P. minor. Cadmium, accumulated mainly
in roots, 50-76 %, depending on species, (except for C.
intibus), while the rest 24-50 % was transferred to shoots
the concentration being positively related to Cd level in
soil. C. intibus with high accumulation and transfer factor
(TF) of Cd (the ratio of shoot Cd concentration to the
available Cd in soil) in shoots, A. graveolens with high Cd
concentrations in roots, and V. sativa with the highest
tolerance and biomass production seem to have a potential
in phytoremediation to remove Cd from contaminated soils.

KEYWORDS: Phytoremediation; cadmium stress; weeds; crop
plants; heavy metal toxicity.

INTRODUCTION
The effect of organic (e.g. herbicides) and inorganic
pollutants (e.g. heavy metals) on the environment and especially on human health forced scientists to focus considerable research on the inhibition of their introduction in
food chains. Additionally, although not absorbed by some
plant species, the presence of these contaminants in soil
causes yield losses in susceptible crops [1-3]. They are
often detected in concentrations much higher than the criti-

cal levels in soil, surface and ground water environment,
due mainly to industrial and agricultural activities. Mechanical or chemical techniques of soil clean up usually
destruct soil structure, reduce soil fertility and are costly.
Phytoremediation is a promising green technology of remediating ecosystems by the use of certain plants that accumulate and withstand relatively high concentration of a
pollutant. Such a remediation method involves the uptake
and translocation of elemental pollutants [4]. It is an environmental friendly and economical method, with public
acceptance, capability of degradation of diverse range of
contaminants and no need for disposal sites [5]. A phytoremediation competence is a plant species that produces
high shoot biomass and accumulates the pollutant or its
metabolites in the above-ground part without any adverse
effects on plant growth [6]. Cadmium is one of the most
ecotoxic heavy metals [7] and is now well documented that
human diseases (itai-itai disease) or disfunctions have resulted from chronic exposure to Cd [8]. Its availability is
regulated by soil characteristics and inputs, as has also
been reported for other elemental pollutants [9, 10]. Cadmium, contrary to other heavy metals, is soluble in water,
exhibiting high mobility in soil and, thus, ground water
and crops could easily become contaminated [11]. The
worldwide average content of Cd in surface soil is less
than 1 mg/kg, while in plants levels between 5-30 mg/kg
dry weight are toxic [12]. Higher values reflect anthropogenic impact such as long term use of phosphate fertilizers, sewage sludge application and smelter dust spreading
[13]. Thlaspi caerulescens is a plant species tolerant to a
large number of metals and is the only hyperaccumulator of
cadmium, accumulating up to 1800 mg Cd/kg dry weight
in shoot without showing any toxicity symptoms. Hyperaccumulators are defined as plant species which, when
growing on naturally metal-rich soils, exhibit very high
shoot metal concentration, i.e. more than 100 mg Cd/kg
dry weight, 1000 mg Ni, Pb or Cu/kg dry weight or
10000 mg Zn, Mn/kg dry weight [14].
In this study, the phytoremediation potential of six plant
species was evaluated. The effect of Cd on plant growth
was quantified on the basis of certain growth parameters, in
order to set the tolerance level and to compare the efficiency of Cd absorption and upward translocation among the
species studied (phytoremediation potential).
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MATERIALS AND METHODS

the soil were extracted with a DTPA solution (20 g. of soil
and 40 mL DTPA).

Plant Material and Growth Conditions

Surface (0-30 cm) soil was collected from the University Research Farm at Velestino. Soil, Xerochrept calcic,
was air dried and passed through a 5 mm sieve prior to pot
experiments and a 2 mm sieve prior to analysis. The soil
texture was a silt clay with 24.8% sand, 44.4% fine and
coarse silt and 30.8 % clay, quantified by the hydrometer
method. Its pH (in H2O at a 1:2.5w/v soil to solution ratio),
electrical conductivity (EC25), cation exchange capacity
(CEC; sum of exchangeable basis), and organic matter
content (after wet oxidation) were: 7.9, 0.86 mS/cm,
2.83 meq/kg, and 2.7%, respectively. The Cd content
was 0.16 mg/kg soil (Table 1).
Soil sub-samples were artificially contaminated with Cd
[Cd(NO3)24H2O)], in varying rates (0, 20, 40, 60, 80, 120,
160, 200 mg Cd /kg, on a soil dry weight basis), thoroughly
mixed and left for equilibration in plastic bags for 5 days.
Then, they were placed in pots (460 g of soil per pot). In
each pot 6-25 seeds were sown, and after about 7 days
plants were thinned to 2-17 per pot, depending on the plant
species. Four pots (replications) were used for each treatment. Plastic plates were placed under each pot to avoid
drainage, used also for sub-irrigation and fertilization with
modified Hoagland solution once a week. Plants were
grown in a greenhouse, under natural lighting, 25/20oC day/
night temperature and 70-75% relative humidity, for 3550 days and then the measurements were taken. The experiments were repeated 2 times.
Growth and Physiological Trait Measurements

After harvesting, plants were separated into roots and
shoots. Plant height, leaf area, leaf length, chlorophyll content, in two fully expanded leaves were measured, in each
plant. Roots and shoots were separately weighed for fresh
weight (FW) determination and then dried at 70oC, until
constant weight (approximately 48 h) and dry weight (DW)
was recorded. Dried shoots and roots were analysed for
Cd content. First, they were ground to a fine powder and
sub-samples of 0.5 g were ashed at 500oC for 6 hr. Then
the ash was dissolved in 25 mL of HCl 2 M. After 30-min
incubation the suspensions were filtered by gravity and
the filtrates were analyzed for Cd by Atomic Absorption
Spectroscopy. The transfer factor (TF) of Cd in shoots was
calculated as the ratio of shoot Cd concentration to the
available Cd in soil [15]. The bioavailable forms of Cd into

Statistical Analysis

Treatments were arranged in a completely randomized
design with four replications. Data (means per pot) were
subjected to one-way ANOVA, the factor being the Cd rate,
for each weed species. Parameters expressed as a percentage of the control were subjected to arcsine transformation
prior to analysis. When the F value indicated significant
differences (P<0.05), means were separated by the Duncan’s multiple range test at P=0.05. Analysis was performed
with MSTAT-C.
RESULTS
All growth parameter values measured in weed or crop
plants decreased with the increase of Cd level in soil (Tables 2 and 3). Generally, the reduction was higher in shoot
and root weight than in the other parameters (plant height,
leaf area, leaf length, chlorophyll content). The tolerance
order of studied species to Cd, by the criterion of shoot
growth, was: V sativa > Gossypium hirsutum >A. graveolens = C. intibus =A. theophrasti >P. minor. The threshold
of 20% reduction in shoot dry weight, which is an indicator
of a plant tolerance to a pollutant, was at 160 mg Cd/kg
soil for V. sativa, 80 for G. hirsutum and A. graveolens and
40 for C. intibus, A. theophrasti and P. minor (Tables 4 and
5). The order of species tolerance to Cd, by the criterion
of root growth, was: V sativa > Gossypium hirsutum > C.
intibus >A. theophrasti >A. graveolens >P. minor. Phalaris
minor, the most sensitive species, had a 80-90% reduction
in shoot weight at 120 mg Cd/kg in soil (Table 4). Vicia
sativa was the most tolerant species to Cd, since shoot dry
weight was 72% of the control and root dry weight 87%,
at 200 mg Cd/kg soil (Table 5). In some species (V. sativa,
C. intibus), Cd caused a higher reduction in shoot growth
than in root growth, while in others (P. minor, A. graveolens,
G. hirsutum) the opposite was observed. Shoot and root
growth in Abutilon plants were effected by Cd concentration in soil similarly (Table 4).
In all species Cd concentration in shoots and roots increased with the increase of Cd level in soil (Table 6).
Cadmium accumulated mainly in roots in all species studied, except for C. intibus. Specifically, in these species
more than 50% of absorbed Cd remained in the roots, while

TABLE 1 - Characteristics of the soil used in the pot experiments.
Soil texture1
Organic matter2
CEC3
EC25
pH4
Extractable Ca
(%)
(meq/kg)
(mS/cm)
(%)5
Sand
Silt
Clay
(%)
(%)
(%)
24.8
44.4
30.8
2.7
2.83
0.86
7.9
10.50
Concentration (mg/kg)
NO3-N
P
K
Mg
Cu
Zn
Fe
Mn
Cd
88.0
6.3
260
590.0
4.40
3.60
6.40
8.00
0.16
1
Hydrometer method; 2 Wet oxidation; 3 Sum of exchangeable bases; 4 In water at a 1:2.5 (w/v) soil to solution ratio; 5 In 1 M of CH3COONa, pH = 7.
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TABLE 2 - Physiological traits of two weed species grown in soil with various Cd levels.
Cd conc.,
mg/kg

Shoot fresh
weight,
mg
Abutilon theophrasti
0
2788 a
40
1633 b
80
1463 b
120
1047 c
160
996 c
200
496 d
CV% 2
16
Phalaris minor
0
1155 a
40
640 b
80
341 c
120
153 dc
200
293 cd
CV%
25

Shoot dry
weight,
mg

Root fresh
weight,
mg

434 a
246 b
227 b
162 c
160 c
92 d
16

540 a
283 b
281 b
188 c
181 c
77 d
17

190 a
107 b
67 c
41 d
57 c
22

60.88 a
16.05 b
5.33 bc
5.25 bc
2.99 c
43

Root dry
weight,
mg
64.28 a
36.18 b
33.15 bc
20.23 cd
23.86 bcd
12.37 d
27
10.4 a
1.36 b
2.31 b
1.13 b
1.20 b
28

Chlorop.
content,
SPAD

Leaf area,
cm2

Leaf length,
cm

Plant height
cm

27.67 c
28.62 bc
29.67 ab
29.62 ab
30.01 ab
30.84 a
4

19.66 a
9.17 b
8.14 bc
6.39 cd
7.38 bc
4.48 d
16

11.42 a
8.49 b
8.20 b
6.98 c
6.74 c
5.0 d
8

27.50 a
24.06 b
24.55 b
21.57 c
19.25 d
15.06 e
6

30.91 a
28.39 a
23.24 b
20.29 b
22.42 b
10

9.46 a
6.13 b
3.89 c
2.94 c
3.66 c
19

19.40 a
16.3 ab
14.2 bc
11.50 c
11.70 c
17

-1
-

1

Measurements were not taken.
Coefficient of variation
Within columns, means of the same culture system followed by different or no common letters, are significantly different at P<0.05 (Duncan's multiple range test).
2

TABLE 3 - Physiological traits of four crop species grown in soil with various Cd levels.
Cd conc.,
mg/kg

Shoot fresh
weight,
mg

Vicia sativa
0
480 a
40
465 a
80
388 ab
120
428 ab
160
341 b
200
404 ab
CV% 2
14
Cichorium intibus
0
705 a
20
596 ab
40
449 bc
60
450 bc
80
503 bc
100
335 c
CV%
23
Apium graveolens
0
4072 a
40
3228 a
80
2111 b
120
520 c
200
755 c
CV%
32
Gossypium hirsutum
0
5462 a
40
4510 ab
80
4351ab
160
3427 b
200
3630 b
CV%
16

Shoot dry
weight,
mg

Root fresh
weight,
mg

Root dry
weight,
mg

Chlorop.
content,
SPAD

Leaf area,
cm2

Leaf
length,
cm

74.42 a
63.51 ab
56.66 b
58.12 b
52.62 b
53.71 b
16

101.82 a
81.98 a
77.88 a
84.99 a
81.89 a
74.63 a
29

9.19 a
8.46 a
8.26 a
8.75 a
8.10 a
7.98 a
28

-1
-

-

-

51.92 a
44.51 ab
31.75 bc
33.81 bc
31.85 bc
24.92 c
24

28.64 a
29.0 a
25.49 a
22.05 a
25.08 a
22.24 a
20

2.47
2.07
1.76
1.61
1.72
1.47
33

506 a
410 a
270 b
67 c
96 c
30

575 a
446 ab
285 bc
53 d
110 cd
33

69.33 a
56.16 a
40.0 b
10.0 c
9.5 c
26

35.93 a
32.15 a
30.90 a
24.63 b
16.8 c
10

8.69
7.60
3.46
1.90
1.83
26

a
a
b
c
c

18.23 a
13.43 b
11.63 b
7.81 c
6.1 c
16

-

993 a
823 b
771 b
601 d
641 cd
12

971 a
793 ab
611 bc
513 c
428 c
18

127 a
102 bc
80 bc
70.0 cd
53.98 d
16

43.77
39.34
38.72
35.76
36.54
7

17.85 a
17.71 a
16.69 a
14.34 a
15.76 a
10

8.20 a
7.77 a
7.57 ab
6.82 c
7.03 bc
6

24.17 a
20.70 b
19.70 bc
16.30 d
17.38 cd
8

1

a
a
a
a
a
a

23.85
25.07
24.14
24.29
23.34
22.84
9

a
a
a
a
a
a

a
b
b
b
b

14.52 a
10.61 b
8.75 bc
9.89 b
8.16 bc
6.85 c
18

15.22 a
13.89 ab
13.07 bc
12.60 bc
11.69 c
10.99 c
9

Plant
height,
cm
52.3
51.5
44.8
43.3
42.9
41.8
8

a
a
b
b
b
b

-

Measurements were not taken.
Coefficient of variation
Within columns, means of the same culture system followed by different or no common letters are significantly different at P<0.05 (Duncan's multiple range test).
2
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TABLE 4 - Physiological traits (as a % of the control) of two weed species grown in soil with various Cd levels.
Cd conc.,
mg/kg

Shoot fresh
weight

Abutilon theophrasti
0
100.0
40
58.6
80
52.5
120
37.6
160
35.7
200
17.8
Phalaris minor
0
100.0
40
55.4
80
29.6
120
13.3
200
25.4
1
Measurements were not taken

Shoot dry
weight

Root fresh
weight

Root dry
weight

Chlorop.
content,

Leaf
area

Leaf
length

Plant
height

100.0
56.7
52.3
37.3
37.0
21.2

100.0
52.5
52.1
34.8
33.7
14.4

100.0
56.3
51.6
31.5
37.1
19.2

100.0
103.4
107.2
107.1
108.5
111.5

100.0
46.6
41.4
32.5
37.5
22.8

100.0
74.3
71.8
61.1
59.0
43.8

100.0
87.5
89.3
78.4
70.0
54.8

100.0
56.4
35.6
21.7
30.4

100.0
26.3
8.7
8.6
4.91

100.0
13.0
22.1
10.8
11.5

100.0
91.9
75.2
65.6
72.5

100.0
64.8
41.1
31.1
38.7

100.0
84.0
73.2
59.3
60.3

-1
-

TABLE 5 - Physiological traits (as a % of the control) of four crop species grown in soil with various Cd levels.
Cd conc.,
mg/kg

Shoot fresh
weight

Vicia sativa
0
100.0
40
97.1
80
80.9
120
89.2
160
71.2
200
84.3
Cichorium intibus
0
100.0
20
84.6
40
63.7
60
63.9
80
70.3
100
47.6
Apium graveolens
0
100.0
40
79.3
80
51.9
120
12.8
200
18.5
Gossypium hirsutum
0
100.0
40
82.6
80
79.7
160
62.8
200
66.5
1
Measurements were not taken

Shoot dry
weight

Root fresh
weight

Root dry
weight

Chlorop.
content

Leaf area

Leaf
length

Plant
height

100.0
85.3
76.1
78.1
70.7
72.2

100.0
80.5
76.5
83.5
80.4
73.3

100.0
90.1
89.9
95.2
88.1
86.8

-1
-

-

-

100.0
98.5
85.7
82.8
82.0
79.9

100.0
85.7
61.2
65.1
64.0
48.0

100.0
101.0
89.0
77.0
87.6
77.7

100.0
83.8
71.3
65.2
69.6
59.5

100.0
105.1
101.2
101.8
97.9
97.8

100.0
73.1
60.3
68.1
56.2
47.2

100.0
91.3
85.9
82.8
76.8
72.7

-

100.0
81.0
53.5
13.2
19.1

100.0
77.7
49.6
9.3
19.1

100.0
81.0
57.7
14.4
13.7

100.0
89.5
86.0
68.6
46.8

100.0
87.5
39.8
21.9
21.1

100.0
73.7
63.8
42.8
33.5

-

100.0
82.8
77.6
60.6
64.5

100.0
81.7
62.9
52.8
44.1

100.0
80.4
63.1
54.9
42.3

100.0
89.9
88.5
81.7
83.5

100.0
92.3
93.5
80.3
80.3

100.0
94.8
92.3
83.2
85.0

100.0
85.7
81.6
64.4
71.0

a 24-50% was transferred into shoots (Table 6). In C. intibus 84-88% of Cd absorbed was transferred in shoots. C.
intibus had the highest concentrations of Cd in shoots, 62
mg Cd /kg DW, which was the 86.5% of the total Cd absorbed at 80 mg Cd/kg soil, and 80 mg/kg DW at 100 mg/kg,
being able to approach Cd hyperaccumulation criterion of
at least 100 mg/kg shoot dry weight. It was followed by A.
graveolens with 40 mg Cd/kg shoot, at 80 mg Cd/kg soil,
which was the 43.1% of the total Cd absorbed. V. sativa,

P. minor and G. hirsutum had the lowest concentrations in
shoots (less than 30 mg/kg even at 160 mg Cd/kg soil). In
all plant species studied, the transferring of Cd into shoots
(Table 6) decreased with the increase of Cd level in the
soil (e.g. A. theophrasti, from 0.67 at 40 mg/kg to 0.32 at
160 mg/kg, V. sativa, from 0.49 at 40 to 0.24 at 160 mg/kg).
C. intibus had the highest Cd TF (1.21 -1.85), two or three
times higher than that of the other species. These TF
values are over 1.0, which is the TF value a plant species
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TABLE 6 - Cadmium content (total Cd in µg/plant) in the whole plant or separately in shoot and root (mg/kg DW),
expressed also as a percentage of the total Cd in plant and transfer factor (TF) of Cd in the shoot for six plant species.
Cd in root
Cd in shoot
Cd level
(mg/kg soil)
µg/plant2
mg/kg DW1
mg/kg DW1
µg/plant2
Vicia sativa
189
40
13.8
0.9
1.6
285
80
25.8
1.5
2.3
411
120
23.2
1.4
3.6
495
160
28.7
1.5
4.0
Cichorium intibus
96
40
35.6
1.14
0.16
173
80
61.7
2.05
0.32
207
100
80.0
1.99
0.37
Apium graveolens
220
40
15.7
6.4
12.3
360
80
40.3
10.9
14.4
312
120
38.0
2.55
3.13
Gossypium hirsutum
97
40
8.50
7.0
10.0
155
80
16.2
12.5
12.5
391
160
22.3
13.4
27.4
Abutilon theophrasti
211
40
26.2
6.4
7.6
265
80
26.7
6.1
8.7
610
120
30.7
4.5
12.3
698
160
32.5
5.2
16.7
Phalaris minor
-3
40
11.6
80
22.7
120
29.2
160
25.0
1, 2
Concentration on dry weight (DW) basis and quantity of Cd, respectively.
3
Measurements were impossible.

%Cd in
shoot

-

%Cd
in root

TF

36.0
39.5
29.5
27.3

64.0
60.5
70.5
72.7

0.49
0.47
0.32
0.24

87.7
86.5
84.4

2.3
13.5
15.6

1.21
1.85
0.80

34.2
43.1
44.9

65.8
56.9
55.1

0.85
0.91
0.57

41.3
49.9
32.9

58.7
50.1
67.1

0.42
0.62
0.26

45.7
41.2
28.7
23.9

54.3
58.8
71.3
76.1

0.67
0.41
0.38
0.32

-

-

0.86
0.59
0.43
0.24

TABLE 7 - Percentage ( %) of available Cd a plant species could remove from soil.

Plant
species
Cichorium intibus
Apium graveolens
Vicia sativa
Gossypium hirsutum
Abutilon theophrasti

Cd concentration
mg Cd/kg soil
40
2.20
0.94
0.69
0.57
0.68

should have, so as to be used in phytoremediation. V. sativa, G. hirsutum and P. minor had the lowest TF values (in
most cases lower than 0.30). A. theophrasti (212-699 mg
Cd/kg DW), V. sativa (190-495) and A. graveolens (220313) had the highest Cd concentrations in root system and
G. hirsutum the lowest (97-392 mg Cd/kg DW). Taking
into account the available Cd in soil for each plant species, the accumulation of Cd and the plant biomass per
hectare of each species, the percentage of available Cd a
species could remove from soil was calculated. C.intibus
was the plant species that could accumulated in the shoot
the highest quantity of Cd added, 2.20% at 40 mg Cd/kg
soil and 1.47% at 80 mg Cd/kg soil, followed by A.
graveolens with 0.94% at 40 mg Cd/kg soil and 0.74%
at 80 mg Cd/kg soil (Table 7).

80
1.47
0.74
0.55
0.76
0.45

DISCUSSION
Cadmium is known to be a nonessential element for
plant metabolic processes. Nevertheless, it is effectively
absorbed by roots of certain plant species and transported
to the shoot system [13, 16]. In all species of this study,
except for C. intibus, Cd accumulated mainly in the root
system, as also reported for other plant species [7, 17, 18,
19], in a percentage 50-76% of the total Cd absorbed by
the plant. The higher accumulation of a heavy metal in
root has been attributed to the greater tolerance of this plant
part and is considered as a mechanism to prevent the toxic
agent from interfering with sensitive metabolic reactions
in the shoot [10]. Cadmium inhibited both, shoot and root
growth of the plant species studied, the intensity being
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related to the species, as published elsewhere [20]. Inversely, other studies reported a root dry mass reduction in
barley, but the induced changes in biomass allocation did
not affect biomass accumulation at the whole plant level
[21]. It seems that Cd phytotoxicity is species related.
Differences have been also reported among varieties [2] and
populations [22] of the same plant species. Few plant species have been found to be tolerant to Cd, e.g., Deschampsia
despitosa, Raphanus sativus, Arundo donax, Atriplex halinus
[23-26]. Since in phytoremediation the interest is in maintaining a normal growth and development of the above
ground plant part, a less than 20% reduction in shoot growth
could be an indicator of species efficiency. In this work such
a reduction in shoot dry weight was observed at about
160 mg Cd/kg soil for V. sativa, at 80 mg/kg for A. graveolens and G. hirsutum and at 40 mg/kg for C. intibus, A.
theophrasti and P. minor.

[4] Meagher, R.B. (2000) Phytoremediation of toxic elemental and
organic pollutants. Curr. Opin. Plant Biol. 3, 153-162.

In general, the phytoremediation potential relies on
plant ability to withstand a pollutant having high biomass yield, absorb the contaminant and transport it into
shoot [6]. C. intibus accumulated the highest concentration of Cd in shoots, 62 mg/kg dry weight, compared to
40mg/kg of A. graveolens (which took the second place
according to this parameter) at 80 mg Cd/kg soil. Compared to V. sativa which was the most tolerant species, C.
intibus had lower shoot fresh and dry weight in the presence of Cd. However, C. intibus had the advantage of over
two times higher Cd TF, compared to that of V. sativa.
Thus, C. intibus could be considered as a plant species with
a phytoremediation potential. Also, A. graveolens with high
Cd concentrations in roots, which can be easily extracted,
and V. sativa with the highest tolerance and relatively high
biomass production seem to have a potential in phytoremediation to remove Cd from contaminated soils.

[9] McGrath, S.P., Zhao, F.J. and Lombi, E. (2001) Plant and
rhisosphere processes involved in phytoremediation of metalcontaminated soils. Plant Soil 232, 207-214.

[5] Suresh, B., Ravishankar, G.A. (2004) Phytoremediation-A
novel and promising approach for environmental clean-up.
Crit. Rev. in Biotechn. 24, 97-124.
[6] Vassilev, A., Vangronsveld, J. and Yordanov, I. (2002) Cadmium phytoextraction: present state, biological background and
research needs. Bulg. J. Plant Physiol. 28, 68-95.
[7] Alloway, B.J. (1995) Plant factors affecting the uptake of cadmium from soil. In Heavy Metals in Soil. Second Edition.
Blackie, Academic and Professional Press, New York,
Chapman and Hall, 139-140.
[8] Vassilev, A., Schwitzguebel, J., Thewys, T., Van der Lelie, D.
and Vangronsveld, J. (2004) The use of plants for remediation of metal contaminated soils. The Sc. World Journ. 4, 934.

[10] Göthberg, A., Greger, M., Holm, K. and Bengtsson, B. (2004)
Heavy metals in the environment. Influence of nutrient levels
on uptake and effects of mercury, cadmium, and lead in water spinach. J. Environ. Qual. 33, 1247-1255.
[11] Alkorta, I., Hernandez-Allica, J., Becerril, J., Amezaga, I.,
Albizu, I. and Garbisu, C. (2004) Recent findings on the phytoremediation of soils contaminated with environmentally
toxic heavy metals and metalloids such as zinc, cadmium,
lead, and arsenic. Rev. in Environ. Science and Bio/Techn. 3,
71–90.
[12] Mulligan, C.N., Yong, R.N. and Gibbs, B.F. (2001) Remediation technologies for metal-contaminated soils and groundwater: an evaluation. Eng. Geol. 60, 193-207.
[13] Kabata-Pendias, A. (2001) Trace Elements in soils and plants
(3rd Edition), CRC Press, 2000 N.W. Boca Raton (Florida),
Corporate Blvd., 145-157.
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ABSTRACT
The levels of xenobiotics and trace elements in human
breast cancer tissues and adjacent normal tissues were examined in 50 breast cancer patients. Cadmium, lead, zinc,
copper and magnesium levels were determined by voltammetric (ASV) and spectrophotometric (AAS) methods. The
study demonstrated that samples taken from the central
regions of cancer generally had different concentration
levels of xenobiotics and trace elements than normal tissues. The levels of lead, cadmium and zinc, copper and
magnesium were all significantly higher in cancerous tissues as compared to the unaffected cells. Strong, statistically significant positive correlations between xenobiotics
and trace elements were found, both in cancerous and
healthy tissues. It was also noted that correlations in cancer
tissues were more significant than those within normal
tissues.

KEYWORDS:
copper, zinc, cadmium, lead, human breast cancer

INTRODUCTION
Toxic substances entering the environment increase
consistently due to the expansion in industrial and transportation related activities [1]. The metal pool, incorporated
into the environment, circulates between adjacent foodchain links and accumulates in tissues of the highest raptors, constituting a hazard to their health. Copper, zinc,
cadmium and lead are widely distributed in air, water and
soils, thus direct and indirect human exposure via plant and
animal consumption is unavoidable. Cadmium contamination of the environment is due to the application of fertilizers and sewage sludge. The lead pool, which circulates
between soil, plants and animals, was incorporated into the
environment in a large quantity in the days of its common
use in liquid fuels. Lead smelters, battery plants and other
industrial activities are currently the most common sources
of lead poisoning. Cigarette smoking is also an important

source of cadmium. Xenobiotics, such as lead and cadmium, produce cancer in many organs, and lead is additionally responsible for encephalopathy.
The term xenobiotics applies to chemical composites,
natural or synthetic ones, which are foreign to the organism.
Zinc, copper and magnesium are important microelements, essential for many metabolic processes, but elevated
or lowered levels of these trace elements result in many
diseases. Zinc plays an important role in the proper functioning of all biological systems. It is necessary for the stabilization and work of enzymes involved in protein synthesis. As a component of more than 200 mammalian metalloenzymes, the zinc ion is crucial for their activation. The
maintenance of appropriate levels of proteins, their catabolism, energy metabolism, RNA and DNA synthesis are
other processes stimulated by the presence of this element
[2]. Visible alterations in tissue zinc levels have been
documented in patients with gastrointestinal tract malignancies, and the changes are marked in the case of colonic
cancer patients. However, the mechanism by which
serum and tissue zinc decrease or increase in various cancerous tissues is still unclear; neither has it yet been established, whether these altered zinc levels contribute to the
malignant state [3]. The role of zinc in RNA, DNA polymerases, its inhibitory effects on phosphodiesterases and
activating effect on membrane-bound adenylate cyclase
suggest that this element could exert an action directly or
indirectly on the carcinogenic process [4, 5].
An increase or decrease in the distribution of tissue
zinc concentrations have been reported to occur in patients
with various forms of cancer. Low plasma zinc levels have
been observed in patients with colon cancer, bronchus cancer and digestive system cancer [6]. A sharp decrease
in tissue zinc levels has been shown in large bowel cancer
and stomach cancer [7].
Oxidative stress, which results in damage to cellular
structure, caused by reactive oxygen metabolites, is associated with the initiation and promotion phases of carcinogenesis. Super oxide dismutases (SODs) are metalloenzymes
that play a primary role in the protection of aerobic cells
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against oxygen toxicity. Cytosolic CuZnSOD, defending
cells from oxidant injury, has been demonstrated to contain both copper and zinc atoms [8]. Copper can interact
directly with the bases of DNA at G-C sites. It may also
induce other oxygen-free radical species such as OH•, and
the inactivation or loss of certain tumor suppressor genes
can lead to the initiation and progression of carcinogenesis
[9]. Overexposure to zinc and copper could be caused by
metal processing, metal-based industries and fertilizers.
Magnesium deficiency can probably protect against oncogenesis or escalate the risk of developing a cancer. Metabolism of magnesium is disturbed in the neoplasmic process [10]. In the course of many neoplasmic processes,
concentration of magnesium in the cancerous tissue increases [11]. The magnesium level in the neoplasmic tissue
is significantly higher than in healthy tissues, and the
concentration of this element grows proportionally with
the tumor malignancy [12].
The cancer mortality rate among Polish population
reaches more than 20% of all deaths. A significant and
systematic growth in cancer incidence rates was observed
over the last decade. In 1963, in Poland 34,500 people
died as a consequence of malignant tumor of various
organs, and for more than 81,500 people cancer was the
direct cause of death in 1999. The incidence of malignant
breast cancer has raised dramatically in all age groups of
women in Poland. Breast cancer develops as a result of
abnormal growth of mammary gland cells. The development of the mammary gland is regulated by estrogen,
which binds to the estrogen receptor (ER). Since breast
tumor initially develops as a hormone-dependent cancer,
its growth and progression are correlated with estrogen
level. Blocking the receptor can suppress the disease, but
the cancer can also develop into a hormone-independent
tumor.
It is not precisely known if higher or lower levels of
the investigated metals are caused by the presence of cancer, or whether the altered levels of microelements and
xenobiotics are the cause of the disease. This study was undertaken to determine the contents of zinc, copper, cadmium
and lead in breast tumor and healthy tissues of breast cancer patients. The objective was to find any correlation between the levels of these elements in their healthy and cancer tissues. There is very little, if any, data available about
metal concentrations and their correlations, especially in
tissues of cancer-affected organs.
MATERIALS AND METHODS
Tumour and normal tissue samples were obtained for
analysis from 50 breast cancer patients, aged between 39
and 81. Each sample was taken from the same individual
at the time of mastectomy. The segments of the tumor
assigned for examination were cleaned from blood clots
with a stream of distilled water. The tissues were preserved in polypropylene vials and frozen at –18 °C. Infor-

mation such as sex, age, and other details of the donor were
recorded.
Two grams of tissue samples were mineralized in the
laboratory after dry mass of each sample had been obtained
through drying. All dry material of each sample was placed
in separate mineralization tubes and mineralized by adding
2 ml HNO3-HClO4 (4:1) mixture, and heating it at 120 °C
for 65 min in a thermostat-controlled digestion block. The
resulting solution was diluted to 10 ml with demineralized
water. Metal contents (Cu, Zn, Cd and Pb) were determined
by the voltammetric method (ASV), with an electrochemical EA9C potentiostat model, equipped with CGMDE as
working electrode, as well as AgCl2 and platinum electrodes. Concentrations of magnesium were measured by
ASA method with Cole Parmer 200 A model. All element
concentrations are expressed on dry-weight basis in mg/kg
(mg/kg DW). The distribution of the investigated elements
in tissues deviated from normality, according to a test for
normality (Shapiro-Wilk test). For this reason, nonparametric U Mann-Whitney test was used to determine
differences between element contents in healthy and cancerous tissues. Spearman correlation coefficients between
xenobiotics and major nutritional or biogenic elements in
breast tumor and healthy tissues were also calculated.
RESULTS AND DISCUSSION
The quantitative results of Cd, Pb, Cu, Zn and Mg in
the healthy and cancerous tissues are presented in Table 1.
The median levels of all investigated elements were higher
in the tumor tissue. Comparing mean values of healthy and
cancerous tissues with U Mann-Whitney test, contents of
cadmium, lead, copper, zinc and magnesium were higher in
cancerous tissues, and that difference was statistically significant (p = 0.000). Antila et al. [13] found high concentrations of cadmium in both breast samples from cancer patients and the control group. In the present investigation,
the control samples were taken from the same patients.
The explanation for the differences is not obvious; the
higher flow of blood through the cancerous tissues could
be due to the exposure to these elements. Xenobiotics
reached the lowest level among the investigated elements.
Their content in tumor tissues was higher than in healthy
tissues; the results were similar for copper, zinc and magnesium. Zinc-binding domains may contain up to 300 DNA
binding proteins. These Zn-containing proteins seem to play
central roles in regulating the expression of many genes.
Various metals, and among them copper and cadmium
thought to be able to replace Zn in Zn-binding protein structures [14]. Such replacements may be responsible for the
generation of free radicals at positions near DNA, thus
leading to damage of this molecule. Replacements of zinc
by other metals may also lead to decreasing activities in
DNA repair enzymes, causing increased levels of modified
DNA forms and, in consequence, progression of carcinogenesis process.
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Most cations facilitate the formation of oxidative stress,

but zinc appears to prevent it. The most likely mechanism
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FIGURE 1 - The median level of xenobiotics, trace elements and nutritional
elements in human breast tumor tissue and in healthy tissue (± standard error)(mg/kg DW).

TABLE 1 - The median, minimum and maximum levels of xenobiotics, trace elements and
nutritional elements in human breast tumor and healthy tissues (mg/kg DW), and effects of U Mann-Whitney tests.
tumor tissue
Min.
Max.
SDEV
healthy tissue
Min,
Max.
SDEV
U Test

Cd
2.337
0.016
29.309
5,793
0.591
0.012
6.878
1,511
0.000

Pb
10.109
0.301
125.473
28,764
2.210
0.233
61.118
9,716
0.000

Cu
16.563
2.203
358.617
84,877
3.220
0.000
689.309
96,858
0.000

for the ability of this redox-inactive metal ion to reduce
oxidative stress seems to be the displacement of redoxactive metal ions from site-specific loci where damage
occurs.
There are proposed two models for intervention in transition metal-mediated oxidative stress. The first, so-called
‘pull’ mechanism, involves the presence and action of
specific metal chelators in order to remove redox-active
metals out of binding sites. The second, referred as ‘push’
mechanism, involves the use of redox-silent metals like
zinc, to push out redox-active metals from their binding
sites [15]. It seems that high zinc level in cancerous tissue
may be an effect of ‘push’ mechanism action.
The findings of previous studies imply that some heavy
metals can play a significant role in the processes of carcinogenesis. In the case of gallbladder carcinoma patients,
the concentrations of cadmium and lead detected in the bile
were higher in comparison with those examined in patients
suffering from other non-cancerous gallbladder diseases. The
human body may concentrate these metals in the hepatobiliary system, and this could lead to gallbladder carcinoma [16].

Zn
60.690
2.959
483.622
82,243
10.872
1.509
342.678
47,222
0.000

Mg
677.197
101.038
2202.45
407,126
93.476
14.586
1629.572
220,431
0.000

Copper content is controlled by a tightly regulated homeostasis. The high accumulation of copper in tissues results in oxidative stress, which induces cell damage [17].
Such metal-storage diseases like Wilson’s disease and hemochromatosis are associated with DNA damage in the
liver. It is possible that the increased copper accumulation
in breast tissue likewise contributes to the destruction of
DNA structures. Some metals have been shown to produce
elevated amounts of reactive oxygen species (ROS) [18].
They disturb the redox balance of a system and, in consequence, lead to cell disorders, not only by an increase in
DNA damage but also by lipids peroxidation, apoptosis,
or by activation of inappropriate cellular signaling pathways [19].
Zinc is a component of the antioxidant defense system,
which protects cells from radicals that are produced as a
consequence of cell metabolism. The protective role of zinc
against oxidative damage is due to its function as a Cu/Zn
superoxide dismutase cofactor. Intracellular zinc depletion
could cause a cellular stress and activate the apoptosisdependent death pathway and the inhibition of Cu/Zn SOD.
Zinc serves as an antioxidant and prevents oxidative
cellular damage. There is some evidence that zinc may be
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able to prevent the cytotoxic effect induced by cadmium.
It is supported by the results of experiments which were
carried out with plants, but similar mechanisms may function in animal cells as well [20].
Dietary deficiency of many micronutrients, such as
zinc, is associated with an increased risk of cancer [21, 22].
There are some data reporting the lower levels of zinc in
serum or in tissues of cancer patients in comparison with
serum and tissues of healthy individuals. Thus, it is possible that the deficiency in this trace element may be also
associated with carcinoma.
Assessing the effects of metal exposure is difficult to
interpret, and inconclusive owing to the role of some metals as co-carcinogens.
Many metal ions participate in a number of critical
physiological processes like oxygen transportation, xenobiotic metabolism, oxidative phosphorylation, and they are
a prosthetic group in many enzymes. When their concentration exceeds the binding capacity of the organism, they
may be highly toxic. Iron overload-related diseases, including cancer, have already been diagnosed [23]. The same
considerations are valid for a number of other metals, some
of which, like Zn, Cd and As, are essentially redox-silent
[24].
In order to avoid toxic effects related to metals, cells
have evolved mechanisms of regulating metal concentrations. Essential metal ions are protected against proteins
surrounding them, and, in this way, the surrounding is isolated and protected against the effects of these metals. The
toxicity of metals bound to proteins is relatively low. However, their free ions or metals, weakly-bound to the surface
of proteins, DNA, lipids or other biomolecules, are toxic,
even when found at extremely low levels. Metals have the
potential to damage DNA and cause mutations in human
somatic cells. It is possible that zinc in the investigated
cancerous tissues was above the safe level, and its surplus
aggravated the situation of tumor development.
Correlation coefficients between xenobiotics and nutritional (Mg) and biogenic elements (Cu, Zn) were calculated in this study. The results are presented in Table 2. In
breast tumor tissue, the following strong positive correlations were found: Cd/Mg (R=0.524), Cd/Cu (R=0.489),
Cd/Zn (R=0.515), Pb/Mg (R=0.387), and Pb/Cu (R= 0.652).
In the healthy tissues, there were no statistically significant correlations between cadmium and magnesium, as
well as cadmium and copper. Neither were there any statis-

tically significant Pb/Zn correlations in cancerous tissue,
whereas in healthy tissue Pb/Zn correlation was statistically
significant and strong (0.590). The correlations between
cadmium, magnesium and copper in breast tumor tissue
suggest that cancerous tissue accumulates cadmium more
effectively, and an organism mobilizes the defense mechanisms which are expressed through an increase in Mg and
Cu levels. Thereby, the higher accumulation of cadmium
can be a significant reason for the cancerous tissue development.
Some results neither prove nor disprove the role of
cadmium in breast cancer initiation, promotion or progression [13]. The research findings do not disprove the possibility that cadmium might be one of the important risk factors of breast cancer. The interpretation of the results obtained in this study is complicated, as we do not know early
exposition to cadmium or concurrent exposure to other carcinogens. Several studies have indicated that greater than
60% of breast cancer has an environmental etiology [25].
Breast cancer is most probably the result of a complex
interaction of internally and externally introduced factors.
A number of researches have proven that cadmium is
associated with human breast cancer [26, 27]. One of the
best known mechanisms involves the estrogen-like activity of cadmium, based on formation of estrogen receptors
[28, 29]. Not only divalent cadmium, but also lead and
copper, can activate responses mediated by estrogen-α receptor. The effects of its elements in breast cancer may be
mediated by the estrogen receptor. Metals may have estrogen effects in the whole organism, as demonstrated by
Johnson et al. [28].
The conclusion that the presence of cadmium, lead and
other elements in breast tissue is closely related to high
cancer risk is controversial. We do not know, for example, if the higher cadmium level in cancerous tissue reflects an effect of its increased accumulation by pathologically altered tissue, or if the initiation and promotion of
tumor growth is the result of cadmium influence. On the
other hand, the presence of a higher level of the xenobiotic in tumor rather than in healthy tissue suggests that
cancerous cells have the ability to increase accumulation of
cadmium. The fact of ubiquitous exposure of the entire
population to xenobiotics, such as cadmium and lead,
indicates that further study on the relation between xenobiotics exposure and breast cancer risk is necessary.

TABLE 2 - Spearman correlation coefficients between xenobiotics and
major nutritional or biogenic elements (Cu and Zn) in breast tumor and healthy tissues.

Mg
Cu
Zn
* p<0.05

Xenobiotics
breast tumor tissue
Cd
0.524***
0.489***
0.515***

healthy tissue
Cd
0.147
0.257
0.424**

Pb
0.387**
0.652***
0.277
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** p<0.01
*** p<0.001

Positive and statistically important correlations between
the trace elements and magnesium, both in healthy and
cancerous tissues, were found in the experiment. R coefficient for Cu/Mg correlation was 0.587, for Zn/Mg 0.633
in cancerous tissues, and for Cu/Mg R=0.426 and Zn/Mg
R=0.593 in healthy tissues. The results are presented in
Table 3.
TABLE 3 - Spearman correlation coefficients between trace elements and magnesium in breast tumor tissue and healthy tissue.
Trace elements
breast tumor tissue
Cu
Zn
Mg
0.586***
0.633***
* p<0.05; ** p<0.01; *** p<0.001

healthy tissue
Cu
Zn
0.426**
0.593***

Magnesium fulfills a significant function in the biosynthesis of the proteins which play a key role in cells
multiplying intensity, and this may be one of the causes of
the increase in the levels of magnesium in the neoplasmic
tissue [30].
Tumor tissues are characterized by a high proliferation rate, low cell death rate as well as a high capability of
dedifferentiation and invasiveness. These features require
a great demand for energy. As magnesium is involved in
practically all the aforesaid processes, tumor tissues appear
to be a sort of magnesium trap. Tumors can accumulate Mg
at the expense of plasma or normal tissues [31]. Magnesium
has the ability to affect several steps of tumorigenesis and
related tissue changes such as neoangiogenesis [32, 33].
This element may also contribute to growth and metastatization by affecting tumor vascularization, as the pace of
tumor growth depends on blood supply for oxygen and
nutrients [34]. Mg might be involved in modulating tumor
angiogenesis because endothelial cells are sensitive to the
extracellular concentrations of the cation [35]. In animals
on a low Mg diet, a return to normal diet induces a remarkable, almost explosive tumor growth, possibly induced, at
least partly, by angiogenesis [36]. Higher levels of magnesium detected in tumor cells are probably the effects of
magnesium participation in microvascular endothelial cell
functions, which, in turn, could contribute to the regulation
of angiogenesis. The changes in magnesium concentration
can, therefore, be used as an additional, but not essential
coefficient enabling the estimation of tumor development
[12].

nied by that of zinc, copper and magnesium, may indicate
increased activity of enzymatic systems, which play a part
in defensive mechanisms of the organism. In the light of
the obtained results, the most important elements in these
mechanisms appear to be magnesium and copper, which
is demonstrated by the correlation coefficients between
Cd and Mg, as well as Cd and Cu, in healthy and cancerous tissues. The increase of copper content in cancerous
tissues might reflect the change in superoxide dismutase
(SOD) activity.
Many studies suggest that zinc deficiency may be associated with the increased risk of cancer. Zinc is involved
in the regulation of cell proliferation and cell death. Cadmium and zinc induce metallothioneins (MTs) synthesis,
which play important roles in metal homeostasis, but MT
over-expression is linked to increased cell proliferation in
some tumor types (including breast cancer) [37]. This fact
proves that an increase in the content of such trace elements as zinc in tumor tissue denotes rather pathological
cellular metabolism. Alterations of zinc homeostasis accompany numerous pathological conditions, including
cancer.
In order to give a credible explanation for the significance of Zn in malignancies, a far more comprehensive
study is needed.
To sum up, it has been demonstrated that the levels of
trace elements, that is zinc and copper, and a nutritional
element, namely magnesium, are correlated with xenobiotics
contents. The cancerous cells concentrate higher amounts of
metals, unlike non-cancerous cells. These changes reflect
serious disturbances in cell metabolism and functions of the
mechanisms responsible for homeostasis.
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ABSTRACT
The main objective of this study was to determine the
treatment capacity of hydrated oil shale ash and well- mineralized peat in vertical flow filters designed to reduce BOD7
and COD values as well as nutrient concentrations in landfill leachate. The filter material combinations were: (a) peat,
(b) hydrated oil shale ash, and (c) both materials in equal
volumes. In a 1-year indoor experiment (E1), effluent from
activated sludge treatment plant was used, whereas in the
6-months outdoor experiment (E2), water from the aerobicanoxic pond was used. The average reduction of P in peat
filters during the first 6 months was 77 and 93% for E1 and
E2, respectively. In ash filters, the average reduction was
46 and 68%, and in peat/ash sediment filters 71 and 88%,
respectively. Phosphorus removal efficiency in peat filters
decreased during the next 6 months, whereas in other filters
it remained stable. The BOD7 value fell, on average, by 67
and 66% in peat filters and 52 and 54% in the ash sediment
filters, and the best results were obtained in peat/ash sediment filters (75 and 78%). It took two months to achieve
favorable conditions for the reduction of NH4-N, after which
high removal efficiency was maintained throughout the
experiments.

KEYWORDS:
BOD; COD; hydrated oil shale ash; nitrogen; phosphorus; peat.

INTRODUCTION
Constructed wetlands (CW), especially subsurface flow
(SSF) filters, are well suited to landfill leachate treatment
[1, 2], although further research is required because of the
great variation in efficiency. This is due to the large number of filter materials used and the different properties of
treated waters. The composition of landfill leachate varies
greatly and is dependent on the quantity and quality of
waste (the age of the waste and also its decomposition

rate and landfill technologies). Leachate is considered difficult to treat due to its typically high concentration of phosphorus (P) (up to 100 mg/L), high COD (chemical oxygen
demand) value (up to 60,000 mg/L; [3]), and high concentration of ammonia nitrogen (NH4-N) (up to 300 mg/L; [4])
and heavy metals.
The considerable advantage of CWs and SSF filters
over conventional treatment methods is based on the favorable characteristics of the filter material – its large adsorbing surface area, typically long retention time, flexibility in
alternating aerobic-anaerobic zones, and diverse microbiological populations [5]. Different contaminants are removed from water through various chemical, physical and
biological processes, and particularly through sorption.
Therefore, the selection and combination of different filter
materials is very important for CWs, especially for SSF
filters.
The potential of constructed wetland systems to remove
phosphorus is limited and highly dependent on the nature of
the materials used for their construction [6]. Different Carich natural and artificial materials have been suggested for
efficient phosphorus removal in SSF CWs, such as Filtralite® P and shell sand [7, 8], blast furnace slag [9], natural
wollastonite [10] and hydrated oil shale ash [11, 12]. However, these materials are not equally efficient for the removal of nitrogen (N) and reduction of biochemical oxygen demand (BOD), and the outflow of these materials
frequently has high pH due to equilibrium with Ca-mineral
phases present in the filter material.
Recently Vohla et al. [11] and Kaasik et al. [12]
demonstrated the P-removal potential of hydrated oil shale
ash materials in a laboratory batch experiment and in a
small-scale field experiment. In 2006, pilot-scale experimental filter systems were installed at two sites in Estonia
to explore the filter properties of hydrated oil shale ash for
P-removal from municipal wastewater and landfill leachate. Due to the limitations of ash-filter towards other
waste components than P, the ash filters were combined
with peat filters showing also good purification efficiencies
[13]. The peat filter material was chosen because several
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laboratory and field experiments have demonstrated that
peat in CWs and SSF filters can effectively reduce N
concentration, remove suspended solids and pathogenic
bacteria [14], mineralize organic material, and also
retain P [15] and heavy metals [16]. Most peat filters are
designed for the treatment of municipal wastewater [17],
although several systems have also shown excellent performance in the treat-ment of landfill leachate [18]. Earlier
small-scaled studies with VF well-mineralized peat filters
have shown remarkable purification of landfill leachate –
removal of BOD7 up to 95%, removal of NH4-N up to
93% and removal of P up to 81% [19].
The main objective of this study was to determine the
treatment capacity of hydrate oil shale ash (henceforth referred to as ash sediment), well-mineralized peat and a
combination of both in vertical flow filters in order to reduce BOD7 and COD values and nutrient concentrations
in leachate. We also analyzed the relationship between the
initial loading and mass removal values for all filter materials, and studied the effect of the duration of the experiment on purification efficiency.
MATERIALS AND METHODS
Two pilot-scale experiments were conducted at Väätsa
landfill in Estonia, with an indoor experiment (E1) lasting
from the beginning of April 2005 to the end of April 2006
(indoor air temperature in summer 10–18 oC, in winter 0–
5 oC), and an outdoor experiment (E2) from May to October 2005 (outdoor air temperature 5–26 oC).
Site description

The Väätsa landfill is the first sanitary landfill in Estonia that meets the requirements of the EU Council Directive [20] and Estonian landfill directives (RT I
2003.83.565 [21]). The first stage of the landfill (1.0 ha)
was in service from 2000–2005, and the second stage (1.5
ha) is in operation since November 2005. By February
2006, a total of 60,000 t of mixed waste was deposited.
The landfill has a proper lining and a leachate collection
system. Approximately 10–20 m 3 of leachate is produced per day and treated in a conventional biological
treatment system, consisting of an activated sludge treatment plant and an aerobic-anoxic pond. The system’s
purification efficiency is quite high; however, the treatment efficiency does not meet the limit values [21].

of other elements (e.g. S 0.1–0.3%). Compared to mineral
soils, peat has a high organic matter content and large surface area (more than 200 m2/g), and is highly porous (80–
90%) [16].
Oil shale ash sediment was brought from an industrial
ash disposal area in North-East Estonia. Kerogenous oilshale is used at Estonian thermal power plants as a solid
fuel of low energetic value. Estonian oil-shale is highly calcareous (average calcite and dolomite content is 40–60%
of the mineral matter), and the ash remaining after combustion is due to the thermal decomposition (peak temperatures
1500 °C) of carbonate minerals and subsequent reactions
with flue gases rich in free lime (CaO) and anhydrite
(CaSO4). Ash is generated in large amounts (45–48% of
shale dry mass) and transported to waste heaps (plateaus)
through a pipe system in water slurry at an ash–water ratio
of 1:20. The lime and anhydrite already begins to react with
water in the ash removal system, and the hydration processes continue in open plateaus. Eventually ash sediments harden, resulting in different secondary Ca-minerals
(ettringite, portlandite, and calcite) [12].
The composition of the ash sediments can be considerably variable depending on the advancement of diagenetic
processes, specifically the carbonization of the surface layers of the plateau sediments [22]. The chemical composition of the hydrated oil shale ash sediment corresponds to
its mineral composition – the major oxides are CaO (on
average 29.22%), SiO2 (25.96%) and Al2O3 (6.25%) [12].
The content of heavy metals and trace elements in oil shale
ash are below the critical limits [23], which allows it to be
used extensively for pH adjustment in agricultural soils of
Estonia and northwestern Russia.
In our experiments, the hydrated ash was prepared by
crushing and coarse sieving into fractions of 5-20 mm.
Experimental design

In both experiments, E1 (indoor) and E2 (outdoor),
three identical custom-designed vertical flow filters were
used (Fig. 1). The filters had a volume of 0.11 m3 and were
made of PVC pipe (diameter 372 mm, h = 1.2 m), and the
filters were filled as followed:
• filters 1S and 1V were filled with peat (layer 1 m);
• filters 2S and 2V were filled with peat (top layer 0.5 m)
and ash sediment (bottom layer 0.5 m);

Filter materials

Two filter materials were used in the experiments – hydrated oil shale ash (ash sediment) and well-mineralized
Sphagnum peat (H7-H10 according to the von Post scale).
Peat was obtained from the lower deposits of depleted industrial peatlands as described by Kõiv et al. [19]. The peat
was sieved through a 26-mm sieve to remove impurities.
The average composition of peat is: 53–59% C, 5.2–
6.4% H, 29.0–34.5% O2, 1.2–2.8% N and smaller amounts

• filters 3S and 3V were filled with ash sediment (layer
1 m).
In E1, the leachate from the activated sludge treatment plant was used for the loading of filters 1S, 2S, 3S,
and in E2, treated leachate from the pond was used for
filters 1V, 2V and 3V. All filters were loaded using timeradjusted pumping. In E1, filters were loaded for 12 months
(136–41 mm/d), and in E2 for 6 months (82 mm/d).
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FIGURE 1 - Experimental design: construction of filters (in the middle), indoor experiment (E1; filters 1S, 2S, 3S; on the left),
and outdoor experiment (E2; filters 1V, 2V, 3V; on the right); for explanation of the filters, see Materials and Methods.

The leachate samples from the inflow and outflow of
the filters were taken once a month as a daily average (in
E1 12 samples and in E2 4 samples). In both experiments,
BOD7, COD, total nitrogen (N), NH4-N, NO3-N, NO2-N,
total phosphorus (P), PO43-, pH, conductivity and total suspended solids (TSS) were determined in a certified laboratory using standard methods. The temperature and O2 content
in the samples were also determined. The chemical and
mineralogical composition of the ash sediment and peat was
determined before and after the experiment.

sorption capacity, and the mineralized peat saturates more
rapidly.
8.0

6.0

The normality of variables was checked using
Lilliefors’ and Shapiro-Wilk’s tests; for normally distributed variables, the inflow and outflow values in different filters and treatment efficiency were compared via the
pairwise t-test. When the distributions were skewed, the
nonparametric Wilcoxon pairwise test was used. The STATISTICA 7.0 software was used and the level of significance of α = 0.05 was accepted in all cases.

The average reduction of total P in peat filters (1S and
1V) during the first 6 months was 77% and 93% for experiments E1 and E2, respectively (Fig. 2). In ash sediment
filters (3S and 3V), the average reduction was 46% and
68%, and in peat/ash filters (2S and 2V) 71% and 88%,
respectively. As demonstrated by experiment E1 (Figs. 3c,
d), the P removal efficiency in peat filters decreased during the next 6 months, whereas it remained stable in other
filters. The ash sediment most likely has a long-term ad-

5.0
4.0
3.0
2.0
1.0
0.0

E1 in 1S

2S

3S E2 in 1V

2V

3V

FIGURE 2
The variation in concentrations of total phosphorus during the first
six months of both experiments (for explanation of experiments (E1
& E2) and filters (1S–3S; 1V–3V), see Materials and Methods).

RESULTS AND DISCUSSION
Leachate treatment in experimental filters

Median
25%-75%
Min-Max
Outliers
Extremes

7.0

Total P mg/L

Sampling and statistical analyses

The P removal by ash sediment most likely took place
through Ca-phosphate precipitation and the formation of
insoluble complexes [12]. The reduction of P in mineralized peat may have been caused by the sorption, sedimentation and combination of complex compounds, as also
demonstrated by several authors [1, 24, 25]. Some P may
be bound to the biofilm [24, 25]. Phosphorus is easily transformed from organic to inorganic forms, and forms chemical complexes with organic and inorganic ligands, which
can be adsorbed into the soil or precipitated. In aerobic wet-
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land conditions, phosphorus appears in dissolved complexes
together with Ca and Mg ions under alkaline conditions, and
with Fe or Al ions in soil with acidic to neutral pH [5].

The high concentration of heavily decomposable organic matter (high COD value) is one of the greatest problems in leachate purification (Table 1). COD was most
effectively reduced in peat/ash sediment filters (in 2S, on
average, 40% and in 2V 20%), having initial values of
480 and 650 mg/L and in ash filters (3S, 3V) 22 and 31%,
respectively. On average, the BOD7 value (average inflow
concentration in E1 68.5 mg/L and in E2 18.5 mg/L) was
reduced by 67 and 66% in peat (1S, 1V) as well as 52 and
54% in ash filters (3S, 3V), although the best results were
obtained in peat/ash filters (2S, 2V) with average efficien-

In both experiments, we found a significant negative
correlation (R2 = 0.36–0.77) between the temperature and
O2 content of the leachate (Figs. 3a, b). When the temperature decreased, the O2 diffusion to the leachate in the
vertical flow filters was considerably better. This also positively affected the removal efficiency of organic matter,
and especially nitrification.
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FIGURE 3
The variation of selected water quality parameters in experiments: A - temperature in E1; B - O2 in E1; C - total P in E1; D - total P in
E2; E - BOD7 in E1, and F - NH4-N in E1 (explanation of experiments (E1 & E2) and filters (1S-3S; 1V-3V), see Materials and Methods).
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ash sediment depends on the combustion and deposition
technology, and, at higher temperatures, increases the content of Si-rich minerals. Composition can also vary considerably depending on the progress of diagenetic processes,
specifically the carbonization of the surface layers of the
plateau sediments [22].

TABLE 1 - Average variables (mg/L) in the Väätsa landfill leachate
treatment system and Estonian regulations (RT I 2003.83.565 [21])
(E1 – indoor experiment, E2 – outdoor experiment).
Year
Estonian regulations
Average inflow to E1
Average inflow to E2

BOD7

25
2005/2006 69
2005
19

COD pH

Ptot

Ntot

125 6-9
1091 8.5
593 8.8

2.0
5.3
3.3

75
365
127

cies of 75 and 78% (initial concentration 17.3 mg/L in E1
and 4.1 mg/L in E2; Fig. 3e).
In E1, most of the nitrogen in inflow leachate was in the
form of ammonia-nitrogen. Fig. 3f shows that good conditions for nitrification occurred after two months of performance; this was probably related to microbiological processes – biofilm growth on the filter material. The peat/ash
filters and ash filters showed good results in the reduction of
NH4-N concentration (Fig. 3f), i.e. in nitrification, on
average, 80% and 50% (outflow concentration in 2S was
55 mg/L and in 2V 4.8 mg/L). In these aerobic conditions, the nitrate concentration in experiment E1 increased
from 29 to 140 mg/L, on average, showing good nitrification.
In experiment E2, the nitrogen in leachate was in the
form of organic nitrogen and nitrate-nitrogen (average inflow concentration of NO3–N 50 mg/L). Because of the
aerobic conditions in the filters, denitrification efficiency
was low, resulting in poor nitrogen removal (average removal only 13%).
The pH value in the inflow leachate was 8.5–8.8. This
decreased in E1 in the peat filters (pH in outflow was 8.3).
The change in pH may have been related to the organic
acid components that were flushed out from the peat. The
pH increase in ash sediment filters was related to the composition of this material (the hydrated ash has a pH value
of more than 12.0). In E2, the pH value slightly decreased
in the peat filters, but increased in all filters with ash sediment. Moderate pH changes in E2 were probably due to
the short hydraulic retention time in filters.
Changes in the composition of filter materials

Compared with the average hydrated oil shale ash (see
Materials and Methods) [12], our ash sediment had a higher
content of SiO2 (average content 25.96%, and in our sediment 38.2%) and Al2O3 (average 6.25%, and in our sediment 9.29%; Table 2). The chemical composition of the

Table 2 shows that the leachate had a significant influence on the chemical composition of ash sediment. The
changes in chemical composition are also reflected in the
mineralogical analyses. The increase in calcium carbonates (calcite, vaterite) is explained by the single reaction
be-tween portlandite Ca(OH)2 and dissolved CO2 in the
solution, or by the precipitation of the Ca2+ ions released
from the ettringite. The ash sediment showed a significant
in-crease in phosphorus concentration (on average
20%, Table 2). Mineralogical analyses show that the P is
bound in the oil-shale ash sediment as a hydrated calcium
phosphate Ca3(PO4)2 × nH2O or as a β-form of calcium
phosphate Ca3(PO4)2 [12].
2PO43- + 3Ca2+ + nH2O = Ca3(PO4)2 × nH2O,

(1)

+

where the activity of Ca and pH is controlled by the
solubility/dissociation of reactive Ca–phases – most importantly, ettringite or portlandite, and, to a lesser extent,
calcite:
Ca6Al2(SO4)3(OH)12 × 26H2O =
6Ca2+ + 2Al(OH)3 + 3SO42- + 29H2O, pH~10.7
2+

(2)

-

Ca(OH)2 = Ca + 2OH , pH 12 - 13

(3)

CaCO3 = Ca2+ + CO32-

(4)

The landfill leachate also has an impact on the chemical composition of the mineralized peat. Table 3 shows that
experiments had a significant effect on the phosphorus concentration in the material.
Before the experiment, the content of P in mineralized peat was 303.3 mg/kg. In experiment E1, the concentration increased on average 3 times, and in E2, it increased
1.6 times. The main mechanism for phosphorus removal in
peat is probably adsorption on the surface of the material.
In peat, the content of the organic matter decreased
significantly. This is probably caused by the mineralization of the peat. In addition, the content of Ca, K, Mg and
N increased significantly. The main reason for this could

TABLE 2 - Average chemical composition (wt%, unless otherwise noted)
of the hydrated oil shale ash before and after the experiments E1 and E2.
Sample
Ash sediment
(before experiments)
2S
E1
3S
E2
2V

P2 O5

P
(mg/kg)

SiO2

CaO

Al2O3

Fe2O3

K2 O

MgO

S

C

0.15

611.8

38.2

21.7

9.29

4.59

4.1

4.83

1.27

1.96

0.19
0.19
0.15

775.0
761.4
625.4

35.5
33.6
36.9

21.5
23.6
22.8

8.54
7.96
8.75

4.25
4.47
4.45

3.8
3.2
3.1

4.5
5.2
5.0

0.21
0.53
1.19

4.06
3.84
2.35
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3V
0.16
639.0
33.6
25.2
8.00
4.57
2.8
5.5
1.30
2.65
TABLE 3 - Average chemical composition (wt%, unless otherwise noted) of mineralized peat before and after the experiments E1 and E2.
Sample
Peat
(before the experiments)
1S
E1
2S
1V
E2
2V

P
(mg/kg)

Ca

K

Mg

N

Organic matter

303.33

3.07

0.05

1.15

0.67

63.46

883.33
1066.67
476.67
500.00

4.29
6.23
4.08
5.07

0.56
0.51
0.54
0.54

1.61
1.41
1.58
1.83

1.05
0.98
0.79
0.75

54.49
47.21
56.59
52.93

be the adsorption of these elements from the leachate to
the peat. The additional content of Ca and Mg also supported P removal from leachate.
CONCLUSIONS
The treatment of landfill leachate in the conventional
system considerably reduces the pollutant load on the filters. However, purification in the filters is more efficient
in the case of a higher contamination rate in the inflow
leachate. Therefore, the filters in E1 had a better purification rate.
The duration of the experiment had a positive effect on
nitrification and the removal of organic matter, whereas a
negative effect was observed in the removal of phosphorus. The best results were achieved in the removal of contaminants in peat/ash sediment filters.
The high and stable phosphorus-binding potential of
hydrated oil shale ash is considered to be due to the high
ratio of reactive calcium minerals, and the main removal
process in oil shale ash sediment is Ca-phosphate precipitation. Well-mineralized peat maintains a good P removal
efficiency for a 6-month period, and the main removal processes are probably adsorption on the particles of the
material and precipitation.
Our experiments show that mineralized peat and hydrated oil shale ash can be considered as perspective filter
materials in CWs for landfill leachate treatment. The remarkable efficiency of these materials (both separately and
in combination) in the reduction of nutrient concentrations
and BOD and COD values encourages us to use them in
further experiments.
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APPLICATION OF LABORATORY SCALE
EXPERIMENTS TO INDUSTRIAL SCALE IN
CASE OF ANAEROBIC WASTE TREATMENT
Lilly Brunn, Christina Dornack* and Bernd Bilitewski
Institute of Waste Management and Contaminated Site Treatment, Technical University of Dresden, 01796, Pirna, Germany

ABSTRACT
The building of biogas plants comes along with a considerable economic risk, in particular when unknown organic substrates are involved. To minimize this risk it is
highly desirable to mimic the industrial scale processes first
in the laboratory. This provides a cheap and simple way
of investigating important process parameters like biogas
potential, methane yield, microbial inhibition, etc. The results of these investigations are useful both in the planning and productive phase of the plant. In this paper we
present the results of an investigation of feasibility, comparability and reproducibility of this approach. The comparability of different and the same technical scales will be
shown by means of several process describing parameters.
We found that anaerobic processes of the same technical
scale are reproducible with an error of less than 10 % in
average. We also found a very good correlation between
laboratory and industrial scale with only 6 % deviation in
gas production in one experiment. The results show that the
composition of the substrates has the strongest impact. A
successful simulation of fermentation processes in the
laboratory scale does strongly depend on the fact that the
experimentally used substrates represent the average of
the substrates going through a biogas plant.

KEYWORDS:
biogas production, biowaste treatment, lab scale investigations

INTRODUCTION
The building of biogas plants comes along with a considerable economic risk, in particular when unknown organic substrates are involved. To minimize this risk it is
highly desirable to initially mimic the industrial scale processes in the laboratory. This provides a cheap and simple
way of investigating important process parameters like bio-

gas potential, methane yield, microbial inhibition, etc. The
results of these investigations are useful both in the planning and in the productive phase of the plant. In this paper
the results of an investigation of feasibility, comparability
and reproducibility of this approach are presented. To examine this approach digesters have been run in the laboratory over an 11-week period with input taken from a cofermentation plant. The laboratory conditions were adjusted
to the biogas plant. To examine the reproducibility of the
results inside the laboratory scale, the experiments were
run parallel in two laboratory digesters. By means of the
process describing parameters – degree of degradation of
volatile solids (VS) and organic carbon, biogas yield,
ammonium nitrogen, sum of organic acids – we examined
the processing at the laboratory scale and the application
to the industrial scale.

MATERIALS AND METHODS
Experimental Set- up

To examine the comparability of anaerobic processes
two laboratory digesters have been run over an 11 week
period with input taken from a co-fermentation plant. The
laboratory scale experiments were run in two identical
digesters under identical process-requirements to examine
the comparability and reproducibility also in the laboratory. The laboratory conditions were adjusted to the biogas
plant with respect to temperature, hydraulic residence
time, input substrate, feeding schedule and mixing. The
experimental setup consists of two isolated 120 L steeldigesters, seen in Figure 1. One laboratory digester represents both industrial digesters with each 2300 m³. To start
the process in the laboratory scale each of the laboratory
digesters were filled with 80 L sludge taken from the
fermentation plant. The laboratory digesters are equipped
with an input pipe at the top and output pipe at the digesters bottom. Each digester was mixed by a waste water
pump, which was running 5 min every 4 h. The produced
biogas was first stored in special 250 L gas bags and later
quantified by a gas counter. Both digesters were heated by
one connected thermostat.
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Implementation

The input substrate consists to 70 % of sewage sludge,
20 % of slurry, which is a mixture of different organic
wastes like expired food, bio waste from households, organic waste from industrial processes, etc., and to 10 % of
fat. These substrates were taken once a week on Wednesday
out of the feeding pipe of the industrial plant and were fed
in the laboratory on Monday (amount of 2 days), Wednesday
(amount of 2 days) and Friday (amount of 3 days). At these
days the laboratory digesters were fed with a constant
amount of substrates for two or three days.

of digested sludge taken out of the digesters three times a
week was equivalent to the amount of fed inputs these days.
These amounts could also deviate at the industrial plant.
Table 1 shows the process parameters of the industrial
co-fermentation plant and the laboratory experiments.
TABLE 1 - Comparison of process parameters of the
laboratory experiments and the industrial co-fermentation plant

gas bag
input

heating circle

Process parameter
process volume

Laboratory scale
80 L

Industrial scale
4600 m3

feeding schedule

3 times / week

12 times / day

mixing

pump

biogas/pump

process temperature

ø 43 °C

ø 43 °C

hydraulic residence
time

ø 25 d

ø 25 d

input

sewage
sludge/slurry/fat

sewage
sludge/slurry/fat

organic load

ø 3,3 kg VS/(m3 d)

ø 1,4 kg VS/(m3 d)

RESULTS AND DISCUSSION

circulation pump

Comparability of anaerobic processes
of the same and different technical scales

digestor wall
substrate

Whether anaerobic processes are comparable inside the
laboratory scale and reproducible to the industrial scale,
provided that these scales underlie the same or similar
process conditions, are discussed by means of the following process describing parameters - degree of degradation
of VS and TOC, biogas yield, NH4-N, sum of organic
1
acids.

output

VS – Degree of Degradation of Volatile Solids

Figure 2 shows the weekly determined degrees of degradation of VS inside the laboratory (left) and in comparison to the industrial scale (right). The laboratory digesters
achieve in average a degradation of VS of 63 % in case of
digester 1 and 64 % in digester 2. In contrast to the laboratory with approximately 64 % the industrial plant achieves a
degradation of VS of only 60%.
Figure 3 and 4 show the comparison of the mass balances within the laboratory scale and between laboratory
and industrial scale. The mass balances include the amounts
of volatile solids of all inputs and outputs over the experimental implementation period. As shown in the balances
(Figure 3) about 60 % of the fed volatile solids have been
degraded in both digesters with a deviation of less than 1 %
The mass balances (Figure 4) show in case of the comparison between laboratory and industrial scale a higher
deviation of less than 3 % with a lower VS-Degradation
in the industrial plant.

FIGURE 1 - Scheme of the experimental setup (left), picture of one
laboratory digester connected to gas bags and thermostat (right).

In contrast the input amount of the industrial co- fermentation plant could deviate on Tuesdays, Thursdays,
Saturdays and Sundays. To keep the process volume inside
the laboratory digesters theoretically constant the amount

1
The results of the laboratory experiments reflect, in case of the comparison of the laboratory and industrial scale, the averaged data of both
laboratory digesters. The data of the industrial scale were converted to
the laboratory scale in relation to the reaction volumes
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.
Degradation of VS

Degradation of VS
80

70

70

60

60

50

50

40

40

%

%

80

Lab scale

30

30

Lab scale digester 1

20

Industrial scale

20

Lab scale digester 2

10

10

0

0
7

14

21

28

35

42

49

56

63

70

7

77

14

21

28

35

42

49

56

63

70

77

Duration (d)

Duration (d)

FIGURE 2 - Weekly degree of degradation of VS – laboratory scale (left); laboratory/industrial scale (right).

Biogas
VS-Degradation: 5.78 kg (60,0 %), Gas: 6871 LN (1189 LN/kg VSdeg)

Input
9,6 kg VS

Lab scale digester 1

Output
3,85 kg VS

Biogas
VS-Degradation: 5.73 kg (59,5 %), Gas: 6200 LN (1082 LN/kg VSdeg)
Input
9,6 kg VS

Lab scale digester 2

Output
3,9 kg VS

FIGURE 3 - Mass balances of volatile solids of both laboratory digesters.

Biogas
VS-Degradation: 5.75 kg (59,7 %), Gas: 6536 LN (1137 LN/kg VSdeg)

Input
9.6 kg VS

Lab scale digester

Output
3.88 kg VS

Biogas
VS-Degradation: 5.5 kg (57,1 %), Gas: 9583 LN (1742 LN/kg VSdeg)

Input
9.6 kg VS

Industrial Plant
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FIGURE 4 - Mass balances of volatile solids of the laboratory scale and industrial plant.
Total Organic Carbon (TOC)

The process describing parameter TOC was analysed
once a week during the first 6 weeks of the experimental
implementation in the digesters in- and outflows. Analysed
were the dissolved organic carbon and the fixed organic
carbon.
Figure 5 shows the total organic carbon (TOC) of the
laboratory and industrial digesters in- and outflows during the practical implementation. The averaged TOC
amounts 24 g/L in the input substrates and 7 g/L in the
output of the laboratory digesters and 9 g/L in case of the
industrial digesters. The development of TOC shows equiva-

lently to the degradation of VS a higher TOC conversion,
which indicates, that the process runs more efficiently in
the laboratory.
Figure 6 shows the mass balances of the total organic
carbon within the laboratory scale during the first 6 weeks
of the experimental implementation (all in- and outputs
during that time are included). A well corresponding TOCDegradation of approximately 60 % was achieved in both
laboratory digesters. Furthermore a good correlation regarding the balances of total organic carbon and volatile solids
was determined.

Total organic carbon

Total organic carbon
Input

40

Output Lab scale digester 1

40

Output Lab scale digester 2

35

30

30

25

25

20

g/l

g/l

35

Input
Output Industrial scale
Output Lab scale

20

15

15

10

10

5

5
0

0
7

14

21

28

35

7

42

Duration (d)

14

21

28

35

42

Duration (d)

FIGURE 5 - Weekly TOC-content – laboratory scale (left); laboratory/industrial scale (right).

Biogas
TOC-Degradation: 2.0 kg (59,6 %), Gas: 3100 LN (1512 LN/kg TOCdeg)

Input
3.44 kg TOC

Lab scale digester1

Output
1.39 kg TOC

Biogas
TOC-Degradation: 2.1 kg (60.0 %), Gas: 2915 LN (1412 LN/kg TOCdeg)

Input
3.44 kg TOC

Lab scale digester2

Output
1.38 kg TOC

FIGURE 6 - Mass balances of total organic carbon of both laboratory digesters.

The TOC-Mass balances show (Figure 7) in case of the
comparison between laboratory scale and industrial plant a
deviation in TOC-Degradation of approximately 6 %. A

higher TOC-Conversion of 60 % was achieved in the
laboratory experiments.
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Ammonium Nitrogen

values of NH 4-N of both technical scales are shown in
Figure 8.

A well working anaerobic process can also be seen at
the development of ammonium nitrogen [1]. The analyzed

Biogas
TOC-Degradation: 2.06 kg (59.9 %), Gas: 3008 LN (1460 LN/kg TOCdeg)

Input
3.44 kg TOC

Output
1.38 kg TOC

Lab scale digester

Biogas
TOC-Degradation: 1.87 kg (54.4 %), Gas: 4548 LN (2433 LN/kg TOCdeg)

Input
3.44 kg TOC

Output
1.57 kg TOC

Industrial Plant

FIGURE 7 - Mass balances of total organic carbon of the laboratory scale and industrial pant.

Ammonium nitrogen

Ammonium nitrogen
1200

Input
Output Lab scale digester 1
Output Lab scale digester 2

1400
1200

1000
800

800

mg / l

mg / l

1000

600
400

600

Input
Output Industrial scale

400

Output Lab scale

200

200
0
7

14

21

28

35

0

42

7

Duration (d)

14

21

28

35

42

Duration (d)

FIGURE 8 - Ammonium nitrogen – laboratory (left); laboratory/industrial scale (right).

During the first 6 weeks of the experimental implementation
the digesters were fed in average with 200 mg NH4-N/L. The
NH 4-N in the laboratory digesters outflow shows with
1100 mg/L in average a significant increase, which conforms to an efficiently working process. Both laboratory
digesters converted the NH4-N in the same way. In opposite the development of NH4-N of the industrial digesters
shows over the whole period a minor increase of NH4-N.
Equivalent to the higher degree of degradation of VS and
TOC this development indicates a more productive process
in the laboratory scale. In average the concentrations of
NH4-N amount app. 1079 mg/L in the outflow of the laboratory digesters and 967 mg/L in case of the industrial scale.
Organic Acids

Organic acids are intermediate products of anaerobic
processes, which are constantly created and degraded [2].
A well working process is the base of the investigation of
this paper and is verified by the development of organic
acids during the process. Figure 9 shows the sum of organic acids in the laboratory and industrial digesters inand outflows during the first 6 weeks of the experimental
implementation. Except for the week 4 the degradation of
organic acids develops in case of both laboratory digesters
parallel. A visible difference is only seen in week 4. A
possible explanation is that laboratory digester 2 was fed
with more fat substrates that week than digester 1. For this
reason the hydrolyse phase is running more slowly, which
causes an increase of intermediate products in the digesters outflows. High differences up to 3000 mg/L in the digesters inputs show furthermore the weekly differences of
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the composition of the organic substrates. In average the
concentrations of organic acids amount 4200 mg/L in the
input substrates and 1670 mg/L in laboratory digester 1 and
1860 mg/L in digester 2. In comparison to the industrial
digesters both scales amount approximately 1700 mg/L in
the digesters outflows.
Sum of organic acids
6000
5000

Input
Output Lab scale
digester 1
Output Lab scale
digester 2

3000
2000
1000
0
7

14

21

28

35

42

Duration (d)

Sum of organic acids
6000
5000

Input

Output
Industrial
scale

3000
2000

a)
Specific gas production

Output Lab
scale

1000

1400
1200

0
42

1000

lN / kg VS in

Duration (d)

FIGURE 9 - Sum of organic acids –
laboratory (left); laboratory/industrial scale (right)
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The organic acids develop during the first 6 weeks
very similarly for both scales with a bit lower concentration
in the laboratory. This indicates differences in the efficiency of biocenosis, process disturbances or the presence
of difficult degradable organic compounds like fat.
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The laboratory gas production amounts in average
827 L N /kg VS in in case of laboratory digester 1 and
754 LN/kg VSin in case of digester 2. Despite identical
process-requirements differences in gas production indicate
a strong varying substrate composition. Figure 10a shows
that both laboratory digesters develop very similarly and
produce sometimes almost the same amount of biogas.
The good correspondence of the laboratory digesters in
gas production confirms the good correspondence in degradation of VS, TOC and development of NH4-N. The VSand TOC- balances show with a balancing error of less
10 % a very good reproducibility of these parameters
too. Figure 10b presents the specific gas production of
the averaged laboratory digesters in comparison to the
industrial scale. The laboratory amounts 791 LN/kg VSin in
average. This gas rate is typical for these kinds of sub-

2500

76

28

66

21

71

14

62

7

66

mg / l

4000

62

mg / l

4000

strates and corresponds well with literature data [3-7].
Despite, the specific gas production of the industrial
plant amounts 1242 LN/kg VSin in average. This gas rate
is very untypical for these kinds of substrates. Because the
difference in gas production amounts sometimes less than
200 LN/kg VSin it seems that the industrial digesters were
fed in between with co-substrates of high gas potential
like glycerine, fat or bleaching earth. This supposition is
strengthened by the weekly significantly changing gas
production of the industrial plant. The phases with contrarily gas productions show furthermore that the fed substrates
could not have been of the same composition. These results let guess that the substrate samples taken once a
week at the industrial plant did not consequently represent
the average of the digesters inflow. The industrial plant
produced in average approximately 36 % more gas than
the laboratory digesters. The graphs show that the laboratory did not achieve the high gas rates of the industrial
scale and it also seems that the laboratory did react delayed once in a while. Both could be caused by the feeding
schedule of the laboratory digesters, which had to degrade
a higher organic load three times a week than the industrial scale (amount of approximately two times of the industrial scale).

Duration (d)

FIGURE 10 - Specific biogas production –
laboratory (a); laboratory/industrial scale (b)

A clear explanation for the untypical high gas production of the industrial plant could not be found. To prove the
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reproducibility of anaerobic processes results of another
similar investigation by Endler [5] are in the following discussed. These experiments were run in 80 L laboratory
digesters over a period of 9 weeks. The laboratory digesters were fed with substrates taken from another co-fermentation plant located in Gröden, Germany (Schradenbiogas GmbH & Co KG). The input consist to approximately
70 % of liquid manure and to approximately 30 % of slurry,
which is a mixture of different organic wastes like expired
food, bio waste from households, organic waste from industrial processes like fat, etc.. This example experiment
corresponds with the investigation of this paper in experimental set up and implementation. Because of a different
focus, some process parameters (hydraulic residence time,
fermentation temperature) were not adapted to the industrial scale. The comparison of the process parameters of
both technical scales are summarized in Table 2.
TABLE 2
Comparison of process parameters of the example laboratory
experiments and the industrial co-fermentation plant Gröden.
Process
parameter
process volume
feeding schedule
mixing
process temperature
hydraulic residence
time
input
organic load

Laboratory
scale
80 L
3 times a week
pump
35°C

Industrial scale (co-fermentation plant – Gröden)
6000 m3
several times a day
stirring unit
37°C

22 d

18 d

A very good comparability has been found regarding
the analysed parameters degree of degradation of VS and
TOC, development of NH 4-N and sum of organic acids.
Because of a determined minor difference in specific gas
production anaerobic processes of the same technical scale
are reproducible with an error of less than 10 % in average.
Parallelism of anaerobic processes of different technical scales

Figure 11 shows the specific gas rates of the co-fermentation plant Gröden in comparison to the example laboratory investigation. The laboratory digester amounts in
average 700 LN/kg VSin and 661 LN/kg VSin in case of the
industrial scale. The produced gas rates correspond very
well with literature data of manure and bio waste [3-9].
The graphs, seen in Figure 11, show over the whole experimental period a very similar gas production in both
technical scales with a difference of less than 10 % in
average. This result indicates that anaerobic processes of
different technical scales are reproducible, provided that
they base on same process conditions.
Specific gas production
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FIGURE 11 - Specific gas production –
example investigation/biogas plant Gröden

The aim of the investigation of this paper was to prove
the reproducibility of anaerobic processes. To examine this
approach digesters have been run in the laboratory over
an 11 week period with input taken from a co-fermentation
plant. The laboratory conditions were adjusted to the biogas
plant with respect to temperature, hydraulic residence time,
input substrate, feeding schedule and mixing. To examine
the reproducibility of the results inside the laboratory scale,
the experiments were run parallel in two laboratory digesters. By means of the process describing parameters –
degree of degradation of VS and TOC, biogas yield,
NH4-N, sum of organic acids – we examined the processing at the laboratory scale and the application to the
industrial scale. Following results have been found:
Parallelism of anaerobic processes inside the laboratory scale

manure/slurry/fat manure/slurry/fat
ø5 kg VS/ (m3 d) ø3 kg VS/ (m3 d)

1000

CONCLUSION

We found the fermentation process to run more efficiently in the laboratory because of a higher degree of degradation of VS and TOC, lower concentrations of organic
acids and higher concentrations of NH4-N. In contrast, the
co-fermentation plant has produced unexplainable 36 %
more LN/kg VSin. This indicates that the substrates used in
the experiments did not perfectly represent the plant input. Differences to the industrial scale may arise from the
method of sampling. Only one snapshot sample per week
did not reflect the daily fluctuating input of the plant. To
get a better impression, the industrial plant gets daily fresh
charges of different substrates, approximately 1400 m³ are
going through the biogas plant a week, the once a week
taken sample volume amounts instead less than 100 L,
that means a sample volume of less than 0,1 % of the weekly in-put of the plant. Interestingly a very good correlation
between laboratory and industrial scale with only 6 %
deviation in gas production was achieved in another experiment. There, the experimental setup was identical with
similar co-substrates but liquid manure instead of sewage
sludge. Because of a different focus, some process parameters (hydraulic residence time, fermentation temperature)
were not adapted to the industrial scale. The results show
that the comparability of different technical scales does not
depend on precise adjustment of process parameters in
the first place. Little differences in hydraulic residence
time, fer-mentation temperature and feeding schedule do
not have a significant influence on the results. Instead, the
composition of the substrates has a much stronger impact.
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A successful simulation of fermentation processes in the
laboratory scale does strongly depend on the fact that the
experimentally used substrates represent the average of
the substrates going through a biogas plant; see also [1012].
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ABSTRACT

INTRODUCTION

In this study, the distribution patterns of physical
(sand%, loam%, clay%, pH and organic matter‰) and
chemical (calcium carbonate (CaCO3), sodium (Na+), magnesium (Mg+2), phosphorus (P), boron (B), iron (Fe), manganese (Mn) and zinc (Zn)) parameters of soil commonly
assayed in analytical chemistry laboratories, are reported.
Three representative areas (lowland (LL), semi-mountainous
(SM), and coastal (C)) and 170 sample sites were selected,
510 soil samples were collected and analyzed for a 3-years
period (2002-2004), in the prefecture of Larissa, Thessaly,
central Greece.
In each studied site, the kind of cultivation is also reported. Soils in LL area of the prefecture of Larissa were
found to be rich in organic matter, Mg, B, but poor in Fe,
Mn and Zn, when compared to the other two sites. The
studied SM area of Larissa’s prefecture constituted from
clayey soils showed big concentrations of Mg, Zn, high
value of clay and low value of sand, when compared to the
other two studied areas. The studied C area is characterized by the sandy soils near the coastal areas of the prefecture of Larissa. In each studied area, the parameters are
principally separated into two main clusters, each of them
divided additionally into sub-clusters with slight differences. Six latent factors explain 78.1%, 74.3%, and 74.6%
of the total variance of the LL-site, SM-site, and C-site,
respectively, which is an indication for the factor analysis
model adequacy.

KEYWORDS: Soil quality, cluster analysis, factor analysis, public
health, Thessaly, Greece

Soil protection has never been ranking high among the
priorities for environmental protection in Europe. Soils are
commonly not well-known by the European citizens, particularly since only a small fraction of the European population is currently living in rural areas, having a direct
contact with soils [1].
In most European countries, systematic soil surveys
were started in the 1950s against the background of an
urgent need for increased agricultural production. Only
during the last ten years, the need for a coherent approach
to soil protection has come on the political agenda in Europe
and was, therefore, introduced as one of the thematic strategies to be developed within the Community’s 6th Environment Action Program. The rationale behind the development of a coherent approach to soil protection is based on
the recognition of the multi-functionality of soils. Soils
are not any more considered only as dumping sites, construction surfaces or means for production (agriculture),
but also as a fundamental environmental compartment performing vital ecological, social and economic services for
the European citizens: filtering and buffering of contaminants allowing us to have clean drinking water, pool of
biodiversity, source of raw materials, sink for atmospheric
carbon dioxide, archive of cultural heritage etc. These functions are now recognized of equal importance as the traditional functions commonly attributed to soils: production
of food, fibre and wood (agriculture and forestry) and surface for housing and infrastructure (spatial development)
[1-3].
It is now generally recognized that soil is a natural resource of which the proper management is essential, not
only to ensure sustainable agricultural production, but
also for the protection of water resources, forests, fisheries and natural ecosystems. It is increasingly realized that
soils are strongly influenced by human activities and that
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relevant policies should promote and stimulate their rational use. Such policies need to be based on accurate soils
information, both in space and in time, which can be translated into production potentials for different types of landuse, which enables predictions of degradations hazards, and
allows the design of protective or remedial measures. Landuse issues are not merely of a local nature but encompass
national and regional scopes. Topical issues, such as soil
erosion, water quality, acidification, set-aside programs, soil
contamination and land-use planning, cover watersheds and
landscapes that often transgress country boundaries. Furthermore, measures for efficient land-use greatly benefit
from international exchanges of experience and information.
European Union (EU) policies and programs are already a
familiar part of the working environment for land-use planners [2-12].
Although soil degradation processes vary considerably from Member State to Member State, with different
threats having different degrees of severity, soil degradation is an issue all over the EU. An estimated 115 million
hectares or 12% of Europe’s total land area are subject to
water erosion, and 42 million hectares are affected by wind
erosion. An estimated 45% of European soils have low
organic matter content, principally in southern Europe. The
number of potentially contaminated sites in EU-25 is estimated at approx. 3.5 million. The available data show significant changes in land-use in Europe which have an impact on soil. Between 1990 and 2000, at least 2.8% of
Europe’s land was subject to a change in use, including a
significant increase in urban areas. Big differences exist
between Member States and regions, with the proportion
of the surface sealed during that period ranging from 0.3%
to 10% [4-13].
The countries of the Northern Mediterranean region are
affected by desertification and, for this reason, they have
prepared national and regional action programs for application of the UNCCD (United Nations Convention to
Combat Drought and Desertification). Desertification affects agricultural production, land-use and productivity and,
in general, the economic situation and the quality of life
and public health of the affected region [14-20].
In the region of Thessaly, which constitutes the bigger hydrologic and agricultural region of Greece, intense
problems concerning the quality of soil (and groundwater)
have been mentioned. Specifically, in the prefecture of
Larissa (Thessaly, central Greece), the intense use of land
with agricultural activities influences negatively the quality of soils and deteriorates the quality of groundwater. One
of the most characteristic problems of this area is the remediation of soil and the pollution of groundwater with nitrate and metal ions.
The aim of this study is the assessment and monitoring of the quality of soil in the Prefecture of Larissa, Thessaly, central Greece (Fig. 1), to investigate the impact of
anthropogenic activities on soil quality in the context of
public health.

FIGURE 1 - Map of Thessaly with the studied areas.

MATERIALS AND METHODS
Soil Quality Sampling

Three representative areas (lowland (LL): Ampellonas,
Falani, Dentra, Platanoulia; semi-mountainous (SM): Argiropouli, Deleria, Tirnavos, and coastal (C): Agia)
were selected for the collection of soil samples. One
hundred and seventy sampling sites were selected and the
samples were received from 30 cm depth, according to
Welch et al. [21]. The kind of cultivation for each studied
sample site is also reported. Soil samples were collected
once per year, every September, for a 3-year period (20022004), and a total number of 510 soil samples were collected and analyzed in the studied period.
Thirteen physical and chemical parameters were determined and monitored as follows: sand%, loam%, clay%,
pH, organic matter‰ (Org. Mat.‰), calcium carbonate
(CaCO3), sodium (Na), magnesium (Mg), phosphorus (P),
boron (B), iron (Fe), manganese (Mn) and zinc (Zn).
For the analysis of soil samples, a spectrophotometer
Hitachi model U-1100 (UV-Vis) and a Jenway 3410 instrument were used. The physical and chemical parameters were determined with the use of standard analytical
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techniques [22]. The chemicals used for the analysis were
of analytical reagent grade, and all solutions were prepared
using HPLC water. The chemical parameters were measured in mg·L-1.
Data Analysis
Descriptive Statistical Analysis

Basic statistics and correlation calculations were carried out in order to give initial information about the soil
quality data. Unless otherwise indicated, the characteristics
of the cases were described as mean plus standard deviation. Tests for significance of observed mean differences
were performed using the Student’s t-test, (p<0.05). To
evaluate the correlations between the levels of variables of
all studied areas, the Pearson correlation coefficients were
calculated.
The analytical measurements were performed in the
Laboratory of Clinical Chemistry, Department of Medical
Laboratories, Technological and Education Institute (TEI)
of Larissa. The calculation work was performed by the
use of software package STATISTICA 7.0 and SPSS 15.0
for Windows.
Multivariate Statistical Approaches

Factor analysis and cluster analysis are multivariate statistical techniques that can be used to characterize soil quality, and assist in soil quality monitoring planning [23-25].
Factor Analysis

Factor analysis is used to understand the correlation
structure of collected data and identify the most important
factors contributing to the data structure. In factor analysis, the relationship among a number of observed quantitative variables is represented in terms of a few underlying,
independent variables, called factors, which may not be
directly measured or even measurable.
Factor analysis is also used to find associations between parameters so that the number of measured parameters can be reduced. Known associations are then used to
predict unmeasured soil quality parameters.
The initial step was the determination of the parameter
correlation matrix, which is used to account for the degree
of mutually shared variability between individual pairs of
soil quality parameters. The second step was the estimation of the eigenvalues and factor loadings for the correlation matrix. Each eigenvalue corresponded to an eigenfactor that identifies the groups of variables, most highly correlated among them. The first eigenfactor accounted for the
greatest variation among the observed variables, while each
subsequent eigenfactor was orthogonal to all preceding
factors, and provided incrementally smaller contributions
to the overall descriptive ability of the model. Because
lower eigenvalues may contribute little to the explanatory
capability of the data, only the first few factors were needed
to account for much of the parameter variability. In this

study, the factor extraction was performed using the method
of principal components. The most widely used method
for determining how many factors to use and how many to
ignore is the Kaiser criterion, which retains only those
factors with eigenvalues>1. This means that each retained
factor provides as much explanatory capability as one original variable. Once the correlation matrix and eigenvalues
were obtained, factor loadings were used to measure the
correlation between variables and factors.
Factor rotation was used to facilitate interpretation by
providing simpler factor structure. The factors were rotated
so that the observed axes were aligned with a dominant set
of variables, which assisted in understanding how factors
were related to the observed variables. Our study used the
varimax rotation which is a standard rotation method.
Cluster Analysis

Cluster analysis is another data reduction method that is
used to classify entities with similar properties. The method
divides a large number of objects into a smaller number of
homogeneous groups, on the basis of their correlation structure. The objective of cluster analysis is to identify the complex nature of multivariate relationships (by searching for
natural groupings or types) among the data under investigation, so as to foster further hypothesis development about
the phenomena being studied. Cluster analysis imposes a
characteristic structure on the data analysis for exploratory purposes.
Cluster analysis was conducted to the group of physicochemical data in all the studied sites, using Ward’s
method with Euclidean distance measure. We used cluster
analysis to link variables in the configuration of a tree with
different branches – branches that have linkages closer to
each other indicate a stronger relationship among variables
or cluster of variables. The dendrogram generated from tree
clustering provides a useful graphical tool for determining
the number of clusters that describe underlying processes
that lead to spatial variation.
RESULTS AND DISCUSSION
Experimental

We studied the distribution patterns of some physical
and chemical parameters commonly assayed in soil chemistry laboratories. Basic statistics were also carried out
in order to give initial information about the soil data
(Table 1).
Figure 2 presents the error bars of physical variable
values and chemical variable concentrations (mg·L-1) in the
three studied areas. From data of Table 1 and Fig. 1, it can
be concluded that the soils in LL-area of the prefecture of
Larissa were found rich in organic matter, Mg+2, B, but
poor in Fe, Mn and Zn, when compared to the other two
areas. The LL-area is found homogenous with the SMarea concerning the loam, P and Na+, but there was sig-
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TABLE 1 - Basic statistics (mean ± SD) of physical and chemical (mg·L-1) parameters of each studied area.
Variable
Sand%
Loam%
Clay%
pH
Org. Mat.‰
CaCO3
P
Na+
Mg+2
B
Fe
Mn
Zn

LL-area (N1=114)
48.00±15.80
31.93±10.34
20.06±13.29
7.32±0.94
15.19±7.21
9.65±9.95
24.37±17.20
174.9±132.4
595.4±176.3
11.73±4.18
12.62±4.23
4.58±2.22
2.39±0.78

SM-area (N2=166)
43.74±14.57
30.77±8.13
25.36±12.73
7.09±1.07
13.18±6.99
12.72±15.82
28.62±22.46
193.5±133.8
384.5±174.2
3.86±0.89
16.74±5.69
9.06±4.76
3.94±1.37

C-area (N3=230)
55.43±16.82
28.75±8.85
15.82±12.03
7.14±0.85
12.69±7.09
11.69±13.06
36.69±21.21
174.9±132.4
433.4±175.9
4.66±5.16
17.93±9.39
9.86±13.51
3.16±1.78

All areas (N=510)
49.96±16.69
30.12±9.05
19.88±13.20
7.16±0.95
13.40±7.14
11.57±13.47
31.32±21.40
193.5±133.8
453.3±192.0
5.94±5.06
16.36±7.64
8.43±9.74
3.24±1.57

The most common cultivations in the three areas during the study period were corn, cotton, fruit trees, big
trees like walnut trees, chestnut tress, and vine-yard. Figure 3 presents the percentage of the kind of cultivations
met in each studied area.
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FIGURE 2 - Error bars of physicochemical variables’ concentrations (mg·L-1) for each sampling area with 95% confidence intervals.
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nificant difference with C-area concerning the sand (SM<
LL<C) and clay (C<LL<SM). Significant differences between the studied areas concerning pH and CaCO3 could
not be found.
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For the second studied area (SM) constituted from
clayey soils in semi-mountainous areas of Larissa’s prefecture, big concentrations of Mg+2, Zn, a high value of
clay but a low one for sand were observed, with regard to
the other areas. There were not found significant differences between SM-area and LL-area about loam, P and Na+,
and between SM-area and C-area about organic matter, B,
Fe and Mn. The C-area is characterized by the sandy soils
near the coastal areas of the prefecture of Larissa.
These soils have been found rich in P, poor in Na+,
with high values of sand and low values of loam and clay.
There was a significant difference between C-area and SMarea for Mg (SM<C<LL) and Zn (LL<C<SM).
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FIGURE 3 - Percentage of each cultivation in the studied areas
(1=corn or cotton, 2=fruit trees, 3=walnut trees or chestnut trees,
4=vegetables, 5=sugar-beets and 6=vine-yard).

In LL-area, the common cultivations during the study
period were corn and cotton. It is known that these intense
cultivations need special treatments concerning the right use
of fertilizers, big amounts of pesticides and huge amounts of
water during irrigation period. From the data of Table 1, it
can be concluded that the quality of soils was degradated
because of the big concentrations of boron, magnesium in
LL-area, and trace elements in all studied areas. This means
that in these soils during the irrigation period specific actions must be taken to avoid the pollution of soil and
groundwater with these elements. Especially, the pollution
of groundwater with boron could be a catastrophe scenario
for the agricultural production in the studied areas. In SMarea, the most common cultivations are fruit trees, vege-
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big concentrations of B and Na+ affect the agricultural
activities and pollute the groundwater.

tables, vine-yard and big trees (walnut trees and chestnut
trees). These cultivations did not pollute the environment
because they did not need special treatments. It must be
noticed that the soil in SM-area is rich in trace elements
and organic matter, so the cultivations in these areas did not
need big amounts of fertilizers. One problem is the use of
pesticides in these cultivations because of the absence of
knowledge about the right use of them by the farmers. The
soils in C-area were found poor in organic matter but rich
in trace elements. The cultivations in these areas are mainly
fruit trees, vine-yard and vegetables. These cultivations need
careful use of fertilizers and pesticides to avoid the pollution of environment and groundwater.

Cluster Analysis

In Figures 4-6, the hierarchical dendrograms for the
clustering of the determined soil parameters for each studied sample site are plotted (complete linkage, square Euclidean distance as similarity measure, z-transformation of the
column input data). For clustering, altogether 13 physical
and chemical parameters were chosen (indicated in Table 1).
It could be concluded that, in each studied sample site, the
parameters are principally separated into two big clusters,
each of them divided additionally into subclusters as follows:

Consequently, the differences between the studied areas presented in Table 1 are mainly due to the origin constitute of soil, to the cultivations and their treatments, like
fertilizers, pesticides, to the intense irrigation during summer and other anthropogenic activities like industry and
tourism. It is noteworthy that, in all the studied areas, the

a. LL-site

The first cluster includes 6 parameters (Mg, Org.
Mat.‰, CaCO3, pH, clay% and loam%). The subdivision
within this cluster revealed one sub-cluster that includes
4 physical parameters (Org. Mat.‰, pH, clay% and loam%)
and 2 chemical ones (Mg and CaCO3).
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FIGURE 4 - Hierarchical dendrogram of all studied physicochemical variables of soils in LL-area.
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FIGURE 6 - Hierarchical dendrogram of all studied physicochemical variables of soils in C-area.

The second cluster involves 7 parameters (Zn, Mn, Fe,
Na, P, B and sand%). The sub-division within this cluster
reveals 3 sub-clusters. The first sub-cluster includes 3 chemical parameters (Zn, Mn and Fe), the second 2 (Na and P),
while the third one includes B and sand%
b. SM-site

The first cluster includes 7 parameters (CaCO3, pH,
Zn, Org. Mat.‰, Mg, Na and clay%). The sub-division
within this cluster reveals 2 sub-clusters, the first including
2 parameters (CaCO3 and pH) and the second one 3 chemical (Zn, Mg, and Na) and 2 physical parameters (Org.
Mat.‰ and clay%).
The second cluster involves 6 parameters (Mn, Fe, B,
loam%, P and sand%). The sub-division within this cluster reveals 3 sub-clusters (the first including 2 chemical
parameters (Mn and Fe), the second including 2 other parameters like B and loam%, and the third including the rest
of parameters (P and sand%)).
c. C-site

The first cluster involves 7 parameters (Mn, Fe, B, Mg,
Org. Mat.‰, clay% and loam%). The sub-division within
this cluster reveals 3 sub-clusters (1: including Mn and
Fe, 2: including B and P, 3: including Zn and sand%).
The second cluster involves 6 parameters (CaCO3, pH,
Na, P, Zn and sand%), and sub-division within this cluster
reveals 3 sub-clusters, the first including 1 chemical parameter (CaCO 3) with a physical one (pH), the second 2
chemical parameters (Na and P), and the third 2 parameters (Zn and sand%).
The careful consideration of the content of the clusters
offers some interesting conclusions about the data classification. In LL-site, for example (Fig. 3), the first cluster includes 4 physical parameters (Org. Mat.‰, pH, clay% and
loam%) and 2 important chemical parameters like content
of CaCO3 and Mg. The second cluster involves 6 chemical
parameters (Zn, Mn, Fe, Na, P, B) and 1 physical (sand%).

The cluster analysis gives an idea how the single physical and chemical parameters should be compared and related to each other if the soil sample is treated depending on
all parameter values simultaneously, not on single ones.
For instance, within a group of soil, there is a stronger relation between the group of parameters (CaCO 3, pH) with
parameters like loam%, clay%, Org. Mat.‰ and Mg than
with that of Zn, Mn, Fe, Na, P, B and sand%, in LL-site.
Therefore, specific patterns of the classified parameters
could be offered (for the soil sample of LL studied areas): (i) Main Physical pattern (including 4 physical and 2
chemical parameters); and (ii) Main Chemical pattern
(including 6 chemical parameters and 1 physical).
Factor Analysis

In principle, it seems possible to design a set of substantial parameters, or a very specific indicator, consisting
of a chosen parameter out of each pattern of parameters,
or an average of several ones included into a cluster, similar in statistical way parameters. Usually, the typical classification approach of clustering is accompanied by principal components analysis (PCA), which is a typical projection and modeling approach. In general, the PCA confirms the results obtained by cluster analysis.
At first, the correlation matrix for the observed soil
quality variables in all studied sites was obtained. The variables positively correlated to each other, including strong
correlations between them, are sand% and loam%, r =
-0.614; sand% and clay%, r = -0.839; pH and CaCO3, r =
0.441; Mg and B, r = 0.459; and Fe and Mn, r = 0.705. The
significance of these correlations is small. While the adjusted correlation, which accounts for the sample size,
could be used, the change will be small because of the large
number of observations.
These correlations were used to identify groups of
highly correlated soil quality variables. For illustration,
the PCA of all soil data sets is shown in Table 2, providing the eigenvalues and the explanatory capability for the
physicochemical soil quality data in all studied areas. The

TABLE 2 - Individual and cumulative eigenvalues of physicochemical observations, in all studied areas. Also shown are individual
and cumulative contributions of factors towards explaining soil quality variability (extraction method: Principal Component Analysis).
Component
1
2
3
4
5
6
7
8
9
10
11
12

Initial Eigenvalues
Individual
% of Variance
2.851
21.933
1.997
15.364
1.640
12.616
1.414
10.875
1.071
8.236
0.944
7.259
0.837
6.439
0.690
5.306
0.487
3.745
0.417
3.209
0.389
2.993
0.263
2.020

Cumulative %
21.933
37.297
49.913
60.788
69.024
76.284
82.722
88.029
91.774
94.983
97.977
99.997
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Rotation Sums of Squared Loadings
Individual
% of Variance
2.309
17.762
1.836
14.127
1.761
13.545
1.614
12.418
1.452
11.172

Cumulative %
17.762
31.889
45.434
57.852
69.024

© by PSP Volume 18 – No 2. 2009

13

0.000

Fresenius Environmental Bulletin

0.003

100.000

first factor accounts for almost quarter the total variability,
whereas subsequent factors assist in describing the water
quality information, but with a rapid diminishment in magnitude.
The first five factors each have an eigenvalue >1, and
together account for 69.0% of the observed variation in
soil quality observations. Additional factors provide marginally less explanatory capability and were not examined
further. According to the Kaiser criterion, only the first
five factors should be used because subsequent eigenvalues are all <1.
Factor loadings reflect the correlations between the
variables and the extracted factors. Factor loadings for the
five retained eigenvalues are shown in Table 3. Factor
loadings >0.5 are considered to be significant in this study.
The first factor contains sand%, clay% and loam%. Between the variables of the first factor, there are strong positive and negative correlations. More specific, sand% is
correlated negatively with clay% and loam%, but clay%
is correlated positively with loam%. Of the multiple parameters within this first group, sand% is the most common measured variable and would be used as a surrogate
for the presence of the remaining parameters.
The second factor including Mn and Fe revealed a
strongly positive correlation between them. The primary
indicator of the second factor could be Fe, and elevated
Fe concentrations indicate the possibility of elevated Mn

concentrations. The third factor includes Mg+2, B and Zn,
and the most likely diagnostic indicator would be B. Thus,
increased B levels indicate the possibility of elevated Mg+2
concentrations (positive correlation), but decreased Zn concentrations (negative correlation). The fourth factor was
including CaCO3 and pH, and the primary indicator could
be pH. Thus, elevated values of pH indicate the possibility of elevated CaCO3 concentrations (because of positive
correlation). The fifth factor including P and Na+ evidenced
positive correlation between them, so, Na+ would be used
as primary indicator and elevated Na+ concentrations indicate the possibility of elevated P concentrations.
Reducing the number of the above parameters, allows
resources to be freed up for additional measurements elsewhere. The additional analytes could still be sampled, especially during periods when increased or decreased indicator factors are observed.
Similarly, in LL-area, the application of factor analysis on physicochemical data extracts 6 factors, each having an eigenvalue >1, which together account for 78.1%
of the variation in soil quality observations. In SM-area,
the factor analysis extracts 6 factors, too, which together
account for 74.3% of the observed variation in soil quality, whereas that on physicochemical data in C-area extracts 5 factors, which account for 74.6% of the observed
soil quality variation. The variables of each factor in every
studied area are given in Table 4.

TABLE 3 - Factor loading of physicochemical soil quality observations in all studied areas (extraction
method: Principal Component Analysis; rotation method: Varimax with Kaiser normalization).
Variable
Sand%
Clay%
Loam%
Mn
Fe
Mg+2
B
Zn
CaCO3
pH
P
Na+
Org. Mat.‰

Factor 1
-0.980
0.775
0.673
0.036
-0.007
0.103
0.046
-0.064
-0.013
0.134
-0.279
0.326
0.274

Factor 2
-0.034
0.181
-0.199
0.904
0.858
-0.125
-0.185
-0.081
-0.009
-0.331
0.104
0.060
-0.171

Factor 3
-0.093
0.120
-0.001
-0.047
-0.193
0.771
0.769
-0.629
-0.147
0.093
-0.067
0.160
0.237

Factor 4
-0.062
0.351
-0.396
-0.059
-0.158
0.123
-0.136
0.054
0.751
0.746
-0.144
0.251
0.247

Factor 5
0.017
-0.063
0.054
0.001
0.089
0.242
0.035
0.416
0.132
-0.078
0.772
0.710
0.284

TABLE 4 - Factors (rotated using Varimax method) for physicochemical soil quality
observations of each studied area (factor loadings >0.5 are considered to be significant).
Factors
Factor 1
Factor 2
Factor 3
Factor 4
Factor 5
Factor 6
Percentage of

LL-site
sand%, clay%
Mn, Fe, Zn, Mg+2
CaCO3, pH, Org. Mat.‰
Na+, P
sand%, loam%
B
78.1%

SM-site
sand%, clay%, loam%
pH, Org. Mat. ‰
Mg+2, Na+
Mn, Fe
B, Zn
Org. Mat.‰, P
74.3%
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C-site
sand%, clay%, loam%
Mn, Fe, pH
CaCO3, Na+, P
B, Mg+2
Org. Mat.‰
74.6%
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explained total variance

In spite of the presented differences, there are stable
factors in all the studied areas. It is observed that there is
strong correlation between (clay%, sand%) and (Mn, Fe).
More specific, in LL-area, there is a strong negative correlation between (sand% and clay%), and sand% would
be the indicator factor. Thus, high values of sand% indicate the possibility of low clay% values. The 3 variables
of factor 2 (Mn, Fe and Zn) are correlated positively with
each other, but negatively with Mg+2. The primary indicator of factor 2 would be Fe, and high Fe concentrations
indicate the possibility of elevated Mn and Zn concentrations. In contrary, low Fe concentrations indicate the possibility of elevated Mg+2 concentrations. In this case, additional measurements could be applied to find out the exact
limits of this correlation. Factor 3 is constituted from
(CaCO3, pH and Org. Mat.‰), which are correlated positively. The most likely diagnostic indicator would be the
high pH value. Sodium ion could be the primary indicator
of factor 4, which is correlated with P positively. Sand%
and loam% constitute factor 5 with strong negative correlation. It is noteworthy that sand%, which is the primary indicator of factor 1, would also be the primary indicator
of factor 5. There are 6 factors in SM-area, too. Sand% is
correlated negatively with clay % and loam%, so the
sand% would be the primary indicator of factor 1. There
is a positive correlation between pH and CaCO3 of factor
2; between Mn and Fe of factor 4; and between B and Zn
of factor 5. Thus, elevated pH values indicate the possibility of elevated CaCO3 concentrations; elevated Fe concentrations indicate the possibility of elevated Mn concentrations; and elevated B concentrations indicate the possibility of elevated Zn concentrations. In factor 6, Org. Mat.‰
and P are positively correlated, and, therefore, high Org.
Mat.‰ values indicate the possibility of elevated P concentrations. Finally, in C-area, sand% is correlated negatively with clay% and loam%, but clay% is correlated positively with loam%. The second factor is including Mn, Fe
and pH, and there is a positive correlation between Mn –
Fe, but negative correlation between pH – Mn and pH –
Fe. Thus, pH and/or Fe would be the primary indicators of
factor 2. There are positive correlations among variables
of factor 3 and among those of factor 4. It must be noticed
that factor 5 includes one variable, Org. Mat.‰, which is
slightly correlated with Zn (0.427) positively.

CONCLUSIONS
The results of the present study show that the soils in
the studied areas have been polluted with boron and trace
elements, and this is mainly due to the intensive use of land.
Moreover, there was a correlation between cultivations
and quality of soils in the studied areas. Intensive cultivations met more often in LL-area, are appropriate with the
type of the soils in this area, but need specific protections
concerning the use of fertilizers and pesticides.
The use of appropriate statistical approaches (cluster
analysis and factor analysis) may help in finding groups of
similarity between the test values, or between the site groups
for testing. The grouping and inter selection of the test soils
might inform about a strategy in routine preventive testing.
Taking into account the results of the present study, it
is obvious that in the region of Thessaly, the planning and
implementation of a long-term program for the monitoring
and improvement of quality of soil is necessary. Protective
actions must be taken to avoid pollution of agricultural
products and groundwater, and new policies must be applied
for the protection of the environment and public health with
the reformation of cultivations and the removal of pollution sources.
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It is readily seen that the major groups of parameters interpreted by cluster analysis are involved also in this factor
analysis table. Six latent factors explain 78.1%, 74.3% and
74.6% of the total variance of the LL, SM, and C areas,
respectively, which is an indication for the factor analysis
model adequacy. Thus, the classification scheme obtained
by cluster analysis is confirmed by PCA. This confirmation
is an important hint that the parameters tested are, indeed,
related and form groups of similar indicative properties.
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ABSTRACT

INTRODUCTION

The Microbial Assay for Risk Assessment (MARA)
is an innovative system based on an array of eleven different
microbial species freeze-dried in a 96 well micro-titre plate
format. Developed for testing the toxicity of chemicals,
mixtures and environmental samples, the assay employs
species of a taxonomically diverse range. In addition to ten
prokaryotic species, a eukaryote (yeast) is included in the
range.
The MARA’s innate scope of a multi-dimensional test
allows determination of toxicity based on a unique assay
multi-dimensional fingerprint or index and numerically
expressed as the mean Microbial Toxic Concentration
(MTC). The most significant potential of this low-cost test
is in the additional inference that can be conveyed to the
toxicity evaluation because of the presence of each of the
eleven different constituent species.
In view of the fact that conventional aquatic bioassays,
like fish or cladoceran tests, are expensive and unpractical,
the MARA could provide a cost-effective solution for routine ecotoxicological testing/screening programmes.
The performance of the MARA was evaluated to ascertain its capability and potential scope. Sensitivity to toxicants and different environmental samples was assessed.
Evaluation included comparison with other tests; namely
Microtox®, invertebrate (Daphnia magna and Thamnocephalus platyurus) microbiotests, and conventional respiration- and nitrification- inhibition tests.
The inference of the evaluation implemented concluded
that MARA is a useful tool for ecotoxicity testing of aquatic
and terrestrial environments.
MARA’s performance further assessed with the implementation of an international inter-laboratory trial indicated
that performance of the assay was satisfactory and the results were within the acceptable range. MARA is a robust
multi-species assay offering scope for toxicity assessment
of a diverse range of samples.
KEYWORDS: MARA, microtox; effluents; sewage; soil leachate;
ecotoxicity

Bacterial Tests

Microorganisms are useful bioindicators in ecotoxicity
testing in view of their small size, short generation times
and extensive genetic diversity. The potential limitation is in
the extent to which inference can be extrapolated to higher
organisms. The deleterious effect of toxicants in bacterial
assays is often measured by the determination of population
growth. Species frequently used include Pseudomonas
fluorescence [1] and P. putida.
Several microbial tests, reviewed by Mayfield [2] have
been proposed by regulatory bodies and standardization
organisations. [3]. A number of microbiotests with bacteria are commercially available. The Toxi-chromotest™
works on the basis of assessment of the inhibitory effect on
β-galactosidase activity in Escherichia coli. The test employs
lyophilized bacteria and uses a chromogenic substrate. Using the same species (E. coli) and identical principle are the
two colorimetric assays, MetPAD™ and MetPLATE™,
devised mainly for the detection heavy metals in aqueous
samples [4, 5]. The ECHA Biocide Monitor is a dipstick test
for monitoring toxicity. It incorporates a test microorganism, present on the dipstick, and an oxido-reduction dye,
tetrazolium salt, which is used to indicate the growth of the
test bacterium. Toxicity detection is based on the inability
of the bacteria to grow in the presence of contaminants.
Assessment of toxicity is made by comparison of colour
development after 24h incubation [6].
Bacterial microbioassays developed for the detection of
mutagenic effects include the Ames test and the VITOTOX™ test with Salmonella typhimurium[7], and the SOSchromotest with E. coli [8].
Bioluminescence

The Microtox® bioluminescence test with marine luminescent bacteria Vibrio fischeri is probably the most
recognised and widely used bacterial microbiotest. Any
toxicity is displayed as a decrease in light output from the
bacteria.
The Microtox® assay is one of the most widely used
microbiotests. It was commercialised in the early 1980s
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and a substantial database has been progressively compiled.
The luminescent activity in Vibrio fischeri is a consequence
of respiration and its inhibition is a sign of toxic action. A
rationale for utilisation is that because respiration is a pro-

cess that takes place in every living cell Microtox® results
can to some extent be extrapolated to other species.
In the presence of oxygen and energy source luciferase
enzyme oxidizes the substrate and one of the end products
is light.

Luciferase
FMNH2 + O2 + RCHO

FMN + RCOOH + H2O + Light (490 nm)

FMNH2 = Reduced Flavin Mononucleotide, FMN = Oxidized Flavin Mononucleotide, RCHO = long chain aldehyde,
RCOOH = long chain fatty acid

This test will typically detect significant organic pollution within 15 min and toxic metal pollution within 30 min.
The test has definite benefits and its inclusion in a test
battery has been proposed [9, 10].
The performance of the MARA was evaluated to ascertain its capability and potential scope. In order to determine
the application of the assay for the purpose of toxicity assessment of different environments, the testing was implemented.

Twelve different laboratories from eight countries participated in this trial. These included regulatory agencies,
national testing organisations, academia and contract laboratories. The inter-laboratory comparison for MARA,
was organised with the participants co-operation to evaluate the performance of the assay.

MATERIALS AND METHOD

Microbial assay for risk assessment (MARA)

Sample preparation

An innovative development of significant potential is
the MARA (Microbial Assay for Risk Assessment). It is a
multi-species assay which allows measurement of toxic
effects of chemicals and environmental samples. The test
uses a selection of taxonomically diverse range of microbial
species lyophilised in a microplate. Ten prokaryotic species and a eukaryote (yeast) constitute the biological indicators of toxicity assessment.

Where necessary, samples were centrifuged (at
3000 rpm for 15 min) to remove particulate matter. Each
sample was filtered by means of a 10ml syringe through a
0.22 micron filter into a clean universal bottle to remove
the natural flora. A total of 10ml sample was prepared. Phytone peptone (0.4g) was added to the sample. After dissolution of the solid medium, 0.2ml tetrazolium red (TZR, 1%
w/v solution) was added. Samples were analysed immediately after preparation.

The growth of the organisms exposed to a dilution series of the test sample is determined with the reduction of
tetrazolium red (TZR). A scanned image of the microplate
obtained using a flatbed scanner is analysed using purpose-built software.
MARA evaluation

Testing was performed using the Microbial Assay for
Risk Assessment (MARA) to assess the toxicity of an extensive range of environmental samples. Samples tested included effluents, sewage sludge and soil leachates. The
performance of the assay was evaluated with comparative
assessment involving pertinent tests routinely utilised for
toxicity determination. This included respiration and nitrification inhibition tests employed to protect Sewage
Treatment Works (STWs) from potential throughput of
toxic discharge. The evaluation was implemented to
assess the application of MARA in testing the toxicity of
a spectrum of aquatic and terrestrial environmental samples.
MARA international inter-laboratory trial

Plate preparation prior to sample testing

The test uses a selection of taxonomically diverse
range of microbial species lyophilised in a microplate. Ten
prokaryotic species and a eukaryote (yeast) constitute the
biological indicators of toxicity assessment: Microbacterium sp.; Brevundimonas diminuta; Citrobacter freundii;
Comamonas testosteroni; Enterococcus casseliflavus;
Delftia acidovorans; Kurthia gibsonii; Staphylococcus
warnerii; Pseudomonas aurantiaca; Serratia rubidaea;
Pichia anomalia.
The growth of the organisms exposed to a dilution series of the test sample is determined with the reduction of
tetrazolium red (TZR). A scanned image of the microplate
obtained using a flatbed scanner is analysed using purpose-built software.
All plates were allowed to equilibrate (for 2 hours) to
room temperature after removal from their protective packaging. In order to enable optimum growth of the organisms
150µl of medium (phytone peptone, 2% w/v) was added to
each well containing the microorganisms (Row H, columns
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1 to 11 – see Figure 1) and to the last well in row H in
column 12. The latter contained the freeze-drying base
only and was used as a contamination control since it was
treated with sample in the same way as the microorganisms in the plate. Any biomass observed in wells in column 12 was attributed to contamination since all samples
were filter sterilised. After the addition of growth medium, all plates were incubated for 4 hours at 30 ± 2 ºC in a
sealed plastic container containing moist tissue paper to
ensure that constant humidity was maintained.

being taken not to shake the plates. Growth in each plate
(after removal of the lid) was recorded by means of a
scanner (HP Scanjet 7400c) using transmitted light and a
resolution of 100. The scans of plate images were stored
and subsequently analysed using a specially designed software package to determine a microbial toxic concentration.
MARA toxicity determination

Evaluation of the data produced with the MARA is
assessed by examining the growth inhibitory effect on the
pellet formation at each sample dilution. The assessment
can be made for each individual species or by looking at
the mean software-computed value of all the constituent
species. Using the latter the toxicity of a sample can be expressed in reference to a threshold value or interval assigned
for toxicity classification. For example, an undiluted sample exhibiting an overall inhibitory effect (across 11 species) of <20% is considered to non-toxic. This is an effective means of attaining a rapid inference of the results.
In order to provide a comprehensive and optimal assessment utilising the significant feature of the MARA as
a multi-species test, a determination referred to as the Microbial Toxic Concentration (MTC) is computed. The MTC
value is determined as follows:

FIGURE 1 - MARA 96-well microplate.
Sample dilution series

After incubation the plates was removed from the incubator and 100µl of medium containing TZR (0.01% w/v)
was added to each well in Rows A to F. A volume of
150µl of sample was added to the wells in Row G. Using
a 12 channel pipette 50µl of sample was transferred from
each well in Row G to the corresponding well in Row F.
The contents of the wells in Row F were mixed by filling
and discharging the 12 channel pipette into the wells. After
mixing 50µl of the contents of the wells in Row F were
transferred to the wells in Row E. This procedure was repeated to Row B. The contents of the wells in Row B were
mixed as before and 50µl were discarded from each well
in the row. In this manner a concentration gradient (in
3 times steps) was obtained from Row G (highest concentration) to Row B (lowest concentration). The concentration gradient of the test environmental sample ranged from
100% (in Row G) to 0.4% (in Row B). No sample was
added to the wells in Row A. This constituted the negative
control. Using the above procedure a constant reaction volume of 100µl was obtained in all the wells in Rows A to G.
Inoculation and incubation

After mixing, 15µl were transferred from the wells in
Row H, to the corresponding wells in Row A; this was
repeated through Rows B to G. In this manner all the
wells in each column were inoculated with the same volume of microorganism. Each plate was then placed in a
plastic container as before and incubated at 30 ± 2 ºC for
18 hours.
Plate image analysis

After incubation any condensation on the base of the
plates was carefully removed using tissue paper, care

MTC = cmin x d (Ptot/Po) - 1
cmin
Po
d
Ptot
gradient

= lowest concentration in the gradient
= pellet size in the control
= dilution factor
= sum of all pellet sizes across the concentration

MTC values for the MARA are generated for each species and as a single value for the assay as a whole. The
specific species-related MTC values provide a MARA toxic
fingerprint uniquely characteristic of the test substance and
potentially indicative of the mode of toxic action.
The MTC is a means of computing a value comparable
to the EC50 determination. The computation uses all available points above and below the growth curve in the range
from zero to hundred percent inhibition.
MARA International Inter-Laboratory Trial
Design and Protocol

The design of the trial considered to be appropriate
[11] incorporated 3 essential integral elements:
Laboratories

Samples
x

12
+ Reference Laboratory

Replicates
x

4

3

The sample categories provided for testing in the trial
were:
Reference Toxicants:(A) Organic – 3,5 dichlorophenol [125 mg l-1]
(C) Inorganic – potassium dichromate [150 mg l-1]
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test bioindicator (Vibrio fischeri) and the toxicity assessment intrinsically entails an element of extrapolation.

All laboratories were instructed to test each sample
using 3 replicates.
RESULTS AND DISCUSSION
Industrial Effluents

A range of samples of different effluents collected from
specific discharge points were tested. Testing of these effluents is routinely implemented for toxicity evaluation to
prevent toxic throughput of discharge into Sewage Treatment Works (STWs).
Since the early 1900s various methods to determine the
respiration rate of bacteria have been used to assess the
ability of a bacterial population to remove substances from
wastewater (treatability or biodegradability) and to determine the effects of the substances on the bacteria (inhibition or toxicity).
In sewage treatment, the removal of ammonia is carried
out by biological processes including percolating filter beds
and activated sludge plants. Nitrosomonas bacteria oxidize
ammonia (NH3) to nitrite (NO2-) and Nitrobacter metabolise this to nitrate (NO3-).

Conc (%)

Thus the most appropriate ecologically relevant tests
for the purpose of protection of operational activity of
plants for the water industry are the respiration inhibitionand nitrification inhibition-tests. The performance of MARA
for potential application in the routine evaluation of effluent toxicity was investigated with comparative assessment
including these most relevant tests. Microtox® can potentially be used for this purpose but can not be deemed to be
ecologically relevant in view of the utilisation of a marine
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The failure of biological treatment processes in industrial and municipal wastewater treatment plants is one of
the major causes of toxic throughput and non-compliance
with discharge permit limits. Both operators and the regulatory agencies are placing increased emphasis on controlling toxic or inhibitory discharges.
Comparative assessment shows that overall the nitrification inhibition test is the most sensitive toxicity test.
For a number of samples toxicity effect detected was greater
with Microtox® than with MARA, but in every case at
least one MARA species was found to be more sensitive.
Commonly 3 or 4 (Figure 2) showed better sensitivity
than Vibrio fischeri; in the case of one of the effluents
(060007413) six species exhibited better sensitivity.
The MARA species correlated with the greatest frequency of toxicity detection were 4, 6, 8 and 10. However, with some effluents tested other species also showed
better sensitivity than Microtox®.
Treated sewage

The mean MTC value for the sample tested was 35%.
Inhibition values with MARA for the undiluted sample
ranged from 0 to 100% for the 11 species, and with Microtox® the sample resulted in 100% inhibition of the bioluminescence activity. An EC50 value of 55% was obtained
for the respiration inhibition test.
The results show that the MARA test for this sample
was more sensitive than the respiration inhibition test. And
the latter is routinely employed to assess the toxicity of
the sample source because of its ecological or operational
relevance.
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FIGURE 2 - Effluent toxicity evaluation for effluent (060007005) using adifferent assays.
MTC = Microbial Toxic Concentration ; MTx = Microtox®; NI = Nitrification Inhibition ; RI = Respiration Inhibition
Soil leachates

Metals

Soil samples were tested using 10:1 aqueous leachate
(BS EN 12457-2:2002) preparations.

The results of the testing performed using MARA to
evaluate the sensitivity to some of the selected metals is
summarised in Table 1. To allow comparison of the relative sensitivity, comparable relevant EC50 or LC50 values
obtained in previous studies [12] using different ecotoxicity tests are included.

The overall evaluation showed that MARA could be
utilised for testing soils and several species exhibited the
scope to detect toxicity at lower levels than Microtox®.

TABLE 1 - Sensitivity of MARA and other ecotoxicity tests to selected toxicants.

Metals (mg l-1)
Cd(II) (CdCl2.5H20)
Cr(VI) (K2Cr2O7)
Sb(III) (SbCl3)
As(III) (Na3AsO3)

Daphnia magna
24h EC50

T. platyurus
24h LC50

MICROTOX®
30 min EC50

0.7
0.35

0.2
0.018
5.27
0.3

8.0
15.0
11.2
1.3

International inter-laboratory trial

The evaluation of the MARA results and the feedback
received during the implementation of the trial from the
participating laboratories indicated that the predominant
cause of any difficulties encountered may have been attributable to the operator’s familiarity and fluency of the
assay technique – specifically concerning pipetting. The
results of the MARA performance showed that the data
were within the range considered acceptable. From a total
of 144 replicates in the trial, excluding the testing performed at the reference laboratory, 15 plates (replicates)
failed to generate MTC values. The count of MARA scans
failing to result in the determination of MTC values was
as follows:

3.

CONCLUSIONS
1.

2.

The concept and design of the Microbial Assay for
Risk Assessment (MARA) potentially offers a significant improvement on existing ecotoxicity tests. The
use of multiple species in the MARA test is ecotoxicologically of substantial importance. As toxicity is
both chemical and species specific, the use of a battery of species is critical.
A significant asset of the MARA is that toxicity assessment is ascertained with reference to the most sensitive species, and in addition the overall toxicity to a
battery of phylogenetic diverse strains. This provides
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4.4
2.8
3.3
1.4

17
11
14
30

a valuable means of attaining unique toxic fingerprints
of different chemicals and environmental samples.
The MARA test was found to be as sensitive as some
other established ecotoxicity tests with reference to
specific toxicants tested in this trial. The assessment
although based on a limited number of comparisons
both in terms of tests and toxicants, shows scope for
routine employment of the assay. The MARA is capable of detecting inorganic (metal) toxicants.

4.

One or more constituent species of MARA exhibited
better sensitivity than the Microtox® test.

5.

The results of the testing performed using the MARA
indicates that it is suitable for assessing the toxicity of
different types of environmental samples. The assay
can be potentially used for assessment of effluents,
soil samples and sewage sludges.

6.

The overall comparison of the performance of different laboratories in the international inter-laboratory
trial showed that the differences were within the limits
that would be considered acceptable for a trial evaluating the performance of an assay with the scope and
complexity associated with MARA.

Lab 12 = 5; Lab 7 = 2; Lab 6 = 2; Lab 2 = 2; Lab 9 = 1;
Lab 1 = 1; Lab 11 = 1; Lab 4 = 1.
This equates to 10.4% failure (only 8.9% with the inclusion of the reference laboratory.

MARA
Lowest MTC
Mean MTC
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ABSTRACT

INTRODUCTION

Wastes from urban activities and agroindustrial productions are an important source of lignocellulosic materials. These wastes are interesting low entropy systems. They
are available in confined space, and in some cases have
rather low water content (35-55 %) and high organic matter
content (26-50 %). Energy from these sources is recovered
by incineration in form of heat and by anaerobic digestion
in form of methane as energy vector. Biomass composting
also releases heat, but the use of such thermal energy is not
practical. Not all wastes are suitable to be treated by the
above techniques. Therefore, a considerable amount of
wastes are disposed by landfilling. Identification of possible uses of these wastes is mostly desirable in order to reduce the landfill practice according to national and European directives. In this paper a novel use of the organic
fraction of municipal solid wastes as biosurfactant or as biophotosensitizer suitable for diversified chemical applications is reported. The results have been obtained within
project Cod. C 13 for Sustainable Development funded
by Regione Piemonte with Bando CIPE 2004 and carried
out at the University of Torino. They point out that biomass wastes can be an interesting source of products for
the chemical market. On this basis, the development of a
process for the recovery of usable soluble organic matter
from biomass wastes is proposed for integration into
existing biomass waste treatment technologies as a step
toward the development of biorefineries. The economic
and environmental impact of the integrated processes is
discussed.

The organic humid fraction (OHF) of municipal solid
wastes (MSW) is currently processed via mechanical-biological treatment (MBT), anaerobic digestion (AD), incineration (ICNT) and composting (CMP). These technologies
recover energy for thermal and electrical uses or material
to use as fertilizer or soil amending agent. Very few papers
considering other uses for MSW OHF are found in literature. In 1993, Marzotto et al. [1] reported the performance
of compost as ion exchanger for sea water uranium extraction. In 2003, Montoneri et al. [2-4] reported the sulfonation of compost humin to yield polyalkylphenyl-sulphonic acid with acid groups of variable strength and proposed these compounds for the same chemical uses as for
commercial lignosulphonates isolated from the exhausted
liquor of pulp and paper production processes. In 2006,
Quagliotto et al. [5] have reported very good surfactant
properties for a biosurfactant isolated from food and green
wastes compost, and preliminary results on the use of this
compound as surfactant for assisted soil remediation and
textile dyeing [6]. In the same year, other authors [7] have
reported the use of water-soluble fractions of composts for
the photodegradation of organic pollutants in solar light.
Thereon, we have carried out process and produced development studies within project Cod. C 13 for Sustainable
Development funded by the Regione Piemonte with Bando
CIPE 2004 aiming to obtain chemicals from MSW wastes.
As part of our dissemination activity we wish now to report
results obtained on product performance as well as our
evaluation of possible scenarios encompassing integration
of current MSW treatment technologies with the extraction of bio-based chemicals from MSW.

KEYWORDS: municipal solid wastes; lignocellulosic organic fraction; biosurfactantst; chemical applications of biosurfactants.

MATERIALS AND METHODS
Municipal solid wastes (MSW) were obtained from
MBT and CMP plant located in Piemonte, Italy. Soluble
bio-surfactants from MSW were extracted according to
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known procedures [5]. Textile dyeing and fabrics washing
tests were performed according to known procedures [8,
9]. Dye photodegradation tests catalyzed by water soluble
organics isolated from compost (AMT1) were performed
by irradiating for three hours 5 mL aqueous solution of a
sulphonated azodye (ethylorange, 5 mg·L-1) in a closed Pyrex® cell with a Xenon (1500W) lamp and a cut-off filter
for wavelengths below 340 nm. The analysis of the
ethylorange residue in solution after irradiation was done
by HPLC carried out according to a previously reported
procedure [10]. Dye degradation kinetics was then studied under aerobic conditions by irradiating 500 mL of
aqueous solutions containing 5 mgL-1 of ethylorange and
375 mg·L-1 of AMT1 in a cylindrical photochemical
reactor (Helios-Italquartz, Milan), equipped with a 125 W
medium pressure Hg lamp. The system was kept under
continuous stirring in order to avoid the formation of concentration gradient and air was bubbled to maintain the
oxygen supply. Cold-water circulating in the jacket surrounding the lamp kept the temperature within the reactor
at 20°C; a Pyrex® glass jacket acting as a cut-off filter for
wavelengths below 300 nm was employed, in order to avoid
any possible contribution coming from direct dye photolysis.
RESULTS AND DISCUSSION
Performances of MSW water soluble organic fraction

Dyeing tests performed with nylon 6 and cellulose acetate fibers using water soluble and insoluble dyes yielding

blue, pink and red colored fabrics performed with addition
of sodium dodecylsulfate (SDBS) or of the biosurfactans
isolated from MSW and without surfactant addition showed
that the surfactants addition improved the fabric color intensity and uniformity and that the performance of the biosurfactant was equal or better than that of the commercial
synthetic SDBS surfactants as judged by visual inspection. Fabric washing tests performed with standard artificially soiled fabric [9] showed that the performance of washing solution containing the biosurfactant was similar to that
of the synthetic surfactant and that the best results were
obtained by the solution containing both the biosurfactant
and the synthetic surfactant in equal amounts (Fig. 1). Photodegradation tests of ethylorange in water demonstrated
that the MSW water soluble organic fraction performs also
as biophotosensitizer. Test performed with the water soluble organic fraction AMT1 showed that the dye degradation by three hours irradiation in a closed Pyrex® cell
with a Xenon (1500W) lamp (Fig. 2) increases upon increasing the AMT1/dye w/w ratio and reaches 95 % at
200 w/w ratio versus ca. 5 % in the absence of AMT1.
Tests performed under aerobic conditions at 75 w/w
AMT1/dye ratio by irradiating the solution in a cylindrical
photochemical reactor (Helios-Italquartz, Milan), equipped
with a 125 W medium pressure Hg lamp, showed a high
abatement rate of both ethylorange concentration and
colour (Fig. 3). The two curves in Fig. 3 do not overlap and
the delay observed for the colour disappearance allows to
suppose the formation of degradation intermediates products still keeping the chromophore.
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FIGURE 1 - Washing tests of artificially soiled fabric (ASF) by biosurfactant aqueous solution (BioSurf.), commercial SDBS and
Brij56 synthetic surfactants aqueous solutions and by solution containing the synthetic surfactant and the biosurfactant in equal amounts.

FIGURE 2 - Degradation of ethylorange in water at 5 mg·L-1 after
three hours irradiation in a closed Pyrex® cell with a Xenon
(1500W) lamp and a cut-off filter for wavelengths below 340 nm.

FIGURE 3 - Dye and color abatement
as a function of time by irradiating the a 5 mg·L-1 dye
solution at 75 w/w AMT1/dye ratio in a cylindrical photochemical
reactor, equipped with a 125 W medium pressure Hg lamp.

TABLE 1 - Yield and composition of soluble matter extracted from urban wastes of various sources and at different composting time.

Water
Organics
Ashes

Starting biomass Composition %
w/w
5.7 ± 0.4
58 ± 10
37 ± 10

Total soluble matter composition
(yield 30±6.8 % w/w)
7.0 ± 4.1
80 ± 10
13 ± 6.4

Soluble organics and ashes yield % w/w relative
to their initial content in the starting biomass
41
10

TABLE 2 - Potential monetary value of MSW organic matter as fuel, compost and biosurfactant.
Fuel
Compost
Biosurfactants

Caloric values
Equivalent weight oil
Monetary value based on 50$/barrel of oil and 1.3$/€ exchange
Monetary value based on 0.015/Kg of containing 62% organics
Monetary value based on current value of synthetic surfactants

4500 kcal/kg
0.450 kg/kg Oil/MSW organics
0.12 €/kg MSW organics
0.024€/kg MSW organics
1 €/kg MSW organics

TABLE 3 - Costs and Revenues for various MSW, vegetable and animal waste treatment
technologies with and without integration with soluble biosurfactant (SBST) extraction process.

Revenue from energy sale (RES)

MBT
30-60a1
57a2
46g
none

Balance (RES-cost)
Tipping fee
Revenue from SBTS sale (RSBTS)

- 30-60
100-140b1
23-36a3

Balance
(RES+RSBTS – cost)

- 0.24

Cost

€/ton of total biomass input (TBI)
ICNT
45-90c1,2

AD
70-90b1

6-8c3
6b2
5-12b3
- 68-85
60-95b1
15b1i (+214%)
22b2i (+366%)
8-14b3i (+117-160%)
- 48-77

Compost
40-80d
65g

28-80c3

15e

- 27-102
101-140b1
24-26 c3i (31-86%)

-25-65
60-90b1
238f (+1600%)

-3-76

173-213

a1
Treatment cost only for plant with 10000-150000 ton/year treatment capacity. Collection, transportation, stock and landfil disposal costs excluded [11]. a2Treatment cost after separate collection for
biomass with the following composition: 31.8 % water, 16.6 % ashes, 51.6 % total organics, distributed in 11.2 % wood and kitchen residues organics and 40.4 % plastics and paper [12]. a3Assuming
41 % conversion of wood and kitchen residues organics to SBST, the SBST yield is 46 kg per TBI ton, with a gross value revenue of 46 €/TBI ton and a chemical processing cost of 10-20 €/TBI ton.
b1Data from Acea Pimerolese, Italy. b1iIn Acea Pinerolese plant, 1 biomass ton (containing 108 kg organics and 12 kg ashes) yields 500 m3 biogas/ton of volatile solids e 160 kg digestate (containing
112 kg water, 36 kg organics, 12 kg ashes). Assuming 41 % conversion of digestate organics to SBST yields 15 SBST kg/TBI ton, and a potential revenue of 15 €/TBI ton. b2Farm processing animal
manure containing 12.5 % organics and yielding 869 ton/year of volatile solids [13]. b2iAssuming 41 % conversion of the farm digestateb2 into soluble biosurfactants yields 356 SBST ton/year with a
potential gross revenue of 356000 €/year, a chemical processing cost of 164300 €/year, and a net revenue of 191700 €/year corresponding to 22.19 €/TBI ton. b3Vegetable residues, sewage sludge and
manure. Calculations based on 35-46 % TBI organic C converted to biogas with yield of 200460 m3/ton of volatile solids, heat and electricity recovery with a combined cycle 40 % efficiency and 2.2
kwh/m³ yield, 0.09 €/kwh price to yield 40-91 €/BTI ton from electricity [14], and on 87.5 % water content of biomass input. b3iAssuming 41 % conversion of the farm digestateb3 to SBST yields
0.27-0.22 SBST ton and a gross revenue of 220-270 €/ton of volatile solids, corresponding to 28-34 €/TBI ton and a net revenue of 8-14 €/TBI ton after subtracting 20 €TBI ton process cost.
c1
Treatment net cost for plant with 50000-250000 ton/year treatment capacity of biomass with 2700-3800 kcal/kg caloric value [11] with last generation incinerators, after subtracting energy sale
revenue without green certificate grant, and comprising costs for energy recovery (15-20 %), combustion gas cleaning by active charcoal and abatement of nitrogen oxides (30-35 %), plant control and
monitoring (20 %) and maintenance, but no ash treatment and disposal costs. c2Net cost calculated from 120 €/TBI ton treatment cost minus revenue based on 35-65 €/BTI ton from coal savings [15].
c3
Plant with 600000-100000 ton/year treatment capacity of biomassa2. Net cost (after energy sales) for biomass burned with and without pretreatment for refuse derived fuel (RDF) production [12].
c3i
Assuming 41 % conversion of wood and kitchen residuesa2 organics to SBST, the SBST yield is 46 kg per TBI ton, with a gross value revenue of 46 €/TBI ton and a chemical processing cost of 10-
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20 €/TBI ton yields a net revenue of 26-36 €/TBI ton. The residual organics (470 kg/TBI ton) yields a revenue of 2673 €/TBI ton. The total plant revenue is 52-106 €/TBI ton. dPlant with 3000-40000
ton/year treatment capacity [11]. Gross cost without benefit for product sales. eItalian compost consortium. f Compost with 58 % organics content. Assuming 41 % conversion of organics to SBST
yields 238 SBST kg/compost ton with added revenue of 238 €/compost ton. gData from Arpa Piemonte, Italy.

Process data and Economic Implications.

According to Table 1 average yields of MSW soluble
matter is 30 %. This figure coupled with the composition of
the total soluble matter yield 41 % recovery of the initial
MSW organic matter as soluble organic matter. Table 2
shows that the potential monetary value of MSW organic
matter as biosurfactant is from 8 to 42 times greater than
the value as fuel or compost. For a number of MSW treatment cases reported in literature, by mechanical biological
processing, anaerobic digestion, incineration and composting, Table 3 shows that all these processes do not produce
enough revenue from energy or fertilizer sales to offset
treatment costs. However, their integration with an hypothetical process for the recovery of biosurfactants improves
significantly the overall process economy either by reducing net cost or by producing interesting net profit.
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CONCLUSIONS
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applications. This fact, coupled with the expected friendly
environmental impact of the above bio-surfactants, and
with the large use of surfactants in modern life, allows to
expect well promising economic returns on new biomass
wastes treatment processes which were specifically developed for recycling products to the chemical market. Such
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entitled Developing Biorefinery Concepts.
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ABSTRACT
A lot of research has been performed on the utilization
of waste products, in concrete, because it is widely used
and has a long service life, which means that the waste is
being removed from the waste stream for a long period. In
this research, the use of thermoplastic wastes as a part of
conventional aggregates in concrete is being studied. Because the amount of aggregates required in concrete is large,
the environmental benefits are not only related to the safe
disposal of waste, but also to the environmental impacts of
obtaining the material from virgin resources. A widely used
thermoplastic polymer, high density polyethylene (HDPE),
was studied as industrial waste. Mixes containing 0, 7, 12
and 20% HDPE by volume of aggregates were made. Flexural and compressive strength and modulus of elasticity
were determined at various ages. The results suggest that
HDPE can be used as concrete aggregates for certain structural applications.

The present study examines the possible reuse of widely
used high-density polyethylene, as a replacement of a part
of the conventional aggregates in concrete, and its use for
pavement construction.
Plastics industry already uses a part from scrap mixed
with virgin material in new production. But the volume of
scrap resulting from the startup procedures or from the “out
of specification products” is bigger than the scrap that can
be used. In some cases, for example in film production,
scrap can consist only 10%. Additionally, recycling of scrap
through melting restabilization is expensive due to the high
prices of incorporated stabilizers. On the other hand, the
suggested use of polymers as aggregates in concrete has the
advantage that sorting of different kinds of the polymers is
not necessary, and also a big volume of polymers can be
used, since aggregates consist a big part of concrete. Additionally, industrial polymer waste is a model material, and
the same use can be suggested for recycled polymers from
municipal wastes. Nevertheless, a techno-economical study
will follow.
MATERIALS AND METHODS
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INTRODUCTION
Conventional concrete aggregates consist of fine material, often called sand and not larger than 5 mm, as well as
coarse material, at least 5 mm in size. However, there is a
growing interest in using alternative aggregates as substitute of the conventional ones, mostly a potential utilization
of waste materials. The utilization of any waste material
helps to keep it out of landfills. Also, the environmental
impact of obtaining the material from virgin resources can
be reduced. Such waste materials that have been studied as
alternative aggregates for concrete are recycled concrete [1,
2], rubber from automobile tyres [3], glass and fiberglass
[4], ceramic industrial wastes [5], coal bottom ash from
thermoelectric power stations [6], and oil palm shells [7].

Concrete included in the research was prepared with
cement type CEM II 42.5, fine and coarse crushed limestone
aggregates, plastic aggregates, and tap water. The plastic
aggregates used (Fig. 1a) are industrial wastes from highdensity polyethylene (HDPE). They were used without any
treatment for practical and economic reasons. The grain size
of the polymers did not vary widely, and they were used as
a replacement of the conventional fine aggregates. A sieve
analysis was performed on the gradation of the plastic, as
well as the fine and coarse crushed limestone aggregates
also used (Fig. 1b), according to ASTM C136.
Specific gravity and water absorption of the aggregates
are shown in Table 1. Four different mixes were made: one
reference mix (0% by volume replacement of conventional
aggregates) and three mixes containing HDPE-aggregates
(7, 12 and 20% by volume replacement of conventional
aggregates). The water to cement ratio (0.6) was kept
constant. Table 2 shows details of the proportions of all
mixes.
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FIGURE 1 - (a) Industrial wastes from high-density polyethylene, (b) gradation of plastic, fine and coarse aggregates.

TABLE 3 - Physical properties of aggregates.
Specific gravity
(kg/m3)
2680
2620
910

Material
Coarse aggregates
Fine aggregates
HDPE

280 mm prisms. The flexural strength of the prisms was
measured using one-third point loading as described in
EN 12390-5. The two parts of the specimen, after the flexural test, were used for compressive strength determination
(equivalent cube test) by applying the load through a square
steel plate of the same size as the cross-section of the prism
(70×70 m). Static modulus of elasticity was determined
from 100×100×200 mm prisms, 28 days after preparation.

Water absorption
(%)
0.92
1.75
0.00

TABLE 2 - Proportions for mixes containing HDPE.

Mix
components
3

Water (kg/m )
Cement (kg/m3)
Fine aggregates
(kg/m3)
Coarse aggregates (kg/m3)
HDPE (kg/m3)

0%
(RM)
205
350

Dynamic modulus of elasticity in GPa is given by
Eq. (1):

Volume replacement of
conventional aggregates (%)
7%
12%
20%
(HDPE7)
(HDPE12)
(HDPE20)
205
205
205
350
350
350

876

754

666

526

896

896

896

896

-

43

73

122

Ed=4⋅10-15⋅n2⋅L2⋅p

Two different prism sizes were cast (70×70×280 mm
and 100×100×200 mm), respectively. After 24 h, the specimens were demoulded and put in constant conditions
(20 oC and RH>95%).

Flexural strength, MPa

Flexural strength, compressive strength and dynamic
modulus of elasticity were determined 7 and 28 days after
specimen preparation from the average of three 70× 70×

7

5
4

where n is the fundamental resonant frequency (Hz),
L is the length of the specimen (m), and p is its density
(kg/m3). The fundamental resonant frequency is measured
with the test method prescribed in ASTM C215-91. Since
it is a non-destructive method, it has the advantage that the
same specimen can be used for the determination of dynamic modulus of elasticity at various ages.
RESULTS AND DISCUSSION
Strength

The results of flexural and equivalent cube compressive strength tests are plotted in Figs. 2 and 3, against the
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R2 = 0.8423
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R2 = 0.9634
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FIGURE 2 - Relationship of flexural strength and % HDPE replacement of aggregates.

232

© by PSP Volume 18 – No 2. 2009

Fresenius Environmental Bulletin

Equiv. cube
compressive strength,
MPa

45 y = -0.5485x + 43.686

7 days
28 days
90 days

R2 = 0.9447

40

y = -0.5497x + 43.22
R2 = 0.9437

35
30

y = -0.5178x + 38.189
R2 = 0.9646

25
0

5
10
15
Replacement of aggregates, %

20

Reduction of flexural
strength, %

FIGURE 3 - Relationship of compressive strength and % HDPE replacement of aggregates.
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FIGURE 4 - Flexural strength reduction against % HDPE replacement of aggregates.
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FIGURE 5 - Equivalent cube compressive strength reduction against % HDPE replacement of aggregates.

percentage of HDPE replacement of aggregates. It can be
seen that both compressive and flexural strength decrease
as the percentage replacement of the aggregates increases.
This is attributed to the lower strength of the plastic wastes,
and also to the lower bond characteristics of these materials with cement paste.
The reduction in strength, expressed as % reduction
in relation to the mixes containing no plastic replacement
of the aggregates, is shown in Figs. 4 and 5, plotted against
the percentage of replacement. From the coefficients of the
regression lines computed to pass through the origin, it can
be seen that the rate of reduction is greater for the com-

pressive strength than for the flexural one of HDPE. This
relationship between flexural strength and compressive
strength is important as it indicates whether with the use
of the plastic wastes the tensile behaviour of the material
is improved. The coefficients of the regression lines for the
reduction of flexural and compressive strength were calculated as averages of all ages (7, 28 and 90 days).
Modulus of elasticity

The dynamic and static modulus of elasticity of concrete containing different percentages of plastic aggregates
are plotted against % replacement (Figs. 6 and 7). It can be
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seen that the modulus values decrease rather rapidly as the
plastic aggregate content increases. The reduction is attributed to the lower modulus of elasticity of the plastic
wastes. Fig. 8 shows the % reduction of the static and the
dynamic modulus of elasticity, in relation to the % replacement of aggregates. It can be inferred that the
reduction of the modulus of elasticity is greater in the
static modulus values than in the dynamic ones reflecting
that the behaviour of plastic materials is very much influenced by the frequency and the magnitude of loading.

The rate of decrease of modulus of elasticity is higher
than that of the flexural strength and, consequently, the load
or temperature stresses will be reduced. More important,
however, is the influence of the % plastic replacement of
aggregates to the ratio E/f of the modulus of elasticity to
flexural strength. This is shown in Fig. 9. It is noted that the
ratio E/f is a rough estimation of the ratio σ/f of the load or
temperature-induced stresses to flexural strength, which
defines the safety margin and the fatigue response of the
structural element. It can be seen that, for the case of HDPE
replacement, the ratio decreases significantly.
y = -0.4461x + 28.397
R2 = 0.8722
y = -0.6563x + 39.192
R2 = 0.9619
y = -0.5899x + 41.784
R2 = 0.9854
y = -0.5877x + 42.019
R2 = 0.9989
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FIGURE 6 - Dynamic modulus of elasticity against % HDPE replacement of aggregates.
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FIGURE 7 - Static modulus of elasticity against % HDPE replacement of aggregates.
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FIGURE 8 - Reduction (%) of static and dynamic modulus of elasticity at the age of 28 days, in relation to the % replacement of aggregates.
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FIGURE 9 - Relationship of static modulus of elasticity to flexural strength ratio, and % by volume replacement of conventional aggregates.

CONCLUSIONS
Plastic industrial waste can be used successfully to replace conventional aggregates in concrete. The replacement
of a part of the conventional aggregates by high-density
polyethylene results in both the reduction of strength (compressive and flexural) and the reduction of dynamic and
static modulus of elasticity. This reduction is attributed to
the lower strength and modulus of elasticity of the polymers, and to the relatively lower bond strength of the interface between the polymer and the mortar. Additionally, as
the percentage replacement increases, the decrease of the
rate of modulus of elasticity seems to be higher than that
of flexural strength, so load or temperature-induced stresses
will be reduced.
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