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MESAEP
Mediterranean Scientific Association of Environmental Protection e.V.

The 14th International Symposium on Environmental Pollution and its Impact on Life in the Mediterranean Region
was organised by MESAEP and other international and national institutions in Seville, Spain from October 10 to
14, 2007.
The objectives of this symposium were to provide a forum for interested scientists of different countries to:
- exchange recent results related to the processes of pollution in the Mediterranean region, affecting
- discuss current technological and/or legal measures to avoid or to reduce the degradation of environmental elements
- present suggestions and recommendations to the regulatory authorities on environmental quality and safety in the
Mediterranean and other neighbouring countries.
Human health is a major consideration of the EU Environmental Action Plan, and a major driver for policy in relation to environment. Environmental health effects are a significant part of the total disease burden even in developed countries. According to the World Health Organisation (WHO) circa 25-33% of the total burden of disease in
industrialized countries can be attributed to environmental factors such as outdoor and indoor air pollution, inadequate water and sanitation, lead exposure, and injuries. The magnitude of burden varies among countries, but in
almost all cases, the burden of disease was much higher in eastern and southeastern Europe due to a combination
of climatic and socio-economic conditions, lifestyle and diet, as well as environmental quality.
This symposium focussed on the interconnections between the quality of the environment and human health in the
Mediterranean region attempting to provide a comprehensive picture of the relative environmental burden and to
elucidate the mechanisms through which environmental condition affects the state of human health. Particular attention was paid to exposure and health effects of vulnerable population groups, such as children and women in
child-bearing age. Papers reporting on results of environmental and biomonitoring, epidemiological analyses and
the impact of health risk modifiers and lifestyle were particularly welcome. In addition, more conventional issues
in environmental science, technology and management were addressed contributing thus to improving our understanding of the state of the environment in the Mediterranean.
The main results of the 14th symposium papers are included in five successive issues of the international journal
“Fresenius Environmental Bulletin” (FEB) and they will contribute undoubtedly to the advancement of the environmental scientific knowledge and hence, to the improvement of the Mediterranean region environment.
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DESIGN OF ENVIRONMENTAL EDUCATION
E-MATERIAL WITH RECYCLABILITY ATTRIBUTES:
A CASE STUDY OF E-MATERIAL ON SYSTEMS THINKING
Sofia Hadjileontiadou1*, Dionysios Faxiridis2 and Gerassimos Kekkeris1
1

School of Primary Education, Democritus University of Thrace, N. Xili, 68 100, Alexandroupoli, Greece
2
Dept. of Electrical and Computer Eng., Democritus University of Thrace, 67100, Xanthi, Greece
Presented at the 14th International Symposium on Environmental Pollution and its
Impact on Life in the Mediterranean Region (MESAEP), Sevilla, Spain, 10 – 14 Oct. 2007

ABSTRACT

INTRODUCTION

This work aims at contributing to the design of environmental education digital material, namely e-material,
with attributes that allow its recycling within a new educational context. Towards this direction, a theoretical background was used upon the notions of the design and sequencing of learning objects, i.e., small instructional components. Upon this background, a prototype was developed
that aims at promoting the systems thinking approach, towards understanding the complex reality and change. Specific attributes that were integrated within the structure of
the prototype facilitate its further recycling, thus depreciating the cost and effort for its development. Moreover,
its open architecture supports a two-way communication
between instructor and learner, who may me both involved
in a co-authoring procedure towards its further extension. From the technical aspect, the materialization of the
prototype was facilitated by an MSTM Access data-base
and the use of the Visual Basic programming language.
The proposed prototype proves the potentiality of the proposed design and serves as an example for the extension
of the recycling concept to digital materials. Moreover, it
contributes to a systems thinking approach in the context
of sustainability. Future work includes its further technical refinement and dissemination in educational settings.

KEYWORDS: Environmental education material, recycling attributes to educational material, generative learning objects.

Recycling is the reprocess of an already used product
in order to produce a new one. The focus of this work is
on the same process, yet implemented upon digital ‘product’, i.e., environmental education digital material, hereafter e-material. The latter includes components like text,
photos, videos, animations and may be archived and delivered though varying means, e.g., Cd-Rom, Internet. During
the last decades, there is a huge amount of e-material that
has been designed and developed on the basis of a
specific educational aim and holds a static, usually oneway form of delivery of information. Since a lot of time,
effort and cost have been invested for the development of
this e-material, the effort is extended to its recycling towards a two-way communication, which may be critical in
cases, where environmental education is the focus of the
communication of interest.
Such an approach provides insights to the design considerations towards the development of e-material with
attributes that can support its recycling, e.g., modular structure, upon components with a desired level of granularity
of their content.
Towards this direction, in this work, the notion of the
learning object (LO) is used; being digital entities that can
be used, re-used or referenced during technology supported
learning [1]. Efforts to promote reusability include novel
approaches, such as glass-box LOs [2], aspect-oriented LOs
[3], adaptive LOs [4], LOs based on object programming
concepts [5] or Generative LOs, namely GLOs [6, 7]. Moreover, apart from the issues concerning the content of the
LOs, instructional theories may be employed in order to
provide a framework for their sequencing [1] during the
educational process of interest.
Within the aforementioned framework, elements of the
GLOs theory [6, 7] and a LO-based instructional design

1375

© by PSP Volume 17 – No 9b. 2008

Fresenius Environmental Bulletin

theory [1] were used in order to develop the proposed prototype on systems thinking, i.e., a systems view of the subject matter under consideration [10]. “Environmental education and systems thinking are ecological in the sense that
they are primarily about relationships, the one about people and environment and the other about understanding and
managing complexity” [10, p.231]. In the presented prototype, a systems thinking approach of simple environmental
systems is adopted that employs environmental accumulations, flows and feedback loops [12]. The interactive character of the prototype, along with its ability to be delivered
through the Internet, is expected to support collaborative
procedures aiming at the evolution of its content towards
the needs of the collaborators. Moreover, under the perspective of a participatory authoring procedure, it is expected to serve as a means for the enhancement of the learning experience towards a systems worldview, instead of a
mechanistic aspect of systems thinking [10].
The structure of the remainder of the work is as follows: initially, methodological issues are discussed. Then,
the proposed prototype is presented and is followed by
discussion on its merits and deficiencies. Finally, the last
section concludes the work.

ample, when the locus of control is defined at the learner’s
side, the sequence of the access to the composite learning
objects (CLOs) might be at his/her choice, whereas when
it is defined at the system’s side, then a specific instructional design theory [1] has to be employed to provide the
system with presentation sequencing capabilities.
Based on the above considerations, the proposed design framework for the development of environmental
education e-material includes decisions upon the following (see Fig. 1):
-

Preparatory phase. Definition of the educational aim
and the granularity of the GLOs to be produced, e.g., to
provide adequate content for a lesson. These decisions
define the content boundaries of the S set of GLOs to be
developed. Realization of a possibly existing e-material
within the boundary that was set, and deconstruction to
its digital components; screening of the aforementioned
components on the basis of the above aim; checking for
their possible enhancement with new components

-

Libraries. The two libraries, the knowledge base and the
templates, materialize the two levels of the GLO design,
respectively, i.e., the surface one, which is instantiated
every time as the content and the deeper one that is the
content carrier. The design of the templates also materializes decisions upon the learning theory that is employed e.g., possibilities of interaction and navigation.
Specific attributes of all the components within each library are defined upon the employed learning theory and
logged though the use of a metadata protocol [9], thus
they can be easily retrieved and recombined. Furthermore, specific attributes can refer to the commonality
and variability of the characteristics of the components
within each library [6]. The first refers to the common
characteristics of the components (same values of the
attributes) and the latter to their variation, e.g., of the
content.

METHODOLOGY
A GLO is a LO enhanced with generative capabilities
that allow the easy modification of its content and adaptation to new educational needs automatically. These attributes are based on the separation of the content and the shell
that presents it [7, 8]. In particular, such shells are interfaces, in the form of templates, which can provide instantiations of the content, thus contributing to its recycling.
Provided the GLOs of interest, their sequence within the
framework they are embedded, e.g., a lesson, is also defined
according to the learning theory that is employed. For ex-

FIGURE 1 - The design framework for the development of environmental education e-material with recyclability attributes.
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-

Published interfaces. Upon the combination of the
above attributes of the two libraries components, the S
set of GLOs instantiations is defined. They may vary,
either due to the instantiation of different content in
the same context (template), or of the same content
within different contexts. The combination procedure
along with the sequencing of the instantiations of the
CLOs is designed according to the selected learning
theory.

ter. Thus, the latter approach contributes to better deepening to the causes of the issues under consideration, the possible problems connected to them and to hypothesizing
towards their future evolution. From the aforementioned,
it is evident that the integration of the second approach
within the educational context may contribute to an interdisciplinary, holistic and more realistic approach towards
the study of environmental issues under the sustainability
perspective.

-

Software tools. The implementation of the theoretical
framework is connected to decisions about the software tools to be used.

In this vein, the use of a model that represents the behavior of a system facilitates the perception of its structure, function and evolution to time [12]. Such modeling
is based initially on the perception of the system to be
modeled and then, on an effort to enhance the representation capabilities in order to model as close as possible the
real characteristics of the system. Every system has two
basic ways of existence and behavior, the conservation and
change [12]. The stability of the system depends on selfregulation through these two mechanisms, which can be
modeled by procedures of positive and negative feedback
loops, respectively. A feedback loop is a closed flow of
transmission and return of the information within the same
system, on the basis of a chain of causal relations [12].
When a causal relation from input A to output B is positive, then a change in A causes a change of the same direction to B, which, in turn, serving as input, changes A in
the same direction and so on. Thus, a positive feedback loop
leads to a continuous change of a system, either to an increase or decreased accumulation of A, depending on the
type of the change caused by the flow B (see Fig. 2). On
the other hand, within a negative feedback loop, the input
causes change of the output towards the opposite direction.
As such, a negative loop contributes to the conservation of
a system acting as a controller of the change, i.e., leading
to its stability (see Fig. 3).

It is obvious that the adoption of the described design
procedure provides a conceptual model towards the development of e-material with recycling attributes, thus,
contributing to extending the life-cycle of the educational
components involved.
THE PROPOSED PROTOTYPE
Background information

The proposed prototype elaborates on the ideas of systems thinking, in the context of sustainability, focusing on
understanding that a system is greater than the sum of its
interrelated parts. Indeed, although understanding of these
parts is easy, the system can be perceived only when the
relationships among its parts can be realized. Within this
framework, Sterling [10] has proposed the systems thinking approach to the realization of the concept of sustainability. Under this perspective, the environmental issues,
even the ‘environment’ as a concept per se, comprises of
complicated systems with different interrelated dimensions,
e.g., biophysical, social, economic, or political [11]. The
benefits from the employment of this approach within the
educational context are positioned to a shift in the way of
thinking about environmental issues, i.e., from the analytical to a more holistic one. According to the first, issues are
deconstructed to parts and a cause-effect relation is seeked.
The second approach, however, extents the former towards
the perception of the issues as a whole, as a model with
feedback loops, indirect effects and of a dynamic charac-

Aim

On the basis of the above methodology and background information, the proposed prototype was developed,
as part of a general course that aimed at the contribution
to the realization of the concept of the carrying capacity.
More specifically, the level of granularity that was defined

FIGURE 2 – Representation of a positive feedback loop [12]. a) Structure. The plus symbol denotes the change to the
same direction, b) and c) Unstable function over time, with change leading to exponential increase or decrease, respectively.
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FIGURE 3 – Representation of a negative feedback loop [12]. a) Structure. The minus symbol denotes the change to the opposite direction, b)
and c) Possibilities of function towards stability over time, with change leading to state of equilibrium or fluctuation around it, respectively.

for the proposed prototype was that of a lesson aiming at
the elaboration of the concepts environmental accumulations, flows and feedback loops concerning simple environmental systems, towards contribution to environmental
systems thinking.

o

Development of the proposed prototype

o

For the development of the proposed prototype, the
above methodology was implemented as follows:
- Preparatory phase. Based on the decision upon the
granularity, elements of the learning object design and
sequencing (LODAS) instruction theory [1] were used
for the definition of the content boundaries of the S set
of GLOs to be developed. According to this theory, the
aim of the development of LOs, in general, should be
the provision of support for the performance of a complex cognitive skill. The skill under consideration, in
our case, referred to the ability of constructing models
of environmental systems, with combined positive and
negative feedback loops. According to elements of this
theory, the following steps were materialized in order

o

o

o

to define the boundaries and the sequence of the S
GLOs to be developed (see Fig. 4):
Establishment of axes that represent the scientific areas
to be involved. Positioning on the axes is scale free yet
indicative of the cognitive load that is needed (increasing while moving to the right hand side).
Analysis of the complex cognitive skill into basic cognitive skills, i.e., realization of the accumulation and
flow of the system to be modeled (Fig. 4(a)).
Recombination of the basic cognitive skills into more
complex ones that reflect the realization of the structure and function of feedback loops, either positive or
negative (Fig. 4(b)).
Integration of content to complex skills and classification according to the scientific area it is related to
(Fig. 4(c)), i.e., examples of single feedback loops in
the scientific areas under consideration.
Combination of the discrete complex skills to even more
complex ones in an interdisciplinary mode (Fig. 4(d)),
i.e., complex feedback loops that combine sub-loops
from various scientific areas.

FIGURE 4 - Representation of the GLOs classification procedure for
the definition of the boundaries and sequence of the CLOs to be developed.
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On the basis of the above procedure, eight GLOs of
the complex skills in discrete scientific areas were developed and one of the interdisciplinary mode.
From a rough research, no existing e-material was found
in this area, so the simple loop representation schemes
from Miller [12, p. 58-59] were used and digitized, along
with the CLOs content examples. This approach was chosen in order to reveal the recycling possibilities of the proposed approach as compared to the existing material.
- Libraries. Two levels are involved in the library content, i.e., the knowledge base and the templates (see
Fig. 1). During the design procedure, the components
to be developed accordingly were distinguished on the
basis of commonality and variability. Towards this direction, depictions of the desired instantiations were
prepared. For example, the designing concerning the
instantiation of all the GLOs on complex skills in discrete scientific areas (see Fig. 4) referring to the simple positive feedback loop (see Fig. 2), is shown in
Fig. 5. The characteristics of the components that differentiate the GLOs involved in this case are depicted
in frames. The content of the frames is projected according to the specific subject of the GLO. These components constitute the content of the knowledge base.
The rest of the depiction refers to the deeper common
shell, thus to the components of the templates library.

-

Published interfaces. The materialization of the design
structure that is depicted in Fig. 5, on the concept of
‘industrialization’, is depicted in Fig. 6. From this figure, the values of the attributes of the specific
knowledge base components are profound, e.g., Label S1: ¨Technology and machinery¨, Label S2:
¨Surplus of wealth¨ etc. All the S instantiations were
developed through the same procedure. Two extra interfaces were developed in order to facilitate a constructivistic approach of learning. The first puts the locus of control of the sequence of the GLOs at the learner’s side. Thus, s/he can navigate through the S set at
his/her will. The second interface provides the access to
the library upon authoring permission. When the latter
is provided to the learner, s/he becomes a co-author for
the evolution of the knowledge base.

-

Software tools. An MSTM Access data-base and the use
of the Visual Basic programming language supported,
from a technical point of view, the materialization of the
GLOs. Moreover, elements of the learning object metadata (LOM) protocol [9] were used for the logging of
the components and their attributes in the data-base. In
particular, LOM is a metadata standard that provides
descriptive information about LOs, specifying their syntax and semantics. On the basis of LOM, some technical metadata as title and description of the component
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FIGURE 5 – Design of the instantiation of the GLO referring to the structure and function of a simple positive feedback loop.

FIGURE 6 – Published interface of the GLO referring to the structure and
function of a simple positive feedback loop modeling the concept ¨industrialization¨.

were used. Moreover, indicative LOM metadata concerning the educational character of the LO were also used, i.e.,
interactivity type (active, expositive, mixed, undefined),
learning resource type (exercise, simulation, narrative text,
exam), interactivity level (low, medium, high), indented
user role (teacher, learner, manager), learning environment
(primary education, secondary education, higher education,
professional formation, vocational training), difficulty (easy,
medium, difficult, very difficult). Upon this metadata information, logging and retrieval of the components according to the learner’s interest were facilitated.

acter. Moreover, the ‘folding’ of the data with metadata, allows for many possible retrievals from the database of the same content, thus it further contributes to
the components’ recycling. From the foresaid it is evident that although an initial knowledge and effort investment in the two distinct levels is required, it is depreciated through the enhancement of the recyclability
attributes of the e-material.
-

DISCUSSION
From the presented approach, some key points concerning the development of the environmental education
e- material are as follows:
-

At the design level. The two-levels structure of the library allows for an alternative way of viewing the design procedure of the educational material. More specifically, initially an analysis of the subject matter is
conducted in order for the deep and surface contents to
be defined. Thus, the issue of recyclability is integrated
in the design procedure from the beginning, in order
to provide the desired function of the e-material. Through
this way, future break down of the e-material to its components and further full or partially extensions per level
(see Fig. 1) are facilitated. In this way, both the levels
of the library are of an extendable and adaptive char-
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At the content level. Provided the significant workload
for the proposed design and development of the ematerial, its content should be targeted at the domain
of complex cognitive skills [1]. It is profound that otherwise, there is a disproportional effort between the approach and the educational aim, which could be met
through more conventional educational material. On
the basis of the above restriction, the systems thinking
approach that was chosen as the content of the proposed
prototype, constitutes a useful metaphor to understand
the complex reality and change, through the enhancement of complex cognitive skills of a systems thinker,
e.g., looking for connections and patterns, realizing the
emergence and relationships, looking for multiple influences and feedbacks rather than linear cause-effects
[10]. These skills are the focus of the proposed prototype, which adopts a soft systems methodology that
supports a change of worldview, instead of the hard
one that adopts a systems efficiency and effectiveness
point of view [10]. Seen from this perspective, the proposed approach, enriched with recyclability attributes,
may support a generative procedure of applied ecological paradigms in many fields, e.g., education, architec-
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ture, health, organizational change, etc. [10]. This extendable character of the content can further support a
participatory mode for its evolution, as the learner, upon
authoring permissions, can contribute to it. Thus, a participatory procedure for the design and development of
environmental education e-material is established.
Through this role, one is expected to realize the two levels of the knowledge of the library, and deepen even to
methodological and design issues. Moreover, the role
of the GLO is extended towards reinventing and reinvesting the learners’ view of systems thinking rather
than promoting a mechanistic point of view of it, i.e.,
it materializes a whole systems thinking-based approach
[10]. Under this perspective, holism, synthesis instead
of analysis, integrative, not closed cause-effect but multiple influences through time and space, extension of
boundaries, uncertainty instead of determinism, epistemology instead of ontology, transforming than transmissive way of learning, are promoted [10].
-

-

At the technical level. Design considerations at this level
concern firstly, the choice of the software to be used for
the logging and retrieval of data from the data-base
and secondly, the structure and sequencing of the templates. Specialized software in the area includes the
XML programming language, and metadata standards,
like the LOM. In the proposed prototype, the use of
common software like the MSTM Access data-base
and the use of the Visual Basic programming language,
combined with elements of the LOM standard, facilitated the conceptualization and materialization of the
proposed approach. Moreover, it made explicit the
deficiencies, from the technical point of view, like the
automation of sequencing of the GLOs when it is located at the systems side. Extension towards the use of
more specific software tools may enhance the generative aspect of the GLOs.

which facilitates its recycling possibilities. This function
is enabled due to a two-levels structure of the e-material,
i.e., the deep level that holds the common characteristics
among the different instantiations of the e-material, and
the surface level that materializes their variability.
Within the above framework, a prototype was developed, which materializes (from a technical point of view)
the design considerations of the proposed approach. On
the other hand, as far as its content is concerned, it serves
as a stimulus for the promotion of the systems thinking
approach. Both the above characteristics lend the proposed
e-material flexibility and extendable possibilities that allow
its integration within different contexts. Moreover, the
prototype per se constitutes an example of the extension
of the recycling procedure to the area of digital materials.
From a technical and pedagogical point of view, future
work includes the refinement of the prototype’s automation
procedures on the basis of more specialized software and
the investigation of possible ways to integrate it into educational settings, respectively.

As an overall approach. The e-material that was designed and developed as described above can serve as
an example of the recycling of digital materials. Towards this direction, analogies with the recycling of
the conventional materials can be found and discussed
within relative educational context. The predominant
concept to be underlined is the integration of the recyclability attributes early from the design phase of the
e-material.

From the aforementioned it is evident that the design
and development of the e-material under consideration
constitutes a multilevel task yet, very challenging for the
new opportunities that need to be introduced to the environmental education within the sustainability perspective.
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ABSTRACT

INTRODUCTION

Reliable oil spill detections in satellite Synthetic Aperture Radar (SAR) imagery require the analysis of many
different factors. This study introduces the advantages of
using metocean data as a supplementary information source
for the oil spill probability assessment in SAR imagery.
This information exists in different data formats with different value scales. In addition, the parameters of the
metocean data analysis are not equally important for a
reliability of oil spill detection. The weight of metocean
parameters depends on the impact of natural phenomena
on SAR systems (e.g. wind and currents have pro rata
more influence on the probability than sea surface temperature and chlorophyll-a) and the area of interest (e.g.
chlorophyll-a is a more important value for the Baltic Sea
than for the Mediterranean Sea).
The concept of this study is to use open source
metocean data and to integrate the diverse parameter and
derived products on a monthly basis and weight them by
im-portance to categorise the area of oil spill detection in
good, fair and poor condition for SAR systems.
As a result, the derived probability map from the
weighted analysis of metocean parameter point out areas
where oil spill detection by SAR systems is not reliable.
This map is a powerful instrument for SAR imagery analysis. The derived oil spill probability categorisation based
on metocean data could be a useful tool for authorities for
an efficient planning of cost-intensive verification flights.

KEYWORDS: Oil spill, SAR, metocean data, weighted analysis,
probability map, GIS.

Accidental pollution at sea can be reduced but never
completely eliminated, on the other side, deliberate illegal
discharges from ships can indeed be reduced by the strict
enforcement of existing regulations and the control, monitoring and surveillance of maritime traffic. Anyhow, operational oil discharges is a common practice and represents
the main source of marine pollution from ships. Because of
this situation the demand for efficient detection and mapping of oil pollution in the sea is growing. One of the key
instruments to monitor and detect oil spills at sea are Synthetic Aperture Radar (SAR) systems.
SAR systems are able to detect spills on the sea surface
indirectly, because of the damping of the wind generated
short gravity – capillary waves. The oil film dampens these
waves which are the primary backscatter agents of the
radar signals. Unfortunately, oil slicks are not the only
phenomena which can appear as a dark feature in a SAR
image. These include a number parameters like wind speed,
currents, internal waves, upwelling sea areas, ice, algae
bloom, mixing water areas, fish oil and the wake of cooler
water which large fast boats leaves behind. These phenomena are called look-alikes.
In practice it is very difficult to distinguish reliably surface films from each others by merely analysing the radar
backscattering data [1]. The knowledge of environmental
conditions as well as contextual information about slick
position relative to surrounding objects (ships, maritime
routes, rigs, platforms and undersea pipelines) is in many
cases essential for the definition of the reliability of oil spill
detections in SAR imagery.
The largest challenge in detecting oil spills in SAR
images remains in the accurate discrimination between oil
spills and look-alikes. This paper describes a new approach
in categorising the detected oil spills from the SAR image
analysis derived from a probability map based on
metocean and contextual background information.
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MATERIALS AND METHODS

Level 3 AQUA/MODIS data is available on NASA’s Ocean
Color Web [5].

Setting the scene

The most essential part of the oil spill detection problem with SAR systems is to distinguish between oil spills
and other natural phenomena (e.g. low wind fields, wind
shadow, threshold winds, wind front, calm areas, current
shear zones, internal waves, rain cells, upwelling zones,
reflections of the bottom topography in shallow waters,
algal blooms, etc.) that dampen the short Bragg waves and
create dark patches on the sea surface. Bragg waves are the
waves that primarily cause variations in the reflectance of
the incident radar beam. Bragg waves are induced by surface winds but are also modulated by other ocean surface
features. Additionally to look-alikes, diverse kinds of pollution can cause slicks that are detectable by SAR (e.g. vegetable oil, river run-off, drilling fluid from an oil rig, etc.).
The SAR sensor is currently not capable of distinguishing
between the different pollutants [2]. For the discrimination
between oil spills and look-alikes it is crucial to integrate
additional metocean information in the analysis process to
ensure that the risk of false alarms are minimised, or if
possible, eliminated. In the present work several data sets
were analysed added: wind, sea surface temperature, chlorophyll-a concentration, geostrophic currents, waves, contextual data and the JRC oil spill database. In the following paragraphs they are presented in detail.
Dataset description
Wind information

Within this study monthly averaged gridded QuikScat
scatterometer data from 2000 to 2006 were used. The
QuikScat data are produced by Remote Sensing Systems
(RSS) and sponsored by the NASA ocean vector winds
science team. The dataset comprised both wind speed
and wind direction in 0.25° resolution. The wind speed
and direction at a height of 10 meters over the ocean surface are retrieved from measurements of the scatterometer's backscattered power. This backscattered power is related to sur-face roughness and in the case of water surfaces,
the surface roughness is highly correlated with the nearsurface wind speed and direction. The QuikScat data are
available at the Remote Sensing Systems web server [3].
Sea Surface Temperature (SST)

The monthly averaged Sea Surface Temperature
(SST) data used in this study was derived from AVHRR
(Advanced Very High Resolution Radiometer) Pathfinder V5 data covering the years 2000 to 2002 and from
AQUA/MODIS for the years 2003 to 2006. The 4 km
resolution AVHRR Pathfinder V5 product is a reanalysis
of the AVHRR data stream developed by the University
of Miami's Rosenstiel School of Marine and Atmospheric
Science (RSMAS) and the NOAA National Oceanographic
Data Center (NODC). The data is available on NASA's
Physical Oceanography Distributed Active Archive Center (PO.DAAC) web server [4]. The 4.6 km resolution

Chlorophyll-a concentration

The monthly averaged 9 km resolution chlorophyll-a
(Chl-a) concentration records used in this study was derived
from NASA's global ocean color monitoring mission called
SeaWIFS (Sea-viewing Wide Field-of-view Sensor). The
instrument on GeoEye's OrbView-2 satellite has been specifically designed to monitor ocean characteristics such as
chlorophyll-a concentration and water clarity. The data
covers the years 2000 to 2006 and are available on NASA’s
Ocean Color Web [5].
Geostrophic currents

The NOAA/AOML (Atlantic Oceanographic and Meteorological Laboratory) distributes on its web server several products for climate and weather studies [6]. Geostrophic currents on daily basis are estimated using the
Sea Height Anomaly (SHA) values from JASON-1,
TOPEX, ERS-2, ENVISAT and GFO satellites and a climatological mean dynamic height field and are available in ASCII format. Additionally AVISO distributes
satellite altimetry data from several sensors. The absolute
geostrophic velocities (Zonal/Meridian in [cm/s]) are
available on the Aviso web server in NetCDF format [7].
The netCDF (network Common Data Form) is an interface for array-oriented data access and a library defines a
machine-independent format for representing scientific
data. The netCDF software was developed at the Unidata
Program Center in Boulder, Colorado [8].
Wave information

Within this study ERA-40 ocean-wave products on a
daily basis for the years 2000 to 2002 were used. ERA-40
is a reanalysis of the global atmosphere and surface conditions for 45-years (1957-2002) by the European Centre for
Medium-Range Weather Forecasts (ECMWF). The data is
stored in GRIB (GRIdded Binary) format on a 2.5ºx2.5º
grid and are available from ECMWF’s public data server [9].
Contextual background information

Contextual information concerning main traffic routes
and oil ports were extracted from the OCEANIDES geodatabase. This data is not available for free. OCEANIDES
is an EC 5th Framework project funded under call EESDENV-2002-GMES and corresponds to the theme ‘Environmental Stress in Europe’. The OCEANIDES project
aims to identify and assemble the knowledge required to
establish a more harmonised and effective monitoring of
illicit marine oil pollution in European waters.
JRC Oil Spill database

The JRC Oil Spill database for the Mediterranean Sea
was used for the oil spill categorising test in this study. This
database is unique and based on the analysis of a large
number of SAR images for the period 1999–2004. Recent
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studies carried out by the JRC [10, 11] detected a significant number of possible spills in the Mediterranean Sea.
In total 18.947 SAR images were analysed and 9.299 possible oil spills were detected. None of these studies provided near real time information about the oil discharges.
The data type used in these studies was mainly calibrated
low-resolution imagery (100x100 m pixel size), since this
is the most targeted and cheap product for the application.
A spatial resolution (pixel) of about 200 m appeared to be
sufficient for statistical investigations of marine oil pollution [12].
Methodology

The developed methodology intent to categorise the
environmental conditions in good, fair and poor for oil
spill detection with SAR imagery.
Metocean data are coming from several sources and
are created, shared, and stored in many different formats
(e.g. HDF, NetCDF, GRIB, binary, ASCII, etc.). This circumstance makes it necessary to convert these data in a
Geographic Information System (GIS) readable format that
includes a projection, spatial reference, extents, and precision value. This fundamental step allows their superposition
and combined analysis within a GIS environment (Figure 1).
Different models for each dataset were implemented
to extract physical parameters from the metocean data like
wind speed in (cm/s), wind-wave-currents direction in (º),
SST in (Cº), Chl-a concentration in (mg/m3). This data was
stored in a geo-database for further geo-processing steps

within the GIS. For all parameters the monthly average of
all available years were calculated and as well stored in the
geo-database.
In numerous studies it has been pointed out that the
approximate wind speed limits for reliable oil spill detection in SAR imagery is 3-10 m/s [2, 13]. A wind speed between 12 m/s and 14 m/s should possibly be considered as
the upper limit for all spaceborn SAR imagery of oil spills
[14, 15]. In Tahvonen and Pyhälahti [16] the lowest wind
speed for confirmed oil spill was identified as 2.2 m/s and
the highest wind speed for confirmed oil spill as 9.2 m/s
which fits well with the former studies. Supplementary
varying local wind fields on short spatial scales mainly
modulate the short Bragg waves amplitude, whereas hydrodynamic modulation by oceanic phenomena predominantly
acts on longer (decimetre to meter) waves.
The term upwelling is describing the processes that
causes the upward movement of cold nutrient-rich sea water
from deeper layer into the warmer surface layer. Upwelling
activity commonly happens in coastal regions in response
to wind forcing parallel to the coastline that produces a net
surface water mass transport to the right of the wind direction in the Northern Hemisphere, to the left in the Southern
Hemisphere, due to the Coriolis Effect caused by Earth's
rotation [17]. Upwelling patterns may result from thermal
and biological effects which are creating areas of lower
backscatter in SAR imagery. Within upwelling zones it is
difficult to distinguish between oil spills and the surrounding.

Wind
(Binary)

JRC Oil Spill
DB

Sea Surface Temperature
AVHRR (HDF)

Sea Surface Temperature
MODIS (HDF)

MetOcean
DB
Chlorophyll-a concentration
(HDF)

GIS

Geostrophic Currents
(ASCII & netCDF)

Contextual
DB

Waves
(GRIB)

FIGURE 1 - For the combined analysis of different metocean data the various data
formats were converted and physical parameters were extracted and stored in a geo-database.
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Algae blooms happen naturally and correspond to a
rapid increase in the population of algae in a marine environment. A widely-used measure of algae and cyanobacterial biomass is the chlorophyll concentration. SAR systems
are able to detect algae blooms because biogenic slicks
dampen the sea surface roughness and dark patches therefore appear in the SAR images. Usually algae glide on the
sea surface only if the wind speed is moderate; high wind
speed causes algae to be mixed into the water [16]. The
similar characteristic of algae blooms and oil spills in SAR
imagery makes a correct classification complicated.

input data are weighted by importance and added together
to produce an output raster.

The motion of oil and drifting objects on the sea surface is the net result of a number of forces, mainly ocean
currents and atmospheric winds [18]. According to their
forcing mechanism currents are referred as wind driven or
thermohaline. The surface circulation of the oceans is
mostly wind driven. In near-shore environments, currents
have a key impact on the behaviour of oil spills (e.g. spill
drift, emulsification of water and oil, dissolution, dispersion, etc.).
Waves on the sea surface are mainly caused by wind.
In contrary to wind and currents, waves are not deflected
appreciably by the rotation of the earth. But they move in
the direction in which the generating wind blows. Oil spilled
at sea often entrained by breaking waves in stormy conditions and forms clouds of oil droplets that are dispersed
by subsurface turbulence and shear currents [19]. There is
an essential influence of waves breaking on the oil-water
mixing process.
The spatial analysis of the metocean parameter is based
on the data mentioned before in this paper and was realised
within a GIS. In a first step a model was implemented with
an aggregate function that finds the variety of the values in
the wind direction, mean wave direction and current direction data. This method was applied to identify areas
with several direction changes within the search window
to discover turbulent regions.
In a later stage a second model (Figure 2) was put into
operation which is based on the weighted overlay analysis
taking into account all data mentioned before and several
derived products. The weighted overlay is a technique for
applying a common scale of values to diverse and dissimilar input to create an integrated analysis [20]. Multiple factors typically have varying importance with different value
scales. Even within a single dataset, some values are good
for oil spill detection in SAR imagery, while others may
be fair, and still others are poor. To exemplify this, each
factor can be assigned a specific weight that reflects its importance relative to other factors under consideration. The
weight value is not only dependent on the importance of
any factor; it is also dependent on the possible range of the
factor values. The Weighted Overlay reclassifies values in
the input data onto a common evaluation scale of suitability or preference, risk, or some similarly unifying scale. The

FIGURE 2
The used weighted analysis model for all March input data.

The calculation of the probability maps involves the
several processing steps. The first step is to set the scale
values for each input data in order to determine in which
conditions oil spill detection in SAR imagery is good, fair
or poor (Table 1). For the SST data we used a derived
product which identifies possible upwelling zones. Also for
the Chl-a concentration data we used a derived product
which identifies areas with a high Chl-a concentration compared to the surroundings. From the contextual information
Oil Ports and Main Traffic Lanes we calculated a buffer
zone within the GIS. This derived product was as well used
for the weighted analysis. The definition scale values for the
various input data are defined as following: If the wind
speed is high or low, the probability to detect oil with SAR
systems is low. If the wind speed is moderate the probability is high. If the change of wind direction is slight to moderate probability to detect oil with SAR systems is higher
than if the changes of wind direction are significant. The
same definition was used for the change of wave and current direction. If the position of detections are within an upwelling area (derived product from SST) than the proba-
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bility of oil is low. If the Chl-a concentration is high the
detection of oil is uncertain and if the Chl-a concentration
is marginal the feasibility is good. If the detections are
within the oil ports or main traffic lane buffer than the probability of oil detection is high and vice versa.
TABLE 1
Scale values for the used various metocean and contextual data.
Data
Wind Speed

Wind Direction

Wave Direction

Current Direction

Sea Surface
Temperature
Chlorophyll-a
Concentration
Oil Ports
Main Traffic Lanes

Values
3.0 – 9.2 m/s
2.2 – 3.0 & 9.3 – 10 m/s
< 2.2 & > 10.0 m/s
0 – 2 changes
3 changes
> 3 changes
0 – 2 changes
3 changes
> 3 changes
0 – 2 changes
3 changes
> 3 changes
Outside upwelling
Inside upwelling
Low Chl-a concentration
High Chl-a concentration
Inside Oil Port Buffer
Outside Oil Port Buffer
Inside Traffic Lane Buffer
Outside Traffic Lane Buffer

Scale
Good
Fair
poor
good
fair
poor
good
fair
poor
good
fair
poor
good
poor
good
poor
good
fair
good
fair

change of wind direction, upwelling zones and Chl-a concentration got a moderate influence value because these
factors degrade the probability of oil spill detections in
SAR imagery. The influence on the probability in the actual model for wave and current direction is defined very
low because of the insufficient spatial and temporal resolution of the input data. Anyhow both factors are considered for the future when new data with better resolution
are available. In this case the influences of the data have to
be redefined. The oil ports and the main traffic lanes are
indirect factors because statistical analyses showed [21]
that most oil spill detection are connected with the main
traffic routes of the ships and close to the ports.
TABLE 2 - The assigned weights for the input data of March.
Data
Wind Speed
Wind Direction
Wave Direction
Currents Direction
Sea Surface Temperature
Chlorophyll-a concentration
Oil Ports
Main Traffic Lanes

After setting the scale values in a second step the
weights for the input data were defined respectively the
percentage influence was assigned, based on its importance.
The total influence of all input data must equal 100 percent.
In table 2 the defined influence of all input data are listed.
The weight of the input data depends on the impact of the
represented natural phenomena on SAR systems (e.g. wind
and currents have pro rata more influence on the probability than sea surface temperature and chlorophyll-a). In our
model the highest influence on the probability to detect oil
with SAR systems was dedicated to the wind speed conditions because of its direct effect on the backscattering. The

Influence (%)
30
12
2
2
14
10
10
20

The concluding step is the superposition of the oil
spill positions from the JRC Oil Spill database with the
probability map (Table 3) on a monthly basis.
Figure 3 shows as an example the resulting probability map for March around Italy. This map gives a good
overview on the probability of oil detections in SAR images for certain sea areas within a predefined month.
The light grey regions indicate areas with good conditions for the oil spill detection with SAR systems. These
areas are mostly located in the Adriatic Sea. The medium
gray colour indicates areas where the conditions are fair. For
these areas it is to figure on with some difficulties for the
SAR image analysis. The conditions for SAR systems are
poor for the regions which are represented in dark grey. The

TABLE 3 - Cut-out of the Oil Spill Database after carrying-over the weighted analysis results.
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FIGURE 3 - Example of the probability map for March. Oil ports, oil spill positions and ferry links are added as overlay.

probability to detect oil spills in these areas is unlikely. As
an overlay all detected oil spills candidates from the JRC
Oil Spill database for March (1999-2004) are visible and
also the ferry lanes and the oil ports are added as overlay.
RESULTS AND DISCUSSION
Various metocean and contextual data were harmonised, indexed and integrated in several models and implemented in a Geographical Information System. The use
of such system in combining geo referenced data and selected attributes of metocean and contextual data provides
the basis for the weighted analysis and assured flexibility in
revising the results as new data become available. The con-

cept has been used for the identification of areas where oil
spill detection in SAR imagery is not reliable. The linkage
between the derived probability map categorisation and the
oil spill detections is useful information for the image interpreter (Table 3). The results of this study gave promising results in the use of probability maps as supporting tool
for the oil spill detection with SAR imagery. Additionally
the predefined values for the weighted analysis could also
be used with Near Real Time (NRT) data to allow a ‘probability’ mapping of a single SAR image.
Nevertheless, it should be kept in mind that the diverse
metocean data itself includes some uncertainty which distort the results. The spatial resolution of the data is not
homogenous. This happens because of missing data for
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the coastal waters, smaller regions like the Baltic Sea and
regions with many islands like in the Greek waters. As a
result the coastal region is categorised as poor too easily
by the model. The spatial resolution of the wave data with
2.5ºx2.5º reduces the quality of the analysis. Also the temporal resolution of the metocean data is not homogenous.
Especially the wave and current data are only covering a
minor part of the used time frame of the other metocean
data and are less representative.

[4]

PO.DAAC OceanESIP Tool (POET) GUI, NASA's Physical
Oceanography Distributed Active Archive Center (PO.DAAC),
creation 06/2000 , visited 05/09/2008, http://poet.jpl.nasa.gov

[5]

Ocean Color Home Page, NASA Ocean Color Web, updated
04/09/2008, visited 08/09/2008, http://oceancolor.gsfc.nasa.gov

[6]

NOAA/AOML Satellite Products and Indexes, NOAA’s Atlantic Oceanographic and Meteorological Laboratory (AOML),
updated 06/08/2007, visited 08/09/2008,
http://www.aoml.noaa.gov/phod/satprod/index.php

Until now only two contextual information are part of
the model (Oil Ports and Main Traffic Lanes). The Main
Traffic Lanes are simply indicating the main ferry connections and are not representative for the main traffic routes.
Also they are not representative for the tracks of large fast
boats (Ferries, RoRo and Cruise liner), that leave a wake
of cooler water and may result in false positive detection.

[7]

Home: AVISO, AVISO - Observing the Ocean from Space,
updated 03/09/2008, visited 08/09/2008,
http://www.aviso.oceanobs.com/

[8]

Unidata Program Center, Unidata, updated 05/09/2008, visited 08/09/2008, http://www.unidata.ucar.edu/

[9]

ECMWF Data Server, European Centre for Medium-Range
Weather Forecasts (ECMWF), visited 08/09/2008,
http://data.ecmwf.int/data

In addition regional varieties in the importance of
metocean values are unaccounted in the actual model. The
weight of indices depends on the impact of natural phenomena on the area of interest (e.g. chlorophyll-a concentration is more important for the Baltic Sea than for the
Mediterranean Sea).
The design of a future model will split the European
Seas in sub-regions to ensure that the diversity of the
regions will be considered in the weighted analysis. New
metocean data sources will be included to solve the inhomogeneous of spatial and temporal resolution. Furthermore new data describing the environmental circumstance
of the sea will be considered, like wave high and sea ice
coverage. Also more contextual information like river
estuaries, rig positions, undersea pipelines and wreck
positions will be implemented in the model. Moreover the
Main Traffic Lanes will be updated by the use of Automatic Identification Systems (AIS) data and nautical
charts. The use of AIS data makes it also possible to identify the vessel type (e.g. Ferries).
The presented conception is kept open to maintain a
certain level of reliability of the methods and the results.
Once integrated in a GIS, the metocean and contextual data
as well as the weight of input data can be adjusted, updated and reused whenever new knowledge is available.
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ABSTRACT
In this paper multivariate statistical techniques are used
to analyze the data output of partial equilibrium energy
models developed in the framework of the NEEDS Project,
with the aim of emphasising their informational content and
reducing redundancies. In particular, Cluster Analysis and
Principal Component Analysis are applied to characterise
final energy consumption and CO2 emission by country for
two different scenarios (Business as Usual – BAU and
CO2_450ppmv), and with reference to years 2000, 2015 and
2050. The overall objective is to set up a general applicable procedure for characterizing data correlation structure
and identifying suited indicators, in order to devise advanced tools for supporting decision making processes as
well as for assessing the sustainability of energy-environmental strategies.

KEY WORDS: Energy models generator, NEEDS-TIMES country
models, Cluster Analysis, PCA.

INTRODUCTION
The energy sector is of outstanding importance for defining coherent planning strategies on supranational, national and local scale, because of its close relationships with
environment and socioeconomic development. In this framework, a valuable tool is represented by the TIMES models
generators, developed under the ETSAP-IEA Programme
[1], that allow a comprehensive representation of complex
energy systems individuating their optimal minimum cost
energy-technology configuration in compliance with different exogenous constraints. The results provide a detailed
breakdown of energy consumption, technologies, and emissions by energy uses, as well as equilibrium prices of re-

sources. However, the large amount of output data should
be assembled and interpreted in order to individuate the
priorities for the implementation of sound and socially
acceptable energy strategies.
In this context, multivariate statistical procedures could
represent a helpful tool to investigate in depth the data
correlation structure individuating the parameters with the
highest informational content [2-5]. These statistical methods, based on the analysis of [objects x descriptors] matrices are currently used in many environmental studies [6-14]
for the characterization of the correlation patterns underlying a multidimensional data set, allowing to reduce the
original data set and pointing out homogeneous subsets of
samples or descriptors.
In this work an innovative application of multivariate
techniques to the analysis of the NEEDS TIMES country
models’ results [15], obtained by multi-regions run at the
Pan-European level, is presented [16, 17]. In particular, the
analysed data matrices are made up by electric energy and
heat production, fuels import and consumption, renewable
uses and CO2 emissions for three reference time periods
(the statistical reference year 2000, the year 2015, useful
for evaluating the achievement of the Kyoto targets, and
2050 the ending year of the models’ time horizon). The
aim of the analysis is to devise a general applicable procedure for improving the interpretation of partial equilibrium models’ results, making easier both data calibration
and the individuation of robust policy strategies.

MATERIALS AND METHODS
Methods

The NEEDS-TIMES country models outputs are characterised by a large amount of information about the con-
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figuration of supply and demand sectors as well as their
related emissions of the main atmospheric pollutants by
scenario (i.e. by each set of exogenous assumptions on the
energy system evolution). These data are usually managed
by a system user’s interface (Veda Back End) that allows
a pre-elaboration of rough data in order to select the parameters to be further investigated. An automatic procedure carried out by the Institut für Energiewirtschaft und
Rationelle Energieanwendung (IER) staff of the University of Stuttgart [18] allows obtaining from the VEDA BE
data a set of summary tables concerning the most interesting set of parameters (e.g. primary and final energy consumption by energy carrier and by sector, net electricity and
heat generation by fuel and by technology, domestic production, net imports, non energy consumptions, etc). The
leading idea was thus to analyse these sets of data by applying a multivariate procedure. In fact, these techniques allow
characterising homogeneous groups of objects and could be
particularly useful to point out the countries which have a
similar behaviour regarding energy supply and /or consumption. To this issue, the data tables were further arrayed in [objects x descriptors] matrices, where the descriptors are the sets of data outputs and the objects are the
analysed countries (as explained in more detail in the
next paragraph). Cluster Analysis and Principal Component Analysis were thus applied for investigating the
underlying structure of these matrices as well as for identifying the parameters with the highest statistical significance.
In particular, PCA is a useful complementary tool for
individuating the sets of independent variables that are linear combination of the original variables. As well known, it
is based on the determination of the eigenvalues (λ1,…,λm)
and the corresponding eigenvectors (a1,…,am) of the association matrix. The eigenvectors represent the mutually
orthogonal configurations of the original variables and each
of them may be considered a new independent variable.
Each eigenvector aj is characterized by the percentage of
variance explained

Pj =

λj

∑λ

j

* 100

(1)

j

and by the loadings, or in the other words, by the coefficients of linear combinations which represent the weights
of each original descriptor in the new variables.
Before applying the multivariate statistical techniques
to the model’s results, a preliminary statistical analysis of
the data was carried out and the association matrixes were
defined. As concerns the application of multivariate techniques, the clustering procedure was based on the association matrixes obtained by calculating the Euclidean distance among objects; the complete linkage algorithm was
applied and the results were plotted by means of a dendrogram. The correlation matrix among descriptors was used

for the Principal Component Analysis and the results were
discussed by means of the loadings.
Test cases

The final energy consumption (FEC) and emissions of
CO2 by sector (EMI_CO2) were chosen among the available
output parameters because of their importance in the framework of climate mitigation strategies.
The country results data by scenario were arrayed in
10 matrices [m objects x n descriptors] where m is the number of countries considered and n is the number of descriptors in each set of parameters (selected from the
output summary tables of the models results) for each
scenario.
The 25 European countries1 considered are the following: Austria (AT), Belgium (BE), Czech Republic (CZ),
Denmark (DK), Estonia (EE), Finland (FI), France (FR),
Germany (DE), Greece (GR), Hungary (HU), Ireland (IE),
Italy (IT), Latvia (LV), Lithuania (LT), The Netherlands
(NL), Norway (NO), Poland (PL), Portugal (PT), Romania
(RO), Slovakia (SK), Slovenia (SI), Spain (ES), Sweden
(SE), Switzerland (CH) and United Kingdom (UK).
For the final energy consumption matrices there are
eight descriptors (fuels): coal, petroleum products, natural
gas, electricity, heat, renewables, waste and others (methanol, hydrogen, DME).
For CO2 emissions matrices seven descriptors (sectoral
emissions) were considered: Public Electricity and Heat
Production, Conversion, Industry, Transport, Residential,
Agriculture and Commercial.
Two contrasting scenarios have been examined: a Business As Usual reference scenario-BAU, which is macro
economically consistent with DG TREN2005 projections,
and a Post-Kyoto Scenario (CO2_450ppmv), which is aimed
to stabilize CO2 concentrations below 450 ppmv, in agreement with the European Directives. For each scenario the
results relative to three 3 time periods (2000, 2015 and
2050) were examined. It should be noticed that the matrices relative to year 2000 are coincident in both the analyzed
scenario as they report the official statistical data (obtained
by the Eurostat energy balances [19] and the UNFCCC data
for CO2 [20]).
The analyzed matrices are shown in Table 1.
To better understand the results by the multivariate statistical analysis it is useful to report briefly the main models outcomes in compliance with the different scenarios
assumptions. To this issue, Figure 1 and Figure 2 report the
overall final energy consumptions and the CO2 emissions
for the analysed countries.
As concerns the final energy consumption, for the BAU
scenario, according to the DG TREN 2005 projections there
1
Bulgaria, Iceland and Malta data were not yet available at the time of
the analysis.
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is a 15% increase in 2015 that reaches 37% on the whole
time horizon with a significant increase of waste (+284%),

renewable (+149%), coal (+120%), and electricity use

TABLE 1 - Main features of the analysed matrices.
Output Parameters
End use sector consumption by fuel
(statistical reference values)
End use sector consumption by fuel
End use sector consumption by fuel
End use sectors consumption by fuel
End use sectors consumption by fuel
CO2 emissions by sector
CO2 emissions by sector
CO2 emissions by sector
CO2 emissions by sector
CO2 emissions by sector

70000

Coal
Gas
Heat
Waste

Analysed Matrix

Matrix Dimensions
[m,n]

Scenario

Year

FEC_2000

[25,7]

All scenarios

2000

FEC_BAU_2015
FEC_BAU_2050
FEC_450ppmv_2015
FEC_450ppmv_2050
EMI_CO2_2000
EMI_CO2_BAU_2015
EMI_CO2_BAU_2050
EMI_CO2_450ppmv_2015
EMI_CO2_450ppmv_2050

[25x8]
[25x8]
[25x8]
[25x8]
[25x7]
[25x7]
[25x7]
[25x7]
[25x7]

BAU
BAU
CO2_450ppmv
CO2_450ppmv
All scenarios
BAU
BAU
CO2_450ppmv
CO2_450ppmv

2015
2050
2015
2050
2000
2015
2050
2015
2050

70000

Petroleum products
Electricity
Renewables
Others (Methanol, Hydrogen, DME)

60000

60000

50000

50000

Coal

Petroleum products

Gas
Heat

Electricity
Renewables

Waste

Others (Methanol, Hydrogen, DME)

40000

40000

PJ

PJ
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FIGURE 1 - Total final energy consumption (PJ) of the analysed countries for the BAU (a) and CO2_450ppmv (b) scenarios.
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FIGURE 2 - Total Emissions of CO2 (Mt) of the analysed countries for the BAU (a) and CO2_450ppmv (b) scenarios.
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(+64%). Other fuels (mainly methanol) are being used from
2010 in the Transport sector and their contribution in 2050
accounts for 0.3% of the total final energy consumption.
In the CO2_450ppmv scenario, the total energy consumption analogously to the BAU scenario increases 15%,
but in 2050 the overall increase is about 24% (-9% respect
to BAU scenario), with substantial differences in fuels share
(remarkable reduction of coal, petroleum products, natural
gas and waste consumption use as well as an increase of
heat and renewable use).
As concerns CO 2 emissions, in 2050 the overall increase is about 34% (Figure 2a), where the highest contribution is given by Industry (32%), followed by Transport
(20%), Households (9%) and Commercial (5%).
In the CO2_450ppmv scenario, the total CO2 emissions
increase up to 12% until 2010 then decrease steadily (-74%
in 2050 respect to year 2000), the contribution of the dif-

10000
9000

ferent sectors being the following: Transport (29%), followed by Industry (21%), Public electricity and heat production (19%) and Households (10%). This reduction percentage is achieved mainly by reducing the emissions from
electricity production, but in some countries the contribution from Industry and Transport is still significant.
The reference distribution of energy consumption by
fuel and CO2 emissions by sector among the analysed countries are shown in Figures 3 and 4.
It could be seen that the refined petroleum products
(RPP) are obviously the most utilised energy carriers. Germany is the country with the highest total consumption,
whereas Poland and France show respectively high consumption of heat and renewable. As a matter of fact, the
countries characterized by the highest fossil fuels consumption, have also the highest CO2 emissions.
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FIGURE 3 - Distribution of final energy consumption (PJ) for the analysed countries – year 2000.
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FIGURE 4 - Distribution of CO2 emissions by sector (Mt) for the analysed countries – year 2000.

RESULTS AND DISCUSSIONS
The Cluster Analysis of FEC_2000 matrix identifies
four clusters and an isolated element (DE), as reported in
Figure 5. Besides Germany, the countries characterised by
energy consumption higher than the average are grouped in
Cluster 4 [IT-FR-UK-ES] and Cluster 3 [BE-PL-NL] whereas the countries characterized by lower consumption are
grouped in Cluster 1 [EE-LV-LT-SI-SK-HU-RO-CZ] and
Cluster 2 [DK-IE-GR-PT-CH-AT-FI-NO-SE]. In particular, in Cluster 4 all consumptions are higher than the average values with the exception of heat, in Cluster 3 coal,
waste, heat and natural gas consumption are higher than the
average values, in Cluster 2 renewable consumption is comparable with the average value whereas in Cluster 1 all fuels
consumptions are lower than the average values.

FIGURE 5 - Dendrogram of the FEC_2000 matrix.

As concerns the CO2 emissions for year 2000, the dendrogram (Figure 6) highlights two isolated elements: Germany (DE) that, as said above, has also the highest total
energy consumption and Poland (PL), which is characterised
by high CO2 emissions from Agriculture. Cluster 3 regroups
[IT-FR-UK-ES] that are characterised by CO2 emissions
higher than the average value, whereas Cluster 2 [CZ-BEGR-NL] and Cluster 1 [EE-LV-LT-SI-AT-SE-CH-NO-SKIE-HU-DK-FI-RO-PT] regroup the countries with CO 2
emissions lower than the average value. In particular, Cluster 2 is characterised by a higher contribution from Agriculture.
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As concerns the analysis of final energy consumption
for year 2015, similarly to year 2000, the clusters associate the countries with comparable values individuating six
clusters for the BAU scenario (Figure 7a). Cluster 6 [IT-FRES], Cluster 5 [DE-UK] and Cluster 4 [PL-NL] are characterised by fuels consumption higher than the average,
whereas Cluster 3 [CH-GR-BE-SE], Cluster 2 [RO-CZ-DKIE-PT-AT-FI-NO] and Cluster1 [EE-LV-LT-SI-SK-HU], regroup the countries with consumption lower than the average. In particular for Cluster 5 all fuel consumptions are
higher that the average value, Cluster 6 is characterised by
a lower heat consumption, Cluster 4 is characterised by oil
products and waste consumptions lower than the average.
Cluster 2 is characterized by heat consumptions close to the
average value, whereas Cluster 3 values are greater than
Cluster 1. In the year 2015, United Kingdom is linked to
Germany due to their similar values in petroleum products
consumption (that for United Kingdom increased from
2609 PJ in the base year to 3822 PJ in 2015 and, on the
contrary, for Germany decreased from 4092 PJ to 3904 PJ)
and for diminishing their gap in electricity consumption
(from 623 PJ in base year to 422 PJ in 2015). At the same
time, Belgium, first linked to Poland and The Netherlands, is now linked to Sweden, Greece and Switzerland,
mainly due to diminishing the differences compared to
Greece (in fact petroleum products consumption of year
2015 are very similar: respectively 747 PJ for Belgium and
721 PJ for Greece, whereas the gap in year 2000 was about
205 PJ). Also gas consumption are pretty similar (increasing for Greece from 11 PJ to 93 PJ in 2015, whilst for Belgium they decrease from 425 PJ to 377 PJ ).

FIGURE 6 - Dendrogram of the EMI_CO2_2000 matrix.

The six clusters related to the FEC_450ppmv_2015 matrix are very similar to the previous ones (Figure 7b), except for the transition of PT from Cluster 2 to Cluster 3,

a) FEC_BAU_2015 matrix

b) FEC_450ppmv_2015 matrix

FIGURE 7 - Dendrograms of the FEC_BAU_2015 (a) and FEC_450ppmv_2015 (b) matrices.
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due to an higher consumption of heat (+120%, from 9 PJ
in the BAU to 20 PJ in the CO2_450ppmv scenario). This
increase is in line with the increase of the average value of
heat consumption (+111%) of Cluster 3 that could be observed in the CO2_450ppmv scenario. Cluster 6 [IT-FRES], Cluster 3 [CH-PT-GR-BE-SE] and Cluster 1 [EE-LVLT-SI-HU-SK] show an increase of heat and renewable
consumption and a decrease of remaining fuels consumption, with the exception of Cluster 5 [DE-UK], Cluster 4
[PL-NL] and Cluster 2 [CZ-RO-FI-DK-IE-AT-NO] that
are characterised also by an increase of gas and electricity
consumption.
Figures 8a and 8b show the country aggregation with
respect to the 2050 energy consumption. In Figure 8a Cluster 5 [DE-UK-IT-FR] and Cluster 4 [PL-ES-NL] are characterised by energy consumption higher than the average
values for all fuels (the highest belonging to the elements
of Cluster 5) whereas Cluster 3 [BE-SE-GR-FI], Cluster 2
[CZ-RO-HU-SK] and Cluster 1 [EE-LV-LT-SI-DK-IE-PTCH-AT-NO] have as in the previous cases energy consumption lower than the average, with the exception of Cluster 2
that is characterised by high consumption of heat. In 2050
for Germany the total consumption decreases by 8% with
respect to 2015, while for Italy, United Kingdom and France
there is an increase of total consumption respectively of
+14%, +9% and +11%. Due to the reduction of the differences in consumption these countries form a unique cluster. At the same time, there is also a remarkable increase
of fuel consumption for Spain (+52%), Poland (+52%) and

The Netherlands (+29%). The fuel mix changes cause a
different aggregation of countries. The differences in consumptions between Switzerland and Greece cause a substitution in country aggregation in Cluster 3, in which Switzerland is substituted by Finland. In fact, Greece and Switzerland petroleum products consumption in the year 2015
are respectively 586 PJ and 721 PJ, becoming 379 PJ and
759 PJ in 2050. Also gas consumption changes from 92 PJ
(GR) and 93 PJ (CH) in the year 2015 to 208 PJ (GR) and
290 PJ (CH) in 2050. As said above, the constraint on CO2
emissions induces a remarkable decrease of coal, petroleum products, natural gas and waste consumption for
all countries except for Germany, and an increase of electricity, renewables and heat use. As concerns clusters aggregations (Figure 8b) some differences could be observed:
Italy is linked to Poland and Spain (Cluster 6), and the linkage between the Baltic countries and Slovenia is more
evident. Also in this case, Cluster 5 [DE-FR-UK] and Cluster 6 [PL-ES-IT] are characterised by consumption higher
than the average values (in particular Cluster 6 regroups
the countries with lower consumption of waste). In the year
2050 the CO2_450ppmv scenario shows remarkable differences in fuel consumption with respect to the BAU scenario that induces the separation of Italy from DE-FR-UK.
In particular for Italy the “others fuels” consumption is
724 PJ, whereas for United Kingdom, Germany and France
it is about 300 PJ each. Renewable consumption is larger
than in Italy (respectively, 463 PJ for DE, 965 PJ for FR
and 618 PJ for UK).

a) FEC_BAU_2050 matrix

b) FEC_450ppmv_2050 matrix

FIGURE 8 - Dendrograms of the FEC_BAU_2050 (a) and FEC_450ppmv_2050 (b) matrices.
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a) EMI_CO2_BAU_2015 matrix

b) EMI_CO2_450ppmv_2015 matrix

FIGURE 9 - Dendrograms of the EMI_CO2_BAU_2015 (a) and EMI_CO2_450ppmv_2015 (b) matrices.

The analysis relative to the emissions by country in year
2015 (EMI_CO 2_BAU_2015 and EMI_CO 2_450ppmv_
2015 matrices) is shown in Figures 9a and 9b. Germany,
United Kingdom and Poland have the highest CO2 emissions (relatively to total sectors, conversion and agriculture). Germany behaves again as an isolated element, whereas United Kingdom and Poland are gathered in Cluster 4
together with Italy, France and Spain [PL-IT-FR-UK-ES].
Also in this case the countries included in Cluster 3 [CZBE-GR-NL] are characterised by lower CO2 emissions with
the exception of those from Agriculture. Poland is thus included in Cluster 4 because the diminishing of the differences in CO2 emissions from Electricity and Heat Production and from Industry. On the contrary, in 2015 Finland
and Romania form a new cluster because their CO2 emissions from the industrial sector become higher (passing
from an average value of 19.7 Mt in 2000 to an average
value of 39.3 Mt in 2015).
The results obtained for the EMI_CO 2_450ppmv_
2015 matrices (Figure 9b), are similar to the BAU matrices ones (Figure 9a) only for the countries whose emissions are higher than the total average value. In fact Germany is again an isolated element and the other countries
are included in Cluster 3 [IT-FR-UK-ES-PL] whereas the
countries with CO2 emissions lower than the total average
value are grouped in Cluster 1 [EE-LV-LT-SI-AT-CH-NOSK-IE-HU-DK] and Cluster 2 [CZ-BE-GR-NL-FI-RO-PTSE]. In particular the elements of Cluster 2 show a generalized reduction of CO2 emissions from Industry (as an

example, -17.7 Mt in Belgium and -13.8 Mt in The Netherlands) but also from Public Electricity and Heat Production.
On the contrary, the dendrograms obtained for EMI_
CO2_BAU_2050 and EMI_CO2_450ppmv_2050 matrices
point out a different behaviour among countries. In this
case France is an isolated element because of its lower
emissions from conversion fostered by nuclear. Germany
even if is still characterised by the highest CO2 emissions,
is included in Cluster 5 together with IT-DE-UK-ES-PL.
This is due to the diminishing of the differences in CO2
emissions caused by an increase of CO2 emissions from
the industrial sector for Italy, United Kingdom, Spain and
Poland, and a contemporary decrease of CO2 emissions
from Industry for Germany. A similar behaviour is observed
also in Transport for Italy, United Kingdom and Germany:
in particular CO2 emissions increase in Italy and United
Kingdom and decrease in Germany, in which there is a
higher consumption of biofuels. Cluster 3 includes BE and
NL, that have lower emissions in Transport and Commercial but remarkably higher emissions from Public Electricity and Heat Production and Industry. It can also be observed that Czech Republic and Greece are not linked to
Belgium and The Netherlands because their emissions from
Public Electricity and Heat Production are quite constant (the
values are pretty similar to 2015 ones). In this case, they
form Cluster 4 together with Finland and Romania. Cluster 1
[EE-LV-LT-SI-AT-CH-IE-DK-PT], Cluster 2 [NO-SE-HUSK] and Cluster 4 [CZ-GR-FI-RO] are also in this case
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characterised by CO2 emissions lower than the average. In
particular Cluster 4 is characterised by higher CO2 emissions from Industry. Countries of Cluster 2 are split from
the elements of Cluster 1 because of the increase of emissions from Industry that ranges from 9.3 Mt of Norway to
20.6 Mt of Slovakia. As shown in Figure 10b, Germany
behaves as an isolated element whereas Cluster 4 [ES-UK]

and Cluster 3 [IT-PL] are characterised by lower emissions
in Residential and Commercial as well as in Transport.
Cluster 2 [FR-NL-GR] is characterised by higher emissions
from Industry and Cluster 1 [EE-LV-LT-SI-AT-SE-CHNO SK-IE-HU-DK-PT-FI-RO-BE-CZ] has the lowest CO2
emissions from all sectors. The comparison of Figure 10a

a) EMI_CO2_BAU_2050 matrix

b) EMI_CO2_450ppmv_2050 matrix

FIGURE 10 - Dendrograms of the EMI_CO2_BAU_2050 (a) and EMI_CO2_450ppmv_2050 (b) matrices.

and 10b (the results are relative to the same time period)
highlight the main differences in country aggregation. Without exogenous constraints on CO2 emissions Italy, United
Kingdom, Spain, Germany and Poland are gathered together,
whereas in the EMI_CO2_450ppmv_2050 matrix Germany
becomes an isolated element and the remaining countries
are split into two cluster: Cluster 4 [ES-UK] and Cluster 3
[IT-PL]. On the other hand, France represents an isolated
element in the BAU scenario whereas in CO2_450ppmv
scenario is associated to The Netherlands and Greece, that
are characterized by high reduction of CO2 from electricity and heat production, residential, commercial and industrial sectors. The remaining countries form a single cluster,
characterized by lower emissions in all sectors. Belgium
and the countries belonging to Cluster 2 and Cluster 3 in
the BAU scenario, show a remarkable decrease of CO2
emissions from Electricity and Heat Production, Industry
and Transport. Moreover Belgium and Romania show also
a decrease of CO2 emissions in Residential, and Czech
Republic in Commercial. The country aggregations into the
new clusters could be explained taking into account the
sectoral distribution of CO2 emissions by country and the
main contributions to their reduction. In particular, France,
Greece and The Netherlands have comparable emissions,
whereas for Germany the highest contribution to CO2 emis-

sions reduction is given by the conversion sector (Public
Electricity and Heat Production), Industry for Italy and
Poland, Residential and Commercial for Spain and United
Kingdom.
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The application of PCA to the data matrices listed
above, allows highlighting countries behaviour with respect
to final fuel consumption and CO2 emissions by sector. The
main results are summarized in Tables 2 and 3.
As concerns the final consumptions, the analysis of the
FEC_2000 matrix points out that the first two components
explain the 84% of data variance. All variables belong to
the first component with the exception of heat, which shows
the highest loading coefficient in the second component.
Similarly, for both FEC_BAU_2015 and FEC_450ppmv_
2015 matrices it could be observed that heat has still a
higher weight compared to the other fuels, with high loading coefficients in the second principal component. In these
cases, the first two components explain respectively the

79% and 86% of data variance. A different behaviour is observed in FEC_BAU_2050, where heat and others fuels
have the highest loading respectively in the second and
third principal component, the first three components explaining the 87.5% of data variance. For the FEC_450ppmv_
2050 matrix, the first two principal components explain
the 81% of data variance, emphasising the role of waste.
As concerns more specifically the CO2 emissions matrices (Table 3), the Principal Component Analysis shows
that in all the cases the first two components explain more
than 80% of data variance.
In particular, for the EMI_CO2_2000 matrix the first
two components represent about the 91% of data variance,

TABLE 2 - Results of PCA analysis on final consumption matrices.
Legend: PC=principal component, λ =eigenvalues, P%=percentage of explained variance.

PC
λ
P%
Cum. %
Coal
Petroleum Products
Natural Gas
Electricity
Heat
Renewables
Waste

PC
λ
P%
Cum. %
Public Electricity
and Heat Production
Conversion
Industry
Transport
Residential
Commercial
Agriculture

FEC_2000
I
II
4.888
1.003
69.832
14.330
69.832
84.161
Loadings coefficients
0.868
0.242
0.922
-0.368
0.844
-0.435
0.943
-0.291
0.659
0.666
0.714
0.240
0.861
0.186

FEC_BAU_2015
I
II
5.21
1.125
65.139
14.062
65.139
79.201

III
0.682
9.745
93.906

III
0.947
11.843
91.044

FEC_450ppmv_2015
I
II
5.155
0.877
73.643
12.525
73.643
86.169

-0.364
0.032
-0.247
0.076
-0.249
0.628
0.160

0.856
0.349
0.157
0.905
0.261
0.929
-0.268
-0.068
0.925
-0.273
0.95
-0.164
0.003
0.903
-0.195
0.961
-0.184
-0.044
0.947
-0.21
0.359
0.859
0.283
0.538
0.799
0.887
-0.015
0.031
0.876
-0.1
0.912
-0.092
0.03
0.844
0.059
FEC_BAU_2050
FEC_450ppmv_2050
PC
I
II
III
I
II
4.96
1.223
0.82
5.276
1.204
λ
P%
62.003
15.288
10.245
65.947
15.047
Cum. %
62.003
77.291
87.536
65.947
80.994
Loadings coefficients
Coal
0.787
0.109
0.272
0.865
-0.184
Petroleum Products
0.954
-0.123
-0.198
0.892
-0.099
Natural Gas
0.902
0.142
-0.313
0.771
0.548
Electricity
0.957
-0.032
-0.187
0.966
-0.063
Heat
0.294
0.781
0.513
0.627
-0.475
Renewables
0.931
-0.095
0.12
0.884
-0.13
Waste
0.799
0.047
-0.007
0.624
0.753
Others (Methanol, Hydrogen, DME)
0.329
-0.744
0.544
0.800
-0.215
TABLE 3 - Results of PCA analysis on CO2 emissions matrices.
Legend: PC=principal component, λ =eigenvalues, P%=percentage of explained variance.

III
0.572
8.167
94.335
0.139
-0.218
-0.316
-0.197
-0.236
0.353
0.432
III
0.59
7.37
88.364
0.065
-0.133
0.269
-0.16
0.595
-0.249
0.058
-0.225

EMI_CO2_2000
I
II
5.702
0.682
81.452
9.744
81.452
91.196
Loadings coefficients

III
0.306
4.365
95.561

EMI_CO2_BAU_2015
I
II
5.468
0.771
78.118
11.009
78.118
89.127

III
0.46
6.573
95.7

EMI_CO2_450ppmv_2015
I
II
III
5.433
0.766
0.480
77.619
10.946
6.863
77.619
88.565
95.428

0.901

0.075

-0.364

0.867

0.061

-0.455

0.875

-0.018

-0.44

0.898
0.972
0.946
0.965
0.944
0.647

-0.052
0.015
-0.121
-0.196
-0.232
0.753

0.357
-0.118
0.156
-0.039
-0.034
0.068

0.864
0.978
0.936
0.959
0.912
0.621

-0.089
0.101
-0.065
-0.194
-0.336
0.771

0.451
-0.039
0.175
-0.048
-0.114
0.046

0.855
0.974
0.933
0.961
0.91
0.606

-0.053
0.091
-0.026
-0.189
-0.325
0.783

0.466
-0.017
0.22
-0.123
-0.072
-0.029
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EMI_CO2_BAU_2050
I
II
5.166
0.932
73.798
13.319
73.798
87.117
Loadings coefficients

III
0.51
7.286
94.403

EMI_CO2_450ppmv_2050
I
II
III
4.371
1.373
0.670
62.439
19.613
9.573
62.439
82.052
91.625

0.883

-0.026

0.14

0.924

0.124

0.126

0.929
0.929
0.902
0.876
0.763
0.705

-0.086
-0.304
-0.063
0.39
0.625
-0.533

-0.331
-0.061
-0.372
0.211
0.122
0.423

0.923
0.941
0.446
0.775
0.763
0.631

0.086
0.194
0.741
-0.570
-0.592
0.296

-0.151
-0.155
-0.350
-0.046
-0.096
0.688

agriculture being the second principal component. For the
EMI_CO2_BAU_2015 and EMI_CO2_450ppmv_2015 matrices, the first two principal components explain about
the 89% of data variance, and also in these cases Agriculture has the highest loadings coefficients in the second
component (to this issue, it should be noticed that Agriculture is modelled in a different way respect to the other
end-use sectors, as that is a “black box” reproducing energy flows in the simplest way).
For the EMI_CO2_BAU_2050 matrix, the first two
principal components explain the 87% of data variance,
and all the variables have the highest weight in the first
principal component. Finally for the EMI_CO2_450ppmv_
2050 matrix, it can be seen that the first two components
explain the 82% on data variance and that Transport and
Agriculture are characterised by a different behaviour compared to the other variables, showing the highest loadings
coefficients respectively in the second and third principal
components.

CONCLUSIONS
In this paper multivariate statistical techniques are applied to analyse the results obtained for 25 European countries integrated in a multi-region Pan-European modelling
platform (NEEDS–TIMES PEM energy model). These outputs are characterized by a large amount of data that are
usually aggregated into tables, in order to point out the most
important information and to define the optimal energy and
technology pathways under different exogenous assumptions. In this framework, Cluster Analysis and Principal
Component Analysis are applied to emphasise the similarity among countries and the parameters with the highest information content, in order to devise quantitative tools for
supporting the definition of sustainable energy-environmental strategies.
In the first application Cluster Analysis is used to analyse final energy consumption by country. The results point
out the country features and their aggregation in terms of
fuel consumptions. As a main result, the procedure allows
to group the countries into clusters with respect to their

average energy consumption and to highlight the similarity with respect to fuels choice. It is also interesting to observe the clusters’ evolution, which is influenced both by
national energy policies and by changes in exogenous constraints (e.g. the post Kyoto policies). PCA has proven to
be a useful complement to Cluster Analysis, allowing to
emphasise the variables that have the highest statistical significance in explaining data variance. The results obtained
point out that in all examined matrices the first two principal components explain at least 77% of data variance.
Overall, the PCA allows emphasising the role of the different fuels in countries aggregation (in particular, highlighting heat as an important variable and the increasing contribution of biofuels in achieving a reduction of CO2 emissions) which also in agreement with the EU directives.
In the second application Cluster Analysis is used to
analyse CO2 emissions by sector. Also in this case it is
possible to distinguish the countries with the highest emissions by sectors among the obtained clusters. Moreover,
PCA allows enhancing the different weight of end use sectors, in particular distinguishing Agriculture, which is modelled in a more aggregate way.
To conclude, this preliminary application of Cluster
Analysis and PCA to partial equilibrium energy models outputs has proven to be useful for improving the post optimal analysis, allowing the users to find out model inconsistencies as well as to identify the key variables in order
to devise sustainable and effective energy–environmental
strategies.
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ABSTRACT

INTRODUCTION

The relationships between anthropogenic activities and
the environment require a careful analysis of economic and
technological implication of energy-climate policies, to
redirect the energy systems towards a sustainable configuration. This implies the implementation of innovative decisional tools for policy assessment to support the policy
makers in the definition of effective energy-environmental
strategies, coherent at different spatial scales. In this framework partial equilibrium models as the TIMES models
generator, developed under the IEA-ETSAP Programme,
represent a powerful tool to analyse global, national and
local issues and to support the formulation of comprehensive policies. These tools are utilized in the framework of
the Integrated Project NEEDS of the VI Framework Programme to implement a unique modelling platform, the
Pan European NEEDS TIMES model, based on the integration of the energy system models of 30 EU countries, which
are linked by energy and emissions trades. This paper is
aimed to describe the NEEDS TIMES methodological approach in the Slovenia case study, providing a full picture
of the actual national energy system and discussing the
model indications for its development on a 50-year time
horizon, based on a least-cost approach in an unconstrained
(Business As Usual – BAU) scenario.

KEYWORDS: Energy systems modelling, TIMES models generator, NEEDS project.

Sustainability of energy system is nowadays a key issue for scientific research. In fact, a sustainable use of resources both in the short- and the long-term, is a priority for
promoting economic development and improving quality
of life, as well as for protecting the environment. The
benefits of achieving energy systems sustainability can be
conveyed into a reduced environmental impact of anthropogenic activities, a safer and diversified energy supply
and increased energy efficiency [1].
In this context, a significant role is played by energy
models capable to provide an optimised mix of resources
and technologies for defining sustainable development paths
of energy systems in compliance with different exogenous
constraints. In this framework, the modelling platform implemented within the “New Energy Externalities Developments for Sustainability-NEEDS” project [2] is aimed to
assess and identify the long term energy-environmental
strategies for Europe that allow achieving the main targets
fixed by the EU directives concerning climate change mitigation, air quality improvement and fostering renewables
market penetration [3, 4, 5].
The NEEDS platform is based on a multi-region integration of 30 country energy models (EU27 countries plus
Iceland, Norway and Switzerland) into a unique Pan European model allowing to perform policy analyses either at
the level of individual countries and for the enlarged EU as
a whole. Moreover, the Pan European model includes parameters and damage functions coming from LCA and
ExternE, to perform a comprehensive evaluation of the full
costs (i.e. direct + external) and benefits of future energy
environmental policies.
In this paper the basic NEEDS TIMES methodology is
briefly described to introduce the main structural features
and data of the Slovenia energy system model. Moreover
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the main results arisen by the model runs in a reference
Business As Usual scenario (BAU) are presented, providing the long term optimised development of the energy
system (time horizon 2000-2050) taking in the main national energy and environmental policies.

+ Investment costs
+ Fixed costs
+ Variable costs
+ Taxes
+ Surveillance costs
+ Decommissioning costs
- Subsidies
- Recuperation of sunk material
- Salvage value

METHODOLOGICAL FRAMEWORK
The core of the NEEDS modelling platform is The Integrated MARKAL – EFOM System (TIMES) models
generator, made available by the Energy Technology Systems Analysis Programme (ETSAP), an Implementing
Agreement of the International Energy Agency (IEA), and
widely used in energy-environmental planning to represent
complex energy models at local, national and global scale.
TIMES is a comprehensive partial equilibrium tool that
allows the user to represent in detail, using a bottom-up
approach, the supply and demand side and the main relationships and feedbacks among the different system’s components and sub-sectors, estimating their overall environmental impact.
Different energy, socio-economic and environmental
exogenous constraints can be taken into account simultaneously to determine the feasible optimal configuration of
the modeled energy systems that achieves the prefixed policy targets [6]. The energy system models, a set of data files
in a format compatible with the TIMES models’ generator
(the source code) are developed starting from a common
basic Reference Energy Systems (RES) (a flow diagram of
energy, materials and emissions flows from supply to demand through the technology network) and describe for each
country the underlying assumptions on commodities, resources and demands for energy services as well as on technologies. These models are demand-driven and technologyoriented: GDP, population, heating/ cooling requirement per
person, freight kilometer demand, etc., being the basic driving forces to determine the energy demand by sector [7].
Each set of data concerning the technological options
to meet supply and demand along with assumptions on
energy prices and resource availabilities, is processed to
generate a matrix which specifies the economic equilibrium
model of the energy system as a mathematical programming
problem. The objective function (the cost of energy system
activities) and the exogenous constraints (system’s boundaries, non-negativity of activities and other physical limitations on resources) are usually represented by linear equations and the optimal solution is the one that optimizes the
total energy system costs to meet the sectoral demand. All
the input/output data as well as the model’s runs are managed by the Versatile Data Analyst user interface (VEDA
– FE/BE) [8, 9].
Using a standard mathematical formulation the objective function (EQ_OBJ) can be represented as [10]:
EQ_OBJ =
+ Costs for sunk material

With reference to the temporal representation, TIMES
allows for a flexible division of the time horizon into a
number of time-periods specified by the user with fixed or
variable length (i.e. each time period could be made up by
a different number of years). All the costs included in the
objective function are discounted to a reference year (usually, the middle year of the first time period) using an userdefined global discount rate. In addition to that, several discount rates for specific technologies can be considered. This
feature is important when the allowance of technologies
varies significantly over the time horizon, allowing discounting properly the annualised investment costs of a technology over its economic lifetime.
COMMON BASIC MODELLING ASSUMPTIONS

In view of the Pan European model implementation and
to assure the achievement of comparable and transparent
country models, with regard to level of detail, modules structure, etc., an agreement was achieved in defining some basic
modelling assumptions that apply, among others, also to
the Slovenian energy system model.
As concern the analysed time horizon and discount
rate, a fifty-year time horizon was explored from 2000, the
statistical reference year, up to 2050 divided into ten time
periods of various lengths each and a global 4% discount
rate was applied.
Choices on the “shape” of energy system models led,
in particular, to the definition of a common basic Reference Energy System (RES), where upstreams, heat and electricity production were modelled in detail to provide a full
picture of the energy supply side. Moreover the demand
sectors (Agriculture, Residential, Commercial, Industry,
Transport) were characterised by their main end-uses categories (e.g. space heating, space cooling, water heating
electric obliged uses, etc.). For Residential, a further differentiation by building categories (single house-rural, single
house-urban, multi apartment) was provided to take into
account the different features of supply options. More details on the RES structure can be found in Kypreos et al.
[11] and Loulou et al. [12].
A technology database (the so-called “technology repository”) was also implemented to provide a fairly complete set of technologies for the modelled subsectors, including those existing at the base-year (2000) and the ones
that will be available within the analysed time horizon
(2000-2050). These technologies were characterised technically (e.g. efficiency, life, availability factor), economi-
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cally (e.g. investment, operation and maintenance costs)
and in terms of air emissions released (emissions factors
by pollutant). Based on the user-defined scenarios, the
model makes an optimal selection of technologies in order
to minimize the total system cost or maximize the net
surplus while respecting the constraints.
The basic data on energy consumption (e.g. aggregated
energy consumption by sector) were provided by the Eurostat database for the year 2000 [13], mostly integrated by
country specific data to compensate the lack of information and to get the level of detail required by end use
demands categories desegregation. As an example, in the
Residential sector, the model structure presents a detailed
characterisation of technologies for the base-year shares,
efficiencies and stocks that required several elaborations
based on national statistics (e.g. as concern space heating/
cooling/water heating by building type and electrical uses).

MACROECONOMIC BACKGROUND
AND REFERENCE DEMAND PROJECTIONS.

The macroeconomic background assumptions of the
BAU scenario for all the countries are consistent with the
DGTREN 2005 projections [14]. The construction of the
reference useful energy demand projections was derived
by the general equilibrium model GEM-E3 (EU22 countries) [15] using the following socio-economic driving
forces: population and GDP growth, private consumption
as a proxy for disposable income, sectoral production
growth with a distinction between energy intensive sectors (e.g. ferrous and non-ferrous metals, chemical sector,
etc.), other industries and services. For what concerns the
energy prices, the base year values were taken from IEA
whereas taxes statistics and the assumptions of DG-TREN
2005 projections were used to derive the evolution of national prices. Table 1 reports the general growth assumptions utilised for deriving the energy service demands in the
reference scenario [16].

TABLE 1 - Drivers from GEM-E3 for the Slovenian model.
Population growth
GDP growth
RSD Private Income growth
TRA transport sector
AGR agricolture
COM service sector
IISNF iron&steel and non ferro
ICH chemical
INMPP other energy intensive
IOI other industries

2010
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

2015
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

2020
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

THE SLOVENIA ENERGY MODEL

The case study analyzed in this paper concerns the
development of the Slovenia energy model (NEEDSTIMES_SI) in the BAU scenario, as discussed in the following.

2025
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

2035
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

2040
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

2045
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

2050
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

and 23% nuclear [18]. Figure 1 shows the fuel consumptions shares for electricity production by conventional thermal power plants according to the Eurostat values emphasizing the large use of lignite and brown coal, the main
endogenous energy sources.

The national energy system

Lignite+Brown Coal
59%

The Republic of Slovenia is a small European country,
part of EU since 1st May 2004, with an area of 20,273 km2
and a population of 1,995,033 inhabitants [17]. Slovenia
is highly dependent from energy imports as the domestic
resources are very scarce, being mainly constituted by subbituminous coal, lignite, hydroelectricity (that represents
about one third of the of Slovenia's electricity generating
capacity) [18]. In fact, refined oil products and natural gas
are quite entirely imported and more than 2/3 of the imported gas is used by Industry [19]. On the other hand, the
domestic production of electricity is sufficient to fulfill the
inland demand (12,677 GWh in 2003, [20]) and to be exported to the neighbour countries.
The installed capacity of current power plants is about
2,900 MW (2003 data), of which 48% thermal, 30% hydro

2030
-0.02%
1.72%
2.91%
-1.05%
2.34%
1.63%
0.15%
-0.21%
1.51%
1.67%

Oil
0.21%

Natural Gas
0.05%
Nuclear
33%

Hard Coal+Coke
8%

FIGURE 1 - Fuel consumption of conventional thermal power
plants (CNR-INFM elaborations on Eurostat data).

A nuclear power plant built jointly with Croatia, produces approximately 5,000 MWh of electricity per year,
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of which about a half is exported to Croatia (it will be decommissioned within 2023 and, according to the National
Energy Plan, its production will be replaced by thermal and
renewable electricity) [21]. At now wind and photovoltaic
electricity production is negligible.

production of energy, 27% from Transport, 16% from Residential, Commercial and Agriculture and the remaining
14% from Industry.

As concerns the breakdown of electricity demand by
end use sector, Industry shows the highest consumption
(51%) mainly in non-energy intensive industries, crude aluminium production, iron and steel production, followed by
Households (24%), Transport (2%) and Energy (1%), the
latter being related to fuels extraction/production and transformation activities [20].

The construction of a country specific reference “Business As Usual” scenario (BAU) requires the formulation of
basic assumptions on the evolution of energy prices, enduse demands and the main energy/ environmental policies.

Heat is produced both by municipal and CHP autoproducers (most of which biomass fuelled) and it is used
mainly in Residential (52.5%) and Industry (30.3%) [22].
Regarding the total final energy consumption, Industry and Transport have the highest share (about 32% each,
corresponding to 55 PJ, for Industry inclusive of the consumptions for electricity and heat auto-production), followed
by Residential (25%), Commercial (11%) and Agriculture
(0. 2 %). Among the industry sub-sectors “non metallic
mineral products” are the main consumers (16%), followed
by “paper and printing” (15%), and “iron and steel” (12%)
[13].
As concerns fuels breakdown by sector, Industry is
characterised by a prevailing use of electricity (19.93 PJ)
and natural gas (16.18 PJ) representing all together about
65% of Industry energy consumption, followed by light
fuel oil (13%) and heat (10%). The other fuels (coke, heavy
fuel oil, industrial waste, biomass, LPG, lignite) account
for the remaining 12%.
In the Transport sector, oil products represent obviously the majority (98% of total consumptions) with a prevailing use of gasoline and diesel oil in road transport
(96% on overall).
As concerns the Residential fuels breakdown, the overall consumption is spread as follows: 31.9% biomass (wood
and wood waste), 30.1% oil (gas/diesel oil), 19.9% electricity, 8.4% heat 5.5% natural gas, 3.8% LPG and 0.4%
coal and coke.
The breakdown by end-use categories was determined
with further elaborations, integrating the Eurostat data with
national sources of data [21, 23]. Table 2 reports the main
assumptions adopted for the households.
TABLE 2 - Main assumptions on households categories.
Indicator
Total number of Households
Households Multiapartment
Households Urban – Single house
Households Rural – Single house

Estimated values
777.772
239.635
162.000
376.137

Regarding the breakdown by end use categories the
Slovenian NEEDS model shows that, in 2000, 43% of total
CO 2 emissions was determined by the Conversion and

Reference scenario assumptions

As explained in the previous section, energy prices
and end-use demands evolutions are based on a common
macroeconomic background and calculated for each country model from the simulation of GEM – E3.
The estimated trends of end-use demands were compared with the ones of the PRIMES Energy System model
baseline scenario [24] to check their consistency (in particular, an economic growth higher than the one hypothesised
in PRIMES was considered).
As concerns the implementation of national policies
and the main requirements for the Pan-European multiregional integration (energy input/outputs with other countries, Kyoto policies, etc.), the main interested sectors are
Electricity Production, Transport and Residential. Regarding the Electricity Production, in agreement with the values
set by the National Energy Plan (2004) the existing
nuclear power plant will be decommissioned within 2010,
no new nuclear plants will be installed in Slovenia and the
use of domestic steam coal for electricity production has
to decline considerably. Moreover, in compliance with the
national targets set by the EC Directive 2001/77/EC [25],
it was assumed that 33.6% of electricity production will
come from renewable within 2010. In particular, the following strategic actions [26] were taken into account: installation of five hydro plants sites along the Sava River
with an overall capacity of 200 MWe, refurbishment of the
existing small hydro power plants that will add 150 MWe
to the current potential [27], building up of five new wind
farms (with a total generation capacity of 317.25 MW in
2010), building up of stand-alone photovoltaic systems and
other systems connected directly to the electrical network
for an additional capacity of 3 MW and of a waste incinerators with a capacity of 15 MW.
As concerns the transport sector, the Directive 2003/30/
EC [28] on the consumption of biofuels and other renewable fuels was applied. In Residential the number of solar
collectors is doubled by 2010 [20]. A specific reimbursement programme is foreseen for subsidising renewable implementation.
MAIN RESULTS
A preliminary work was addressed to “calibrate” the
model, evaluating the consistency of the model response
in terms of energy and emission balances as well as tech-
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nology utilisation, in order to validate the initial set of
data and modelling assumptions.
Once the model was calibrated, the main results produced by the NEEDS_SI TIMES model on the 50-year
time horizon for the BAU scenario were analysed, as
described in the following.
From Figure 2 it can be seen that, apart from a slight
decrease in 2010, the primary energy consumption for the
Slovenian energy system increases steadily on the whole
time horizon (about 12%). Oil is the most used fuel, its
share decreasing from 37% to 32% in 2050. Due to nuclear
phase out in 2023, it follows a remarkable increase of natural gas, coal and renewables (hydro, wind and other re-

newable fuels whose shares in 2050 are respectively 20%,
17% and 15%), mainly utilized to substitute nuclear in
electricity production.
The huge coal use is emphasised by the increased net
imports (Figure 3), which grow from 12 to 50 PJ, and by
its share in electricity production, increasing from 34% to
45% on the full time horizon (Figure 4).
Despite the decrease of electricity export due to the
phase out of the nuclear plant (-67%, data not shown) electricity production increases about 31% on overall (from
13.5 TWh in 2000 to 17.6 TWh in 2050, including CHP
contribution) with a net installed capacity ranging from 2.6
to 3.6 GW (of which about 0.2 GW from CHP).

Primary energy consumption (PJ)
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2020
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Lignite
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Other renewables

Nuclear

FIGURE 2 - Primary energy consumption.
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FIGURE 3 - Net energy imports.
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Net electricity generation (TWh)
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FIGURE 4 - Net electricity generation.

Fuel consumption by all sectors (PJ)
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FIGURE 5 - Total final energy consumption (all sectors).

As shown in Figure 4, nuclear, hydro coal and lignite
are the most utilised energy vectors in the base year (35%
nuclear, 34% coal and lignite, 28% hydro). In 2025, after
the nuclear phase out, the fuel mix is constituted 48% by
coal and lignite, 47% by renewables (35% hydro 7% wind
and 5% others renewable fuels-geothermal, wood, biogas,
in agreement with the regulations in force and the EU directives on renewables [5]), 5% by natural gas (whose share
was initially 1%). The renewable share in 2020 is 44%,
corresponding to a net installed capacity of 2.2 GW. The
maximum renewable potential, 2.3 GW, is achieved in
2050 with a 49% share.
Final energy consumption (Figure 5) increases 35%
on the full time horizon, with the highest variations for

coal and natural gas (respectively from 3 PJ to 28 PJ and
from 24 PJ to 50 PJ) whereas oil products and lignite consumptions are quite constant on the full time horizon. Natural gas consumptions increase about 42%, with the highest
values in Residential (from 3 to 16 PJ) due to a larger use
of natural gas fuelled end use devices for water and dwelling heating (combined boilers and stoves).
As concerns the sectoral distribution (data not shown)
Industry and Transport show the highest values followed
by Residential (respectively 60, 55 and 47 PJ in the base
year). In particular, Industry consumption increase up to
114 PJ (+91%), with a remarkable increase of coal consumption mostly used for heat and electricity production
in aluminium, iron and steel production, and non energy
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intensive industries (from the initial 3 PJ to 27 PJ in 2050).
Transport consumptions increase about 7% from 2030 to
2050. As a matter of fact, there is a prevailing use of oil
products (84% share in 2050). Nevertheless, in agreement
with the implementation of the European Directives on
renewables in the transport sector [22], biodiesel and ethanol are introduced from 2010, accounting for 2% of total
consumption. This percentage becomes 10% in 2050 with
an additional 0.2 % of methanol and dimethyl-ethane.
Residential consumptions decrease 3% due to more efficient technologies and improved standards for buildings.
As concerns technology choice, solar collectors are used
from 2010 to fulfill space and water heating demand.
In Commercial energy consumption increases 31%. Oil
products and electricity are the prevailing energy vectors,
(representing respectively 51% and 30% of energy consumption in the year 2000). In 2050, the oil products share

decreases up to 43% whereas the electricity consumptions
increase to 38%. There is also an increase of natural gas
consumption (from 4% to 7%).
As concerns carbon dioxide emissions (Figure 6), no
Kyoto policies were considered in the reference scenario
therefore the average increase on the full time horizon is
mainly determined by the fuel mix, increasing up to 48%.
The main contributors at the base year are Conversion (secondary fuel and electricity production, 43%), Transport
(27%), Residential, Commercial and Agriculture (16%).
A different distribution of CO2 emissions by sector can be
noticed in 2050 due to the increased use of coal, Industry
is now the prevailing sector (34%) followed by Conversion (33%), and Transport (18%) whereas no significant
variations are observed along the time horizon for Residential, Commercial, Agriculture whose total contribution is
about 15%.

25

CO2 emissions (Mt)

20

15

10

5

0

2000

2010

2020

2030

Conversion, production
Residential, commercial, agriculture

2040

2050

Industry
Transport

FIGURE 6 - CO2 emissions.

CONCLUSIONS
This paper is aimed to outline the methodological approach utilised in the VI FP NEEDS integrated project to
build up national energy systems models that are linked
into a Pan European multi-region comprehensive model.
The ultimate objective of the project is to contribute to the
assessment of EU energy and environmental policies,
evaluating their consequences at national scale and devising feasible operating strategies. In this framework the
Slovenia energy system case study shows an example of
application at national scale. The presented results can be
interpreted as a possible optimized evolution pathway of
the energy system until the year 2050, referring to a “Busi-

ness As Usual” (BAU) scenario calibrated on the Eurostat
2000 data on energy consumption and DGTREN 2005
projections, including standard and new end-use technologies and taking into account the main national policies.
According to the demand projections there is a straightforward increase of primary energy consumption, with a
remarkable growing importance of lignite and coal, natural gas and renewables.
Despite the phase out of nuclear plant, there is a growing electricity demand by almost all sectors, fulfilled mainly
by renewable plants (hydro and wind) as well as coal and
lignite fired thermal plants.
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Final energy consumptions are remarkably increasing
for Industry, Commercial and Agriculture, and moderately
increasing for Transport whereas Residential shows a
slightly declining trend due to more efficient end-use devices and improved standards in buildings.
In Transport oil products account for the majority of
consumption, but, according to the EU Directives, biofuels
consumption are introduced from 2010, showing a remarkably increasing trend.
In absence of specific exogenous constraints, the CO2
emissions increase 48% respect to the base year value, with
a maximum of 20.8 Mt in 2050, reflecting the high consumption of coal in Industry and Conversion sectors.
Future improvements of the model are envisaged for
the utilisation of the Slovenia NEEDS TIMES model in a
wider context with main concern to the characterisation of
air emissions (GHGs and local air pollutants) also in terms
of external cost values, in order to outline the possible
contribution to the achievement of Post-Kyoto climate and
air quality targets.
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ABSTRACT
Due to the increasing significance of the water shortage problem, water supply chain management is evolving
as one of the most difficult and urgent problems on a
global basis. Furthermore, sustainability issues should be
taken into account in water resources management in order
to assess and avoid any unsustainable water supplies and
allocations.
The problem of the optimal water systems planning is
imperative in cases where water may be supplied from
various different sources, the demand may exceed availability and the users have conflicting requirements. The unit
cost of water is different for each supply method, and its
value varies for each specific allocation, therefore there is a
clear optimisation scope in water resources management.
The present paper investigates the need for the development and operation of a Decision Support System (DSS)
for the optimal allocation of water resources to various users
with conflicting demands. More specifically, the proposed
system is able to evaluate different scenarios for various
issues of the water system operation. Results of the DSS
include the evaluation of different water supply and allocation scenarios, the water quantities that should be allocated to the each user and the quantities that should be
supplied from each source.
The system’s core is an optimisation model that maximises the total value of the water use, assigning a timevarying priority to each user and taking into account the
resources capacity, and the possibility (cost) of not satisfying the demand. The basic principle of the system is
that the existing resources are optimally allocated, even in
cases that not all the demands are satisfied. Technical and
environmental parameters are taken into account in the
optimisation problem. Special emphasis is given to the
implementation of the method in specific Aegean islands
with water shortage.

Furthermore, the present work analyses the various
technical and operating issues of the decision support system and investigates the circumstances under which such a
system can be a valuable tool for the solution of water management problems in areas with water scarcity.

KEYWORDS: Water Decision Support System, mathematical
modelling, water systems optimisation, Aegean islands

INTRODUCTION
Water is a constrained natural resource and in many
areas of the planet water shortage is considered to be possibly the most critical issue to be resolved. Water supply chain
management and optimisation are evolving as the most
difficult and urgent problems, since the water demand and
availability vary significantly with time.
The aim of the present work is to propose the development and operation of a Decision Support System (DSS)
that will facilitate the optimal operation of water systems.
The system is based on a generic optimisation model that
takes into consideration the whole set of problem features
and parameters. Even cases where water demand exceeds
water availability can be taken into account by assigning
priorities to the users. The underlying idea is that the optimal allocation of the available water is an issue of crucial
importance in the overall water resources management
problem and should be determined according to the needs
and the expected use of water.
During the last decades several methodologies have
been developed in the design and operation of water systems in the field of engineering. Optimization models [1,
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2] as well as decision support systems [3, 4] have been implemented either for the optimal allocation of water resources or for the optimization of specific components
of the water systems. In spite of the interest that has been
shown in the water resource optimisation problem from
various researchers and practitioners, there is always a scope
for applied research in the development of tools that match
local needs and take into account the specific characteristics of the area under consideration.

in the present work relies on the optimisation approach, as
it will be described in the next sections.

WATER RESOURCES MANAGEMENT
IN THE AEGEAN ISLANDS

Water Decision Support Systems are a very interesting
issue dealing with various aspects of water resources management problems, such as supply safety, quality and quantity management, costs and benefits. More formally, a Decision Support System is an integrated, interactive computer
system, consisting of analytical tools and information management capabilities, designed to aid decision makers in
solving relatively large, unstructured water resource management problems [5].

Cyclades and Dodecanese are island complexes belonging in the South Aegean Prefecture and located in the
Southeastern part of Greece, a region which is characterized by special architecture and interesting cultural tradition, pleasant climate, especially during summer and attracts
many tourists. However, the temporal increase of population in combination with the local activities, mainly agricultural, commercial and rarely industrial, the low precipitation rates, the geomorphology of area and over-exploitation of groundwater resources have led to extensive water
shortage problems.

Integrated water resources management requires the
consideration of a wide scope of social, economic and environmental aspects of resource use and protection. Usually, water DSS have one of the two following approaches:
They either simulate water resources behaviour in accordance with a predefined set of rules governing water allocation and infrastructure operation, or they optimize and
select allocation and infrastructure based on an objective
function and accompanying constraints. The DSS proposed

The water availability in the Aegean islands varies
with time and definitely plays a critical role in the regional
development and the living conditions of these islands.
The local water resources are relatively limited, especially
in the small islands. In many cases, where the water scarcity is extensive, the needs are partially or totally covered
through ship transport, which is a temporary solution, because it does not create any infrastructure for the long-term
solution of the problem.

FIGURE 1 - Map of the Cyclades and Dodecanesse islands.
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Cyclades in particular is an island complex including
many, arid in their majority, islands. The medium-large
size islands, such as Syros, Naxos, Andros, Myconos, with
high development of residential and tourist rates, have partially solved their water shortage problem with infrastructure projects, such as desalination plants, water dams and
ground reservoirs. However, the smaller ones are forced to
adopt short term solutions i.e. water transport by ships and
the storage of it in water reservoirs. It must be pointed out
that, during the last decade, a water volume of 1,620,000m3
has been transported to Cyclades Islands with an overall cost
12,524,000 € [6].

TABLE 1 - Desalination plants in Greece, as per 2007.
Island

Site

Syros

Ano Syros

Ermoupoli

Poseidonia
Ios

Accordingly, in Dodecanese Islands only the large-size
ones, like Rhodes and Kos have their own water resources,
while the majority of the rest acquire the demanded quantity through transport from the larger ones, even though
during the last years some desalination plants have been
constructed. The corresponding imported quantity in Dodecanese islands for the period 1997-2005 has been
4,508,000 m3 with an overall cost 18,739,000 € [6].

Mykonos

Paros
Sifnos
Tinos

In some of the Aegean islands, the water supply problem is solved either partially or completely with the operation of local desalination plants, based on the Reverse
Osmosis technology. Table 1 shows the present status as
far as desalination units in the islands are concerned. In
fact, many more desalination units are planned to be installed in the islands, to solve the acute water shortage
problem of the last years, with serious considerations for
the implementation of Renewable Energy Sources (RES)
to cover their energy needs. In general, the cost of water
from desalination plants is much smaller than the corresponding cost of transported water. In any case, in the proposed model the water cost from each different supply
source is taken into account.
The other interesting characteristic of these island complexes (Cyclades and Dodecanesse) as far as their water
resources are concerned is their geographical structure. In
fact, in each complex, the islands are very close to each
other. Therefore, when the water availability is constrained
in some small islands while at the same time there is water surplus in a large island quite close to the small ones,
the whole water resources management design should
consider the possibility of the large island to be the supply
source for the smaller ones. This will simplify complicated
and difficult situations of considering each island separately and, at the same time, make an optimal use of the
available financial resources for water infrastructure projects.
Therefore, it becomes obvious that the problem of water resources management becomes difficult and calls for
the use of a reliable and well structured DSS, since a large
number of alternatives should be considered, the problem
has area and time dependent characteristics and many parameters affect the problem solution.

Mylopotas
Punta
Korfos

Naousa
Paroikia
Kamares
Platys Gialos
Agios Fokas

Santorini
Oia

Nomicos
Conf. Center
Kimolos
Megisti
Leros
Nisiros

Megisti
Mantraki
1.5 km
from the port

Water capacity
(m³/day)
120
250
500
800
800
250 (2 units)
800 (4 units)
744
750 (3 units)
500
1000
1000
2*1200, 500
3*800
700
2000
3*1500
1200
2*1200
500
250
500
500
380
210
270
320
63

Year
1993
2000
2002
1992
1997
2001
2002
2006
2002
2005
2001
planned
1989
2000
2000
2001
planned
2002
planned
2001
2007
2001
2005
1995
1999
2001
2002
~1995

110
50
200
200
300
350
500

2001
1990
planned
2001
1991
2002
planned

THE CORE OF THE DSS,
AN OPTIMISATION MATHEMATICAL MODEL
Basic Characteristics and Structure of the Proposed Model

As mentioned above, the proposed Decision Support
System relies on an optimisation model that identifies the
optimal solution in the operation of the water system, taking into account:
•

Various supply sources, each one with an associated
possibly time varying water cost and a certain and
possibly time varying capacity.

•

Various users, each one associated with a time varying demand and an also time varying benefit created
from the use of water (expressed as a monetary value
per cubic meter of water).

The objective of the model is to determine the appropriate water quantities allocated to each user and the input
flows from each supply source, keeping in mind that the
total water availability may be less than the total demand.
Therefore, there may be time periods that not all the de-
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mands will be satisfied. The allocation of the available
water quantities will be made following the more sustainable principle that the real and most urgent needs must be
satisfied first. In parallel, possible inefficiencies of the
water system will be identified, such as serious shortages
at a certain time period, inadequate supply from some
sources, extremely high cost solutions etc. Figure 2 shows
a schematic representation of the system under consideration.

The supply sources provide water in a real or virtual
storage tank; the storage tank has a specific capacity (upper limit) and a low limit that should never be violated. In
case there is no real storage tank, the lower and the upper
capacity limits are set equal to zero and the water goes
directly from the supply source to the user.
Water Supply

For the islands, the most common water supply sources
are the following:
Desalination units

•

Ground Reservoirs

•

Dams

•

Water transport by ships

•

Other own water resources (e.g. wells)

Water demand

The most common water users are:
•

The agriculture (irrigation).

•

The urban use (including permanent and seasonal domestic and commercial use).

•

The industry and, possibly, some other secondary uses.

•

Other surrounding places that have serious water shortage and need to be supplied by the water supply sources
under consideration and can be considered as discrete
users with their own demand.

The upper limits of the quantities being delivered to the
various users are the corresponding time-varying demands.
In case the total water demand exceeds the available
quantities, not all the requirements will be satisfied. This
will definitely have some impacts to the users (e.g. cancellation or limitation of expansion plans, direct economic
losses, decreased agricultural production etc.).

FIGURE 2 - Schematic representation of the water system.

•

the ground reservoir and the dam. On the contrary, the water
transported by ships has only a rather high variable cost
term that is multiplied by the corresponding transported
quantity.

In fact the model can accommodate any type of water
supply. The information that is required is the cost, capacity and any existing operational constraints. The supply
limits are determined from the capacity of each specific
source that possibly varies with time.
The supply costs may simply be considered as linear
terms multiplying the corresponding water quantity or may
follow more complicated economic functions. For example, the desalted water cost may be calculated as the sum
of a fixed term, expressing the depreciation of the unit and
a variable cost term or be expressed with a more complicated economic function, taking also into account various
parameters of the unit’s operation [7]; the same is valid for

The allocation of the available water to users will be
indicated by the optimization, following the priorities that
will be set to the model. It should be emphasized that the
model will allow the water demands to exceed the total
availability, and, therefore, some users demands to be partially satisfied, since the water allocation will be done following certain and predetermined priorities. In fact, this is
one of the most interesting parts of the work, since the
priorities that are set follow the value or the expected benefit from the corresponding use of the water and these
‘benefits’ are the parameters that multiply the quantities
allocated to each user in the optimization criterion.
In any case, the discrepancy between the allocated
quantity and the demand should be penalised. Actually these
penalties are expressed as ‘cost terms’ in the objective function, caused by the water shortage for a certain user at a
time period. The penalties reflect in some way the losses
caused by the water shortage and must be time varying,
since the consequences of the water shortage are not all
the time the same for a user.
MATHEMATICAL MODEL DEVELOPMENT
System parameters and variables

The variables and the parameters of the system are
shown in Tables 2 and 3, respectively. The optimal planning problem will be solved in a predetermined time horizon. The length of the time horizon depends on the specific
problem under consideration, the time period of the year
and the desired use of the results [8].
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TABLE 2 - Model parameters.
Parameter
Index i
Index j
t
Bjt
Djt
QjtMIN
Sit
Pjt
Cit
Vmax
Vmin

Magnitude
Supply source, i.e. dam, ground reservoir, desalination unit, water transport
User, i.e. irrigation, urban sector, industry, other adjacent places
Time step in the horizon under consideration
Benefit for the use of the water from user j at time interval t (in €/m3)
Demand of water from user j at time interval t (m3)
Minimum water flow to user j at time interval t (m3)
Capacity of the supply source i (m3) at time interval t
Penalty for not satisfying the demand of user j at time interval t (€/m3)
Cost of water from supply source i at time interval t (€/m3)
Maximum volume of water that can be stored in the storage tank (m3)
Minimum volume of water that should be stored in the storage tank (m3)

TABLE 3 - Model variables.
Variable
Fit
Qjt
Vt

Magnitude
Flow of water from supply source i at the time interval t (m3)
Water flow allocated to user j at time interval t (m3)
Water volume stored in the reservoir at time interval t (m3)

Optimisation Criterion

The optimisation criterion that expresses the efficiency
of the water system is the maximisation of the total water
value, taking into account all the benefits from the water
use, including environmental benefit and costs:

nificant during summer, while the irrigation water will have
a larger benefit at another time interval. Therefore, the
values of the benefits for each user at each time period
should accommodate the following issues / concepts:


The potential results / impacts from the water use, either
as revenues or profits from this specific use (e.g. income increase attributed to the water availability from
the tourism sector or from the increase in agricultural
production).



A quantification of the regional development and welfare of the local community attributed to the water
availability.



An environmental benefit resulted from the water waste
and the resource depletion elimination.

Maximize Total Value of Water = Maximize (Total
Benefit – Total Cost)
Total Benefit =

∑ ∑ B jt * Q jt ,
t

j

Total Cost = Supply Cost + Penalties for the discrepancy between demand and real supply to the users.
Hence, the Total Cost term in the objective function
is expressed as:

On the other hand, the penalties for not satisfying part
or all the demand should accommodate:

Total Cost =

∑ ∑C
t

it

* Fit +

i

∑ ∑p
t

jt

* ( D jt − Q jt )

j

Therefore, the optimality criterion that maximises the
total benefits and, at the same time, attempts to minimise
as much as possible the costs and the differences between
the quantities supplied to the users with their real requirements, is expressed as follows:

•

The priorities among various competing users.

•

The losses caused by the corresponding water shortage.

It may be emphasized that the penalties caused by the
water shortage do not express the same concept with the
corresponding benefits from the water use. Due to the acute
( character of water shortage, in many cases the supply cost
Max
B jt * Q jt Ci * Fit + 1)
is not seriously considered. Although the price of water
t j
t
i
usage is respectively high, its financial price does not reflect its worth neither it’s real cost, because it is considp j * ( D jt − Q jt )
ered as a renewable natural resource and a social good. Howt
j
ever, it is believed that a rational approach of this problem
As shown in the objective function (1), the benefits will effectively contribute into the sustainability of any imfrom the allocation of a water quantity in user j vary with plemented solution concerning the water shortage problem.
time. For example, the benefits for the allocation of water The water price reaching the final consumers has to reflect
in the urban sector (e.g. tourism) may be much more sig- its real cost and its usage value. The proper and rational

∑∑

∑∑

[∑ ∑

]
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v respect all operational and environmental constraints
v maximize the expected total benefit from the use
of the water
v minimize the total operational cost of the system.

quantification of the benefits, penalties and costs could
comprise the basis of rational water pricing.
Model Constraints

The model constraints impose limits on the problem
variables and include:
The continuity equation in the water storage
tank:

Vt = Vt 1 + ∑ Fit i

∑ Q jt

The architecture of the system consists of the following components:

(2)

j

•

Data measurement and collection,

•

Data processing – the tasks involved in registration of
measurements into databases and their subsequent
processing, retrieval, and storage;

•

The optimisation model that has been previously described and is the core of the system

Upper and lower bounds of the water in the
reservoir: Vmin <= Vt <= Vmax

(3)

Capacity limitations of each supply
scheme: Fit <= S it

(4)

•

A mathematical library / optimiser for the solution of
the optimisation problem (LP, MILP, MINLP solver)

Flows allocated to each user should not exceed the
corresponding Demands. Furthermore, it may be desirable
to assign a minimum water quantity to some users.

•

An interactive graphical user interface for the interaction with the users, data input and gathering of the
conclusions from the optimisation.

•

Decision implementation – the formulation of actions
to be implemented in solving a specific problem.

Q jt min <= Q jt <= D jt

(
5)

DECISION SUPPORT SYSTEM OPERATION
The need for a “Decision Support System” for the optimal water allocation in the islands originates from the fact
that the availability almost never is able to satisfy demands,
especially during summer. In practice, in most Greek areas,
the responsibility for the allocation of water quantities to
various users lies in the Municipalities. In periods when the
users put competitive demands on the available water resources, the authorities are called to solve a complex and
urgent problem of resolving these conflicts, possibly on a
daily basis. Therefore, there is a need for a system that will
support the solution of the problem in a rational and well
justified way and will also protect the sustainability of the
resource.
The problem that the system will be called to solve is
defined as follows:
•

For a certain geographical area that the system has been
designed for

•

For a certain planning horizon

•

For given water supply (per source) and demand (per
user)
v which are the optimal quantities that should be supplied from each different source of water?
v which are the optimal quantities of water that should
be distributed to each of the users (water system response)?
In order to:
v satisfy the demand according to a certain set of
priorities

The design and the operation of the proposed DSS are
determined by the area that will be implemented in many
facets. For example, the number and type of users, the
supply sources, the priorities that should be followed are
area depended. Therefore, it is much preferable to develop
a simple system adapted to the needs of a certain area
rather than making it very generic, that it not going to be
of any use.
Definitely, the implementation of the system’s results
is a much more complicated issue and is affected by the
water policy and strategy followed in a place. However,
the assessment of various scenarios is facilitated with the
use of the DSS.
APPLICATION RESULTS
The mathematical model is applied in an island complex belonging to the Cyclades islands, in order to highlight the type of problems that can be solved and the type
of the results that could be expected from this work. The
basic problem parameters are shown in Table 4.
More specifically, the case study under consideration
is the island complex of Naxos province. Naxos is the largest of the Cyclades islands, with a population of almost
20,000 inhabitants and an area of 448 km2. Naxos is surrounded by a number of smaller islands, called Mikres Cyclades (Small Cyclades) that belong to the same province,
namely the islands Heraklia, Schinousa, Donousa, Koufonisi, Amorgos. A map of the area is shown in Figures 3
and 4 and their water demands per user are shown in Figures 5 and 6.
Naxos has significant own water resources and rarely
suffers from water shortage. However, in periods with low
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precipitation, the problem of acute water demand causes
conflicts and decisions on the water allocation should be
taken on a rational and consistent manner. The main water
supply sources are a dam with a capacity of 3 million m3
water and a water ground reservoir with a capacity of
1,500,000 m 3. There is no water transport by boats and
there is no water desalination unit on the island.

Naxos has a significant agricultural sector as well as
stock raising activities. The total water demand for irrigation and stock raising is almost 10 million m3 per year. In
addition, Naxos has significant tourism and some industrial activities. The total water demand of the domestic/
urban users of the island is almost 2 million m3, while the
distribution of the demand in the agricultural and the
urban sector are shown in Figure 5.
Water Demand, Naxos

Urban Use, Demand
Irrig. Demand

1200000

Water Quantity (m3)

1000000
800000
600000
400000
200000
0
1

2

3

4

5

6
7
Months

8

9

10

11

12

FIGURE 5 - Water demand, Naxos island.
Water Demand (Small Cyclades)

20000

Heraklia-Schin.

Koufonissi

Donousa

Amorgos

18000

Water Quantity (m3)

16000

FIGURE 3 - Cyclades islands.
TABLE 4 - Case study data.

Water Users
Water Demand
Water supply cost

12 months, time step 1 month
Urban Use- Naxos, Irrigation Use-Naxos, Small
Cyclades (Heraklia-Schinousa, Koufonisi, Donousa, Amorgos)
(Figure 5, Figure 6)
3

3

C1t= 3 €/m , C2t= 4,4 €/m , C3t= 7 €/m

12000
10000
8000
6000
4000
2000
0
1

3

2

3

4

5

6

7

8

1000000

Urban Use
Urban Use, Demand

800000

Irrigation

600000

Irrig. Demand

400000
200000
0
1

2

3

4

9
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FIGURE 6 - Water demand, Small Cyclades area.
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FIGURE 7 - Results of water allocation in Naxos compared to demand.
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The type of results that the system will give is shown
in Figure 7.
Depending on the relative values of the benefits and
penalties for each user, the DSS may choose to fully satisfy
the needs of the small surrounding islands and only partially those of the large island, at least as far as irrigation
is concerned. Actually, this seems more rational, since the
needs of the small islands are rather small and the water
availability is very critical for their development.
However, in other circumstances, there may be a partial and uniform satisfaction of water needs for all the users. In the results of the case study, all the demands of the
Small Cyclades have been satisfied, as well as all the demands in the urban users of Naxos (Figure 7) and the irrigation demand has been partially satisfied, mainly because
of the relative values of the benefits and penalties that have
been set in this particular problem.
CONCLUSIONS AND SIGNIFICANCE
In the present paper a “Decision Support System” is
proposed for the optimal allocation of water quantities in
Aegean islands with limited water resources. The core of
the DSS is an optimisation model that takes into account
complex water systems with multiple supply sources and
multiple users and the possibility of total demand exceeding water availability. The water allocation is based on the
new idea of assigning benefits to the water use, expressing the value that the water has to each user in a certain
area and time period.
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This approach of water systems planning provides the
capability of an integrated study and investigation of the
role of all the system parameters and gives a better insight
to the problem of the optimal allocation of water resources,
considering the value and priorities of the water usage.
Critical success factors for the implementation of the
proposed DSS for water resources management are its simplicity, easiness to be used, its clear and unambiguous results and its ability to evaluate area and time specific alternative scenario. Furthermore, the most important aspect
may be the reliability of the data provided and, in conflict
resolution cases, their ability to embed criteria and priority
rules. The usefulness of these systems is obvious, since
they will recommend sustainable use of the water, or, at
least, they will facilitate the decision making process by
providing quantitative performance measures for the significance of each alternative solution.

REFERENCES
[1]

Voivontas, D., Arampatzis, G., Manoli, E., Karavitis C. and
Assimakopoulos, D. (2003). Water supply modeling towards
sustainable environmental management in small islands: the
case of Paros, Greece. Desalination, 156, 127-135.

1420

Received: March 13, 2008
Accepted: June 12, 2008

CORRESPONDING AUTHOR
Emilia Kondili
Optimisation of Production Systems Lab
Mechanical Eng. Dept.
TEI Piraeus
250, P. Ralli & Thivon Av.
122 44 Athens
GREECE
E-mail: ekondili@teipir.gr

© by PSP Volume 17 – No 9b. 2008

Fresenius Environmental Bulletin

FEB/ Vol 17/ No 9b/ 2008 – pages 1412 - 1419

1421

© by PSP Volume 17 – No 9b. 2008

Fresenius Environmental Bulletin

MUTAGENETIC EFFECTS IN MICE EXPOSED TO
RADON-222 EMISSIONS IN LATIUM REGION (ITALY)
Luisa Anna Ieradi1, Mauro Cristaldi2*, Arianna Ermenegildi2, Laura La Barbera2,
Licia Radicchi2, Federica Renzopaoli2, Massimo Esposito3, Fabrizio Aumento4 and Salvatore Lombardi5

2

1
Institute of Ecosystem Study, CNR, Sapienza University of Rome via A. Borelli 50, 00161 Rome, Italy
Department of Animal and Human Biology, Sapienza University of Rome, via A. Borelli 50, 00161 Rome, Italy
3
U-Series s.r.l., via G. Fanin 48, 40127 Bologna, Italy
4
Department of Environmental Sciences, Università della Tuscia, Largo dell’Università, 001100 Viterbo, Italy
5
Department of Earth Sciences, Sapienza University of Rome, Piazza A. Moro 5, 00185 Rome, Italy

Presented at the 14th International Symposium on Environmental Pollution and
its Impact on Life in the Mediterranean Region (MESAEP), Sevilla, Spain, 10 – 14 Oct. 2007

ABSTRACT

INTRODUCTION

The aim of this work was to investigate the mutagenetic
effects of the exposure to Radon-222 and its progeny in
laboratory mice. In order to realize this objective, a study
was carried out in two small towns, where Radon pollution
is notoriously present. Six-week-old CD1 female mice,
placed in cages, were located in the underground of three
buildings in Ciampino (Rome) and in a cellar in Vetralla
(Viterbo). They were exposed to natural emissions of Radon for 30 days. Radon-222 activity was measured both on
a continuous basis using AWARE Corporation (U.S.A.)
electronic detectors, and every 10 days using CR-39 closed
detectors (U-series Srl., Italy). The micronucleus test, a
sensitive mutagenicity test in vivo, was applied to the peripheral blood of mice before exposure, and 10, 20, and
30 days after. Micronucleated erythrocyte frequencies were
determined counting 2000 erythrocytes per animal. The
results showed that in mice groups exposed to more than
700 kBqh-1/m3 of Radon-222, the micronuclei frequency
was significantly higher than that observed before exposure.
A significant correlation between micronuclei induction
and increase of Radon exposure was observed. These preliminary results suggest that further investigation of the
mutagenic properties of Radon and its progeny has to be
carried out in order to establish a possible relationship with
carcinogenesis.

KEYWORDS:
Micronuclei, radon, genotoxicity, mice.

Radon gas is a natural radioactive byproduct from the
decay of uranium and radium in the soil and rocks. It can
leak from the earth and collect in basements and, when
inhaled, may enter into the lungs. Inhalation of radon and
its alpha-emitter progeny is considered the main source of
exposure to radioactivity in the general population of
most countries. Health effects of radon exposure were
reported mainly from epidemiological studies of uranium
miners. Since the beginning of the last century a relation
between exposure to high radon concentration and lung
cancer was observed [1,2]. Results obtained from investigations on the biological effects, however, are contradictory and a comparison between these results is difficult,
because of the differences in various parameters, such as
duration and periodicity of exposure, endpoints investigated, synergic effects of tobacco smoke, etc. Comprehensive studies on radon as a carcinogenic and mutagenic
agent have been performed in buildings, caves and underground mines in cases of increased concentration [3-5].
Genotoxic properties of Radon have been investigated,
because cytogenetic studies are important in order to understand the events that may be involved in radon induced
neoplasia [6-10]. It is known that high LET (Linear Energy
Transfer) radiation may cause changes to DNA even though
they do not hit the nucleus of a cell.
The aim of this work was to investigate the mutagenic
effects of Radon and its progeny in mice exposed to radon
from natural sources. In order to do this the micronucleus
test was performed on peripheral blood erythrocytes, as
they reflect events that occurred over the last 35 days [11].
The investigation was carried out in two small towns (Vetralla and Ciampino, Italy), where Radon pollution is notoriously present, as they are located near the Vulcano of
Latium.
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MATERIALS AND METHODS
Experimental design: 21 CD-1 Swiss female 6-weekold mice, caged in groups of seven with water and food ad
libitum, were placed at two different levels (floor -1 and
floor -2) of a cellar located in Vetralla (Viterbo). The first
group was placed at level -1, while the second and the third
group were placed at level –2 at two different points (A
and B). The experiment was carried out from 21/01/2006
to 21/02/2006 at level –1 and –2A and from 31/01 to
06/02/2006 at level -2B. Another 21 mice, divided into
three groups of seven, were placed in the underground of
three different houses referred as site 1, 2 and 3 in Ciampino
(Rome), from 26/01/2006 to 26/02/2006. In total 42 mice
were exposed to Radon emissions for 30 days.

The experiment was then repeated in Vetralla and in
Ciampino under the same conditions. One cage with seven
CD-1 Swiss female 6-week-old mice was placed in level
-2B in the Vetralla cellar and another cage in the underground of the house located at Site 3 in Ciampino. These
experiments were approved by the Animal Use and Care
Committee of the University “La Sapienza” Roma.
222

Rn activity
measurements were carried out for over 30 days in the proximity of the cages, with sampling times of 10 days using
closed CR 39 passive detectors (U-Series Srl., Italy), sensitive from 10 to 14000 Bq/m3. In the second experiment
carried out in Vetralla, 222Rn activity was measured for
30 days by both passive and active detectors (AWARE
Corporation and RADIM 5 made by Plch Smm, Czech
Republic).
Determination of Radon-222 activity:

Micronucleus test: The micronucleus test was carried
out on peripheral blood of mice immediately before the exposure and every ten days over the total exposure (30 days).

Smears were prepared by collecting blood from the caudal
vein. Slides were coded and fixed in absolute methanol
for ten minutes and stained with the May-Grun-waldGiemsa staining. Micronuclei (Mn) were scored blindly by
the same analyst at 1000x magnification and micronuclei
frequencies were determined counting 2000 erythrocytes
per animal. Blood samples collected before the exposure
were used as controls. The frequencies of micronucleated
erythrocytes (ME) were analysed with the Shapiro–Wilk’s
test to verify the normal distribution. The level of significance was established at p < 0.05. All statistical analysis (ANOVA, t-test, linear regression analysis) were carried out using STATISTICA 6.0 package (StatSoft, Tulsa,
OK, USA).
RESULTS AND DISCUSSION
Table 1 shows the 222 Rn concentrations
measured with passive detectors every ten days in the
Vetralla cellar, from 21/01 to 21/02/2006 at level -1 and
level -2A, and from 31/01 to 06/02/2006 at level -2B.
Maximum short period concentrations (2400±400 Bqm-3)
were observed at level -2A and -2B, but no meaningful
differences were detected between the different levels.
Vetralla site:

In the second experiment carried out at level -2B of
Vetralla site, the mean 222 Radon concentration was
measured with passive detectors for over 30 days (from
7/12/2006 to 8/01/2007). Data show that this value is
higher than that observed in the first experiment (Table 2).
The mean 222Radon concentration, measured using
electronic detector RADIM 5 in continuum in level -2B in
the same period, is not statistically different (2650 Bq m-3)
to that measured using passive detectors (2300±400). Fig-

TABLE 1 - 222 Radon concentration measures at two different underground levels during the overall exposure (Vetralla,Viterbo).
222

Average Bq m-3

320±80

Rn
Bq m-3
1300±300

From 31/01 to 11/02/2006

280±80

1000±300

1500±300

From 11 to 21/02/ 2006

520±100

R08900

From 21 to 31 /01/2006

340±80

2200±400
1400±300

R08904

From 31/01 to11/02/ 2006

380±90

1400±300

Level -2A

R08929

From 11 to 21/02/ 2006

580±110

Level -2B

R08903

From 31 /01/ to11/02/2006

400±90

2400±400
1500±300

Level -2B

R08930

From 11 to 21/02/ 2006

580±110

2400±400

Level -2B

R10093

From 21/02/ to 6/03/2006

265±70

850±140

Location

Lab Code

Exposure time

Exposure
(kBq h-1 m-3)

Level -1

R08899

From 21 to 31 /01/2006

Level -1

R08905

Level -1

R08906

Level -2A
Level -2A

1700±300

1600±300

TABLE 2 - 222 Rn mean concentration measured with passive detectors for over 30 days in three different points of the Vetralla cellar.
Location
Level -2B

Lab Code
R13078

Exposure time
From 07/12/2006 to 08/01 2007

1423

Exposure (kBq h-1 m-3)
1700±300

222

Rn Bq m-3
2400±400
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ure 1 shows large short-time variations of radon activity,
ranging from the maximum value of 27016 Bqm-3 and the
minimum value of 381 Bq m-3.

cond experiment (from 14/06 to 14 07/ 2006) using passive detectors in site 3 show the highest overall level of
222
Rn concentration.

Table 3 shows 222Rn concentration measured in the first experiment carried out in Ciampino in the
cellars of three different houses. Higher levels of 222Rn
concentration were observed in site 2 and 3 (from 700 to
1600± 300 Bqm-3). Measurements carried out in the se-

Micronucleus test

Ciampino site:

Vetralla site: Table 4 shows results obtained applying
peripheral blood micronucleus test in all mice located in
the Vetralla cellar. Analysing the data obtained separately
in each location, it was observed that the frequency of

Vetralla
222Rn (Bq/mc)
30000

25000

20000

15000
10000

5000

04/12/2006
05/12/2006
06/12/2006
07/12/2006
08/12/2006
09/12/2006
10/12/2006
11/12/2006
12/12/2006
13/12/2006
14/12/2006
15/12/2006
16/12/2006
17/12/2006
18/12/2006
19/12/2006
20/12/2006
21/12/2006
22/12/2006
23/12/2006
24/12/2006
25/12/2006
26/12/2006
27/12/2006
28/12/2006
29/12/2006
30/12/2006
31/12/2006
01/01/2007
02/01/2007
03/01/2007
04/01/2007
05/01/2007
06/01/2007
07/01/2007
08/01/2007
09/01/2007
10/01/2007
11/01/2007

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0

FIGURE 1 -Vetralla site- Measurements of radon concentration with electronic detector at level-2B (2°experiment).

TABLE 3 - 222 Radon concentration measures in underground of the three sites (Ciampino, Roma) during the overall exposure.
Location

Lab Code

Exposure time

Site 1
Site 1
Site 1
Site 2
Site 2
Site 2
Site 3
Site 3
Site 3
Site 3
Site 3
Site 3

R08909
R08921
R08924
R08913
R08928
R08923
R10089
R08927
R08914
R10092
R08908
R08907

From 26/01 to 5/02/2006
From 5/02 to 15/02/2006
From 15/02 to 26/02/2006
From 26/01 to 5/02/2006
From 5/02 to 15/02/2006
From 15/02 to 26/02/2006
From 26/01 to 5/02/2006
From 5/02 to 15/02/2006
From 15/02 to 26/02/2006
From 14/06 to 24/06/2006
From 24/06 to 4/07/2006
From 4/07 to 14 07/ 2006

Exposure
(kBq h-1 m-3)
<100
120±70
<100
<100
120±70
320±80
180±70
<100
320±80
700±100
900±150
1300±220
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222

Rn
Bq m-3
<400
500±300
<400
<400
500±300
1200±300
700±300
<400
1600±300
2900±400
3700±500
5300±900
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TABLE 4 - Mean frequencies ±SD of micronucleated erythrocytes in mice groups located in Vetralla cellar. n = number of animals; ME=
Micronucleated Erythrocytes; E= Erythrocytes; significance respect to control: a= p<0.05; b= p<0,01; c= p<0.001; a. d. =absent data.
Mean ME/1000 E
Locations

Level-1
x

Level-2A
x

Level-2B
x

Level-2B (2° exp)
x

7

1.7±0.9

1.3±0.6

1.6±0.7

0.8±0.6

7
7
7

a.d.
2.8±0.8
2.9±1.2

1.5±0.6
2.6±0.8a
3.4±0.7b

1.9±0.8
2.4±0.8
3.1±1.4b

1.4±0.7
2.2±1.1c
4±0.7c

Fig.2b

Fig.2a
1500

2

500

0

ME/1000E

1000

kBh-1m-3

ME/1000E

4

0
control

20th

30th

4
3,5
3
2,5
2
1,5
1
0,5
0

1400
1200
1000
800
600
400

kBqh-1m-3

Before exposure
(Controls)
10 days after exposure
20 days after exposure
30 days after exposure

n

200
0
control 10th 20th 30th

control 10th

20th

Fig. 2d

30th

5
4,5
4
3,5
3
2,5
2
1,5
1
0,5
0

2000
1800
1600
1400
1200
1000
800
600
400
200
0

kBqh- 1m- 3

1400
1200
1000
800
600
400
200
0

ME/1000E

4
3,5
3
2,5
2
1,5
1
0,5
0

kBh-1m- 3

ME/1000E

Fig. 2c

control 10th 20th 30th

ME/1000E

4

1400
1200
1000
800
600
400
200
0

3
2
1
0
control

10th

20th

kBh1m-3

Fig. 2e

30th

FIGURE 2 - Frequency of micronucleated erythrocytes in mice groups and Radon exposure. a) Vetralla level -1;
b) Vetralla level -2A; c) Vetralla level -2B; d) Vetralla level-2B (2° experiment); e) Ciampino site 3 (2° experiment).

micronucleated erythrocytes is higher in mice groups exposed to radon emissions than that observed before exposure, but the increase is significant only in mice from level
–2A after 20 and 30 days of exposure (p< 0.01 and p<
0.001, respectively) and in mice from level-2B at the end of
exposure ( p< 0.01). Results obtained in the second experiment carried out at level-2B, confirm data obtained in the

previous experiment. In fact Mn frequency is significantly
higher in mice after 20 and 30 days (p=0.007 and p=0.0001,
respectively) than before exposure.
In addition data obtained from both experiments carried out at the Vetralla cellar (Figures 2a-d), show that the
micronuclei induction is associated with the increase of222
Radon exposure (kBqh-1 m-3).
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TABLE 5 - Mean frequencies ±SD of micronucleated erythrocytes in peripheral blood of mice located in the underground of three houses (Ciampino, Roma).; ME = mean frequency of micronucleated erythrocytes; n = number of
animals; ME= Micronucleated erythrocytes; E= Erythrocytes; significance respect to control: a= p<0.05; b= p<0.01.
Mean ME/1000 E
Locations

ME/1000E

Before exposure
10 days
20 days
30 days

Site1
x
2.1±0.7
2±0.6
1.8±0.7
2.1±0.5

n
7
7
7
7

Site2
x
1.6±0.8
1.5±0.5
1.6±0.5
2.6±0.7

Site3
x
2.2±1.8
2±0.5
2.6±1
3.1±1.2

Site3 (2° experiment)
x
0.6±0.5
1.9±1.3 a
2.3±1.3b
2.5±1.4b

4,5
4
3,5
3
2,5
2
1,5
1
0,5
0
0

200 400 600 800 100 120 140 160 180 200
0
0
0
0
0
0
kBqh-1m-3

FIGURE 3 - Linear regression between Mn frequencies and Radon exposure (R2=0.732, p<0.0001).

Ciampino site: Table 5 shows that the mean frequencies of peripheral blood micronucleated erythrocytes observed in mice exposed in the underground of 3 buildings
in Ciampino are not significantly different from the controls. On the contrary results obtained from the second experiment carried out in site 3, show that Mn frequency in
mice after 10, 20 and 30 days of exposure is significantly
higher than that observed beforehand, and these values are
associated with the overall 222 Radon exposure ((kBq h-1 m-3)
(Fig. 2e).

Summarising, data obtained from the Vetralla cellar and
from Ciampino (site 3, 2°experiment) show that the micronuclei frequencies (ME/1000E) are significantly correlated (R2=0.732; p<0.0001) to radon exposure. Fig. 3 shows
the linear regression of this correlation.
Genotoxic damage was analysed with micronucleus test
in the blood of mice exposed to radon indoors from natural sources for about a month. First of all, before analysing
the data obtained, it is important to underline that the micronuclei frequency (ME/1000E) observed in mice before
exposure is not similar in different groups. In fact it is included from x=0.6±0.5 to x=2.2±1.8. Therefore, in order
to evaluate the micronuclei induction in each exposed group,
the frequency obtained after radon exposure has to be
compared with that of the same mice group before the
exposure.

The results of the present study show that levels of
Radon exposure >700 kBq h-1m-3 are associated with an
increased the level of micronuclei frequency in peripheral
blood erythrocytes. In mice groups exposed below this
level no significant increase of micronuclei induction was
observed, like it was in mice groups from the Ciampino
underground (1°experiment). Mutagenic effects observed
in peripheral blood erythrocytes indicate that damage occurred in red bone marrow, which may be explained by
the determination of the average level of equivalent doses
to the red bone marrow due to the radon and its daughters
inhalation [12].
222

Our results agree with the observations of a strong exposure-effect relation obtained applying micronucleus test
on lung fibroblasts in rats that were inhalated with Radon
[7, 8]. Furthermore, on subjects with residential exposure
to Radon and its progeny it was found that increased levels
of radon in indoor areas are associated with increased levels of DNA damage in peripheral lymphocytes [13]. In
addition, induction of micronuclei was observed in rat
tracheal epithelial cells following radon exposure at airliquid interface culture [14].
Although the absolute levels of induced micronuclei
are not as high as well-known mutagens, the accumulation
of ME in the peripheral circulation could indicate that radon has different properties to damage the genome integri-
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ty. Therefore, results obtained show that further studies
on the cytogenetic damage induction by Radon should
be performed to improve the risk estimation for people
exposed to Radon in the indoor environment (home and
work).
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ABSTRACT

INTRODUCTION

The study of particulate matter with diameter less than
1 µm (PM1) in Athens’ atmosphere and their impacts on
human health is the goal of this study. PM1 concentrations
were recorded by three detectors (light scattering method) at
six vital points in high traffic peak roads, during the period
1/10/2006–30/9/2007. The collected PM1 samples concern
the same hour of the day, in absence of wind. The spatial
distributions of the PM1 concentrations for the warm (April
to September) and the cold (October to March) period of
the year were achieved by the use of Kriging method.
Further to, in order to find out the impacts of PM1 concentrations on health, we analyzed daily admissions for nonfatal arrhythmias to emergency units of the Social Security Institute and a Regional Hospital of Athens. Results
demonstrate a significant relationship of PM1 with sinus
arrhythmias, which confirms the assumption that PM1 represent one of the main hazards in cardio respiratory syndromes in the most polluted cities of Europe, which confront high traffic problems, due to the enormous number of
exhausts emissions.

KEYWORDS:
PM1 concentrations, sinus arrhythmias, Athens, Greece.

The particulate matter (PM) in the atmosphere is not
an easy concept to understand and concerns a lot of researchers in different disciplines. PM is a mixture of particles that vary in size, morphology, chemical composition
and concentration and derive from nature and human
sources. Many atmospheric factors contribute in their expansion but mainly the wind conditions influence their
dispersion in the air. The adverse effects of PM on public
health seems to depend more on the number of particles inhaled and the duration of inhalation, than the particle dimension or the nature composition. Many researchers
around the world are in close investigation with this fine
irrespirable fraction of the thinnest particles, which are
smaller than 1 µm, hence PM1 [1]. Once they are inhaled,
they are not filtered from the rhinofarynx, so they proceed
and arrive in terminal alveoli where they are deposited [2].
In the process, they pass in to the blood stream. This easily irrespirable fraction of these thinnest PM continues to
be the main hazard for the cardio respiratory pathological
status of the population. PM1 through endothelium emigrates with the blood vessels in several parts of the body
reaching in fundamental organs where they are attached.
[3-5]. PM1 start to be for good in close correlation with our
health quality level [6]. It is already known that a great
problem is emerged with the big mass of vehicles in the
greater Athens area (GAA), creating serious health disorders
(especially cardio respiratory syndromes) to the population,
during the last twenty years [7].
The objective of this study is to contribute to the
knowledge of the dispersion of PM1, looking into the spatial
distribution of PM1 in the GAA and on the other hand to
find out the PM1 impacts on sinus arrhythmias. Moreover,
the investigation of the physical and chemical processes as
well as the discrimination between the various anthropogenic and natural sources is required to understand the factors
that control PM1 levels in the GAA.
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DATA AND ANALYSIS
Athens is a megacity, which faces air pollution problems. The population suffers frequently from air pollution
episodes even in summer and winter seasons, mainly
due to vehicles, industries and central heating. The GAA
extends in 450 km2 and has a population of approximately
3,500,000 inhabitants (according to census of 2001). The
city is connected to the seaside by three avenues with Southwest direction. These avenues are daily full of traffic due
to people commuting towards the center of the city, most of
them going to work. The total number of vehicles circulating in the city is 2,300,000 private cars (97% gasoline combustion), 15,000 taxis (84% diesel), 177,000 light trucks,
50,900 heavy trucks and 6,940 public buses, according to
the Greek Environmental Ministry-Division of Air Pollution. The climate of Athens is of Mediterranean type with
hot dry summers and wet winters. The mean air temperature varies from 9.3 oC (January) to 27.0 oC (July), while
the relative humidity from 48% (July) to 73% (December).
The annual rainfall is 376 mm.
The PM1 concentrations were recorded at six different
sites of GAA (Table 1), in the morning (07:30–8:45 LT,
LT=UTC+2 hrs) with high peak traffic, during the period
1/10/2006–30/9/2007. The recordings were carried out mainly during no windy days, because of the strong dispersion
of PM1 during windy days. The instant counts were achieved
in a four meters distance from the road and two meters

Latitude (degrees)

23.0
38.5

above the ground. Three detectors (based on light scattering method) of two different models (Aerocet 531; Met
One instruments US and Dustrack; TSI Co) were used [8].
All detectors were calibrated weekly and flow rate test and
zero test were carried out according to the factory instructions. Regarding the epidemiological data, with respect to
sinus arrhythmias, they were acquired from the emergency
units of the Social Security Institute and a Regional Hospital of Athens on daily basis during the examined period.
Arrhythmias, (Greek word, meaning no rhythm) are disorders of the regular rhythmic beating of the heart. Arrhythmias can occur in a healthy heart and be of minimal consequence. They also may indicate a serious problem and
lead to heart disease, stroke or sudden cardiac death. Sinus arrhythmia is the simple type of arrhythmia that refer to
cyclic changes in the heart rate and it is common in children and often found in adults and is not fatal for the patients. In order to find out the influence of PM1 concentrations on sinus arrhythmias we evaluated the mean PM1
concentrations of the sampling sites: Syntagma, Syngrou
and Faliro, because the emergency units used were in close
distance from these sites.
The possible correlation between the frequency of sinus arrhythmias and the examined PM1 concentrations was
examined by the application of Generalized Linear Models
(GLM) with Poisson distribution [9], a method of analysis
which has been performed satisfactory in previous studies
[10, 11]. Poisson models with log links are often called log-

23.5

24.0

24.5
38.5

Attica basin
38.0

Greater Athens Area

38.0

Saronic Gulf

37.5
23.0

23.5

24.0
Longitude (degrees)

FIGURE 1 - Sampling region in the greater Athens area within the Attica basin.
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TABLE 1 - Geographical characteristics of the sampling sites.
Code
number
1
2
3
4
5
6

Sampling sites
Aristotelous
Omonoia
Syntagma
Syngrou
Faliro
Piraeus

Longitude
(degrees)
23.7285
23.7288
23.7347
23.7160
23.7047
23.6438

Latitude
(degrees)
37.9892
37.9840
37.9773
37.9570
37.9277
37.9458

linear models and are used for frequency data. In the models fitting procedure we used as dependent variable the
daily number of sinus arrhythmias in the emergency ambulatories, while as independent covariates the PM1 concentrations.
Further to, Logistic Regression Analysis was applied
to the datasets, in order to estimate odds ratios for the independent variable in the constructed model. This analysis is useful for situations, in which you want to be able to
predict the presence or absence of a characteristic or outcome based on values of a set of predictor variables.
RESULTS AND DISCUSSION
The spatial distribution of the PM1 concentrations is
depicted in Figure 2. During the warm period of the year
(April-September) the PM1 concentrations are lower than
the cold period of the year (October-March) and ranges
from 0.44 µg·m-3 (Omonoia) to 1.24 µg·m-3 (Faliro). Within the cold period of the year, higher concentrations of
PM1 appear all over the examined area and variate
from 0.53 µg·m-3 (Piraeus) to 3.19 µg·m-3 (Faliro). A possible ex-planation of this finding is that except the factor
of traffic, another important factor, the central heating, is
aggregated to the sources that produce particulate matter.
Furthermore, due to summer vacations, lower concentrations of PM1 are recorded. In both examined periods, the
sampling sites in Faliro and secondary in Aristotelous
indicate the highest figures. Approximate calculations in
Faliro revealed that a load of 3,800 vehicles within an
hour was registered. This is expected because both locations are in heavy traffic every morning (working time).
Regarding the impacts of PM1 on health, we found out
that PM1 are related with sinus arrhythmias more in warm
period than the cold period of the year. Figure 3 depicts the
correlation between PM1 and sinus arrhythmias during the
warm period (r=0.7, p=0.0000) and the cold period (r=0.5,
p=0.0085). An explanation of this finding is that people
prefer to stay indoors during the cold period because of
low air temperature and windy days, so the impact of PM1
is diminished due to the inhalation dose is insufficient. On
the contrary, warm period favors exacerbation of arrhythmias due to PM1, because people remain outdoors many
hours of the day.

Altitude
(m)
80
100
70
60
40
3

Distance from sea
(m)
7,500
7,200
6,000
3,000
1,500
0

The females (60%) are more vulnerable than males
(40%). Besides, 65% of the females are 50 years old and
35% are over 70 years old, while the critical age threshold
for males is 55 years old. It is important to remark that
there were only few smokers within the examined sample
of patients, coming to the emergency health units for the
studied period. Besides, no one of them has any coronary
or ischemic disturbance in his medical record, in the past.
Atherosclerotic cardiovascular diseases (ASCVD) have
occupied all medical doctors in industrialized Europe. The
pathological-physiology explanation is still under ulterior
and accurate investigation. A characteristic propriety of
ultra fines PM is the rapid passage from lungs (localization-deposition) in to the blood circulation (diffusion). The
next step is the short or long immigration in periphery of
the body with an attachment in various organs with all the
possible consequences for the human health.
In the process, GLM analysis is applied to the examined datasets, taking into consideration that dependent
variable is the daily number of sinus arrhythmias, while independent covariate is the PM1 concentrations. The results
of the analysis are presented in Table 2. With respect to the
warm period of the year, a statistically significant relationship (p<0.01) between arrhythmias and the PM1 concentrations was revealed on the same day; namely an increase of 1 µg·m-3 in mean PM1 concentrations, was associated with an increase 34% in the probability of having
arrhythmias. Furthermore, a statistically significant lag effect
of 3 days between the increase in arrhythmias and the peak
in the PM1 concentrations exist. An increase of 1 µg·m-3 in
lagged mean PM1 concentrations links to an increase 5%
in the probability of having arrhythmias. There is not any
statistically significant (p<0.01) relationship between mean
PM1 concentrations and arrhythmias on the same day or
lagged days, within the cold period of the year.
Additionally, Logistic Regression Analysis was applied in order to estimate odds ratios for the independent
variable (PM1) in the constructed model. PM1 concentrations greater than 4 µg/m3 in the warm period of the year
seems to approximately 8folds the risk (odds ratio=7.833,
95% C.I.: 0.469–130.748, significant level=0.152) of observing the daily number of patients with sinus arrhythmias in the upper 90o percentile (i.e. >3 cases with sinus
arrhythmias per day) compared to the lower 10o percentile
(i.e. 0 cases per day).
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23.67

23.68

23.69

23.7

23.71

23.72

23.73

Aristotelous

1.5

Omonoia

37.98

37.98

1.4
1.3

Syntagma

Latitude (degrees)

37.97

1.2
37.97

1.1
1

37.96

37.96

Sygrou
37.95

0.9
0.8
0.7

37.95

Piraeus

0.6
0.5
0.4

37.94

37.94

0.3
0.2

Faliro

37.93
23.65

23.66

23.67

23.68

23.69

23.7

37.93
23.71

23.72

23.73

23.71

23.72

23.73

0.1
0

Longitude (degrees)

Warm period
23.65

23.66

23.67

23.68

23.69

23.7

Aristotelous
Omonoia

37.98

37.98
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FIGURE 2 - Spatial distribution of PM1 concentrations in Athens, during the warm period (upper panel) and the cold period (lower panel).
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FIGURE 3 - Scatter plots between sinus arrhythmias and mean PM1 concentrations
in Athens, during the warm period (upper panel) and the cold period (lower panel).

TABLE 2 - Results of the application of Generalized Linear Models (GLM) with Poisson distribution, (dependent variable
the daily counts of sinus arrhythmias, while independent covariates the PM1 concentrations), for the warm period of the year.
Sinus Arrhythmias
PM1 (µg/m3)
Lag 3 Days PM1 (µg·m-3)

β-coefficient ± S.E.
+0.2944 ± 0.0666
+0.0500 ± 0.0200

CONCLUSIONS
The performed analysis showed that the ultra fine
particulate matter with diameter less than 1 µm (PM1) is in
close relation with sinus arrhythmias registered in the emergency units of the hospitals in Athens. This relationship
appears in the warm period of the year and not in the cold
one. Further investigation is needed in order to define safety
thresholds for PM1 for public health, because these parti-

p
0.00001
0.01235

cles are able to pass easily in the blood and thereafter to
cause damages in essential organs of the human body. Our
scientific team has defined the PM1 impacts on health as
PM symptomatology, which consist of tachycardia, arrhythmias, dryness of rhinopharynx, dispnea, dry cough,
dacryrrea, headache, fatigue, vertigo and general cataptosis of the organism. We work on this discipline to find out
the consequences of the exposure to PM1.
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ABSTRACT
The developing brain is the most susceptible target for
methylmercury (MeHg) toxicity. Typical features of developmental MeHg neurotoxicity include the delayed onset
of symptoms and the persistency of dysfunction. One of
the factors which may modulate MeHg neurotoxicity is coexposure to other neurotoxic pollutant, e.g. polychlorinated
biphenyls (PCBs) from the same dietary sources. Because
PCBs themselves can induce subtle neurodevelopmental
deficiencies, recent epidemiological and research studies
have focused on the potential hazard resulting from mixtures of PCBs and MeHg. This work summarizes our experimental findings on several endpoints of the cholinergic
and aminergic systems in the developing rat brain, following two distinct perinatal co-exposure protocols involving
low to moderate doses of MeHg and PCB153 or PCB126.
The neurochemical modifications induced by either
agent, alone or combined, involved monoamine oxidase
type-B activity, biogenic amine levels (e.g., serotonin and
dopamine), total cholinergic muscarinic receptors (MRs)
and M1, M2 and M3 subtypes. The effects were brain
region-, age- and gender-dependent. Some early-onset
changes (weaning) persisted until puberty, while other alterations became manifest only at the advanced time point,
when the brain levels of Hg, PCB153, and PCB126 had
declined.
The results of the combined exposure ruled out synergistic interactions between MeHg and PCB153 or PCB126
on every neurochemical endpoint tested. This applied to
all pups regardless of the (i) regimen of exposure, (ii) gender,
(iii) age, and (iv) brain area. The co-treatment with either
PCB153 or PCB126 sometimes masked MeHg-induced
changes on selected neurochemical endpoints. Nevertheless, this cannot be viewed as a protective effect. The final
health effect may be masked at early time-points, but may
become manifest later during life time.

KEYWORDS:
PCB153, PCB126, MeHg, mixture, brain, offspring.

INTRODUCTION
Health consequences of high exposure to methylmercury (MeHg) became apparent after poisoning episodes in
the 1950-70s in Japan and Iraq when thousands of people
were intoxicated by food that was heavily contaminated
by MeHg [1]. MeHg exposure mainly damaged the nervous system, causing death of the most severely affected
patients. The fetal brain was found to be highly susceptible to MeHg toxicity even at low exposure levels that had
no obvious consequences in adults. These findings have also
been confirmed experimentally in animal models.
Large epidemiological studies, performed in fish eating
communities around the world have produced conflicting
results with respect to a causal association between in utero
exposure to low MeHg levels through dietary sources and
neurodevelopmental effects in children [1, 2]. Specifically,
a longitudinal study in the Faroe Islands found associations between cord blood mercury levels at birth and adverse effects on attention, language and memory in 7 yearold children [3]. Similar deficits were detected in a followup analysis of the same cohort at 14 years of age [4]. Conversely, a longitudinal study in the Seychelles did not report
any significant neurodevelopmental disorders in children
examined at different ages [5, 6]. There are no clear explanations for these different results. One issue that has received much consideration is the potential co-exposure of
the Faroese population to other neurotoxic contaminants
besides MeHg. Faroese samples of cord tissue, serum and
breast milk were found to contain polychlorinated biphenyls (PCBs) [7], differently from the serum of the Seychelles
population. Indeed, in the Faroes major dietary source of
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MeHg, in addition to fish, is episodic consumption of pilot
whale blubber, which contains significant amounts of PCBs
and other organochlorine compounds. In the Seychelles, instead, the diet is based on daily intake of deep sea and reef
fish, whereas no marine mammals are consumed.
Neurobehavioural and neurochemical effects of PCBs
have been demonstrated by experimental investigations in
animals exposed during the pre- or early post-natal period
[8, 9]. In humans, increased in utero exposures to PCBs
have been associated with neurodevelopmental abnormalities, including decreased intelligence quotients [10].
Therefore, attention has been focused on the potential hazard resulting from combined environmental exposures to
low levels of PCBs and MeHg [11, 12].
Despite the fact that humans are regularly exposed to
mixtures of PCBs and MeHg, combined exposure to these
contaminants has not been extensively studied. Epidemiological studies indicated trends in health outcomes (i.e.,
neurobehavioral endpoints in children) suggesting, although
not conclusively, an interaction between PCBs and MeHg
[11, 13]. In fact, a study on cognitive development in American children demonstrated a negative association
with maternal hair Hg in children who also had elevated
cord blood levels of PCBs at 38, but not at 54 months of
age [13]. In the Faroese children, PCB-associated effects
ap-peared more prominent when the MeHg exposure was
high at the same time [11]. Because of the limited power
of ob-servational epidemiological studies in disentangling
possible interactions of chemical mixtures, experimental
studies using appropriate animal models have been
recently designed to determine the specific role of MeHg
or PCBs in producing neurodevelopmental effects. The
very limited evidence, restricted to neurobehavioral tests
and neuro-histopatological analyses, is still inconclusive
with respect to the type of interaction [14-16].
MATERIALS AND METHODS
In an attempt to advance knowledge on the interactive
effects of MeHg and PCBs on neurochemical endpoints in
the developing brain, a few in vivo studies were performed
in our laboratory to evaluate cholinergic and aminergic neurotransmission parameters. To mimic human developmental dietary exposure to mixture of contaminants, SpragueDawley rats were exposed to low doses of MeHg and/or
PCBs in utero and via lactation. Two regimens of maternal oral exposure (Tables 1 and 2) were adopted to assess
the effects of different doses and timing on the study outcomes.
The in vivo neurotoxic endpoints investigated included
neurotransmitter parameters at different time-points postexposure, namely weaning (i.e., postnatal day -PND21)
and puberty (PND36), with particular emphasis on monoamine oxidase type B (MAO-B) activity, on biogenic amine
levels, on total cholinergic muscarinic receptors (MRs) and
on their M1, M2 and M3 subtypes, in different brain

regions. Measurements of total Hg and PCBs in the whole
brain also complemented the molecular studies to correlate neurochemical changes with the internal doses.
These specific endpoints have been selected because
there is evidence that both MeHg and PCBs target the
cholinergic and aminergic systems [8, 17]. Moreover, impairment in cerebral neurotransmission is considered one
of the mechanisms underlying subtle neurodevelopmental
deficits [18].
Among the 209 different PCB congeners, PCB153
(2,2’,4,4’,5,5’-hexachlorobiphenyl) and PCB126 (3,3',4,4',5pentachlorobiphenyl) were selected as they are highly
abundant in the environment and human samples (e.g.,
serum and breast milk) [19]. PCB153 is a non-dioxin like
congener devoid of acute toxicity [20], while PCB126
binds to the aryl hydrocarbon receptors (AhR) with high
affinity and it is provided with a high intrinsic toxicity [21].
Both congeners seem to induce neurobehavioral deficits
after gestational and lactational exposure [22-27].
RESULTS
1st regimen of exposure (Table 1): studies

The first protocol of exposure implied the individual and
joint oral administration of MeHg (1 mg/kg/day, gestational
day-GD7 to PND7) and PCB153 (20 mg/kg/day, GD10GD16). Neurochemical evaluations were carried out in several brain areas (striatum, hippocampus, cerebellum and
cerebral cortex) of both offspring genders at 21 days postpartum [28, 29].
One set of studies was devoted to investigate the central effects of MeHg and/or PCB153 on MAO-B activity
and levels of dopamine (DA), serotonin (5-HT), 5-hydroxyindole-3-acetic acid (5-HIAA) and homovanillic acid (HVA)
[29] (Table 1). A peculiar finding was the reduced MAO-B
activity following all treatments, which was detected in the
male gender only and in cerebellum only. Concerning biogenic amines, 5-HT levels were decreased in the cerebral
cortex of males and females by PCB153 alone and combined with MeHg, without changes in 5-HIAA and dopaminergic endpoints. In striatum, PCB153 reduced the content
of DA, HVA and 5-HIAA to a similar extent when administered alone or together with MeHg.
The overall results indicated regional and genderspecific alterations in the central dopaminergic and serotonergic systems at weaning. The combined treatment with
MeHg and PCB153 did not exacerbate the neurochemical
effects of the individual compounds.
Another set of studies, following the same treatment
protocol, investigated the regional density of total MRs
in rat pups, as well as in their mothers, on PND21 [28]
(Table 1).
MeHg alone enhanced cortical and cerebellar MRs
more in dams than in pups, in accordance with the higher
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TABLE 1 - 1st regimen of exposure: data.
a)

Scheme of Perinatal Oral Administration to Rat Dams.

GD10 – GD16

PCB 153:
20mg/kg/day

GD1

GD7

GD10

GD16

GD7 – PND7
MeHg: 0.5 or 1 mg/kg/day

PND7

PND21

MR/MAO
determinations

b) Summary of the major findings in pups.
Total MRs
MAO-B
5-HT
DA
Cortex
Cerebellum
Cerebellum
Cortex
Striatum
MeHg
Increase (38%)
Increase in males
Decrease in males
No change
No change
only (27%)
only (35%)
PCB153
Increase (43%)
Decrease in females
Decrease in males
Decrease (30%)
Decrease (38%)
only (31%)
only (45%)
MeHg + PCB153
Increase (37%)
No change in either
Decrease in males
Decrease (31%)
Decrease (50%)
sex
only (25%)
The data are the % changes above or below respective control levels. When not specified, the data refer to averages between males and females.
Adapted from Castoldi et al. [29] and Coccini et al. [28].

Hg levels detected in the adult brain (7-9 µg/g) than in the
male and female offspring’s brain (1.5-2.8 µg/g). PCB153
exposure, leading to higher contaminant levels in the offspring brain than in that of adults (25-66 vs. 3 µg/g), induced cerebral MR changes of similar extent in mothers
and offspring, namely decreased cerebellar and increased
cortical MR density. Co-exposure to PCB153 and MeHg
had no more effect than exposure to either compound alone
on cerebral cortex MRs, whereas, in the cerebellum, the
combined treatment induced a PCB-like lowering of the
MR density, that masked the MeHg-induced receptor increase. None of the treatments affected the striatal and
hippocampal MRs [28].
Because these results supported that cortical and cerebellar MRs are sensitive CNS targets for MeHg and PCB153
during development, the next step was to examine whether
the same parameters were also affected by lower doses and
after more prolonged periods of treatment with both compounds [30]. In addition to PCB153, PCB126 was tested
alone and in combination with MeHg, to compare the effects of a dioxin- and a non-dioxin-like congener on MRs.
2nd regimen of exposure (Table 2): studies

The second regimen of treatment included MeHg at
0.5 mg/kg bw/day, PCB153 at 5 mg/kg bw/day, and PCB126
at 100 ng/kg/day, that were administered from GD7 until

weaning. The effects on MRs were evaluated at weaning
and puberty.
Total MR density, as well as M1, M2, and M3 receptor subtypes of the weanling and pubertal rats, were affected
in a brain-area-, gender-, time- and compound-dependent
fashion. Some early-onset changes persisted up to puberty,
while other modifications became manifest only at the delayed time point (PND36), when both Hg and PCBs brain
levels had declined in relation to PND21. After combined
exposure, no additive or synergistic effects of the individual compounds were observed on total MRs (Table 2), in
line with the results using the 1 st regimen of exposure
(Table 1). Nonetheless, using the 2nd exposure regimen, a
decreased, rather than an increased brain MR density was
elicited by MeHg as well as by PCBs in pups. The first
3 weeks of the postnatal period are critical for the cerebral
MR developmental process and different outcomes may
result if the insults are continuous throughout this crucial
period (as in this study) or if they are interrupted at an
earlier stage. In fact, according to the knowledge of these
receptors’ ontogenesis, MR binding is low during embryogenesis and rapidly increases during the first 2 weeks postpartum, reaching adult levels between postnatal weeks 3
and 5 in the rat forebrain [31].
In line with the observed decrease of total MRs,
MeHg and PCB153/126, either alone or combined, also
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reduced the M1- and M3-immunopositive neurons in the
cerebral cortex, without additive interactions. Noteworthy, PCB126 was given at a very low daily dose (50,000
and 5,000 times lower than those of PCB153 and MeHg,
respectively), suggesting a considerable potency of the
molecular effects provided by this compound.
Interestingly, only MeHg increased the M2-immunopositive Bergmann glia in the cerebellum and this effect was
masked by the co-exposure to either PCB.
DISCUSSION AND CONCLUSIONS
Altogether, these results rule out additive or synergistic
interactions between MeHg and PCB153 or PCB126 on
each neurochemical endpoint considered. These findings
applied to all rat pups irrespectively of the (i) regimen of
exposure, (ii) gender, (iii) age, and (iv) brain area.
Specifically, after the 1st regimen protocol, the individual effects of MeHg (1 mg/kg/day, GD7-PND7) and
PCB153 (20 mg/kg, GD10-GD16) on the cholinergic and
aminergic endpoints were not enhanced, and in some cases
were attenuated, by co-exposure [28, 29]. PCB153 co-treat-

ment even masked completely the MeHg-induced increase
in MRs in the cerebellum of rat dams and male offspring
[28] (Table 1). Apparently, the combined effects of MeHg
and PCB153 were not due to pharmacokinetic interactions,
as supported by analytical results. Brain Hg levels were in
fact comparable in the two groups of MeHg alone and
MeHg+PCB153.
The data related to the 2nd regimen of exposure confirmed this non-additive pattern with respect to MeHg and
PCB153 co-treatment. The same trend also applied to the
dioxin-like PCB126 congener used in combination with
MeHg [30] (Table 2).
Several direct as well as indirect evidence have been
provided with respect to an involvement of the cholinergic, dopaminergic and serotonergic systems in MeHg and
PCB neurodevelopmental toxicity [8, 17,18].
It has been proposed that the neurochemical basis of
MeHg-induced behavioural alterations may be referred to
disturbances in a number of neurotransmitter systems,
initially occurring during exposure and followed by longlasting changes in brain functioning [18].

TABLE 2 - 2nd regimen of exposure: data.
b) Scheme of Perinatal Oral Administration to Rat Dams: from GD7 to PND21.

GD1

•

PCB 153: 5 mg/kg/day or

•

PCB126: 100 ng/kg/day

GD7

GD21 = birth

•

MeHg: 0.5 mg/kg/day

PND21

PND36

MR determinations:
total MR, M1, M2, M3

b) Summary of the major findings on total MRs in pups.
Total MRs

Cortex

Cerebellum
PND36
PND21
PND36
MeHg
Decrease
Decrease
Decrease in males only
(about 15%)
(15-30%)
(20-40%)
PCB153
No change
Decrease
No change
Decrease in males only
(about 15%)
(about 20%)
MeHg + PCB153
No change
Decrease
No change
Decrease in males only
(about 15%)
(about 20%)
PCB126
No change
Decrease in males only
Decrease in males only
Decrease in males only
(about 20%)
(about 30%)
(about 20%)
MeHg + PCB126
Decrease in females only
Decrease in either sex
Decrease
Decrease in either sex
(15%)
(about 20%)
(about 25%)
(17-47%)
The data are the % changes above or below respective control levels. When not specified, the data refer to averages between males and females.
Adapted from Coccini et al. [30].
PND21
No change
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In our studies, some early-onset changes persisted until puberty, while other modifications became manifest only
at the advanced time point (PND36), when the brain levels
of total Hg, PCB153, and PCB126 had declined [30].
These data support the ability of MeHg and PCBs to induce
delayed neurotoxicity after developmental exposure.
In humans, persistency of changes is another peculiar
feature of the neurodevelopmental changes induced by
these classes of neurotoxicants. It remains to be established
whether the alterations reported here are stable or irreversible.
In rodents, Roegge et al. [14], Widholm et al. [15] and
Sugawara et al. [16] administered both MeHg and a commercial mixture of PCBs (Aroclor 1254) to dams and conducted a wide range of behavioral examinations. In rats
continuously exposed from 28 days before mating until
PND16 significant synergistic effects of the co-exposure
were observed only in the rotating rod test at PND60, particularly in the trials in which the rotating speed was high
[14]. On the other hand, at approximately 110 days of age,
no exacerbation of MeHg- or PCB-induced impairments in
spatial alteration tasks was found in the co-exposed group
[15]. Sugawara et al. [16] observed that co-administration
of MeHg and PCBs during the perinatal period exerted
some antagonistic effects in some developmental and behavioral tests such as eye opening and latency in an openfield test, with the latter being shorter than the latencies
caused by individual exposure. The results of Widholm et
al. [15] and Sugawara et al. [16] on are in accordance with
our neurochemical findings with respect to the non additive
or synergistic type of interaction between MeHg and PCBs
after perinatal co-exposure.
In vitro studies have also investigated the type of MeHg
and PCBs interactions. Bemis and Seegal [32] reported
synergistic, additive or antagonistic effects on calcium signalling in cultured cerebellar granule cells, when the latter
were treated simultaneously with MeHg and 2,2’-dichlorobiphenyl. The interaction seemed to depend on the compound relative concentrations and the time of exposure.
Dopamine content was reduced synergistically in rat striatal punches by Aroclor 1254/1260 and MeHg [33]. In
PC12 cells, antagonistic effects of PCB153 and MeHg were
detected on different cell parameters including intracellular dopamine content, only when certain combinations of
doses were applied [34].

cells. Consequently, MRs in lymphocytes and MAO-B
activity in platelets have been investigated as potential surrogate markers of the same CNS parameters in various
clinical, environmental and experimental studies [35-39].
Lymphocyte MRs have been shown to reflect analogous
receptor changes occurring in brain after repeated exposure of rats to MeHg during adult age [35] as well as during
development [37]. Platelet MAO-B activity has been found
to be negatively associated with blood Hg concentrations
in an adult fish-eating population from Quebec [39]. Overall,
these findings are intriguing in that they may provide accessible measures of neurochemical endpoints which are
targeted in the CNS by MeHg. Necessarily, extensive validation studies in selected populations are required to estimate the predictive value of these biomarkers. To our
knowledge, the above blood markers of CNS effect have not
been applied to subjects exposed to PCBs alone or in mixture with MeHg. Given the observed interactions of MeHg
and PCBs in brain, the application of these peripheral markers has to take into consideration the possible impact of
PCB co-exposure on MeHg effects. Thus, studies in laboratory animals under controlled conditions of joint
exposure are necessary to provide a correct interpretation
of peripheral neurochemical endpoints in view of the possible application of these promising biomarkers of effect to
humans, in association with indices of MeHg exposure.
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According to experimental literature data, there is no
clear evidence regarding the type of PCBs and MeHg interaction. The masking effect of PCB153 or PCB126 on
MeHg-induced changes in neurochemical endpoints observed in our studies, nevertheless, cannot be viewed as a
protective effect. The final health effect may be masked at
early time-points, but may become manifest later during
life time.
One peculiarity of the neurochemical parameters investigated here, i.e., MRs and MAO-B, is that they are
also expressed in easily accessible matrices such as blood
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ABSTRACT
Currently risk assessment tackles chemicals as single
substances affecting individual health endpoints while, in
reality, man is exposed to mixtures of chemicals present in
the environment and consumer products. This may result in
lower or greater toxicity of mixtures than what would be
expected by summing the toxicity of individual chemicals.
The extent of the change in tissue dose depends on the concentrations of all components and the mechanism(s) of biochemical interaction among them. Physiologically based
pharmacokinetic models (PBPK) are mathematical descriptions of absorption, distribution, metabolism and elimination of chemicals in the body, which can be particularly useful in addressing environmental mixture toxicity. In this
work we present a pharmacokinetic/pharmacodynamic
(PBPK/PD) model for benzene, toluene, ethylbenzene and
all xylenes that accounts for the interactions among these
chemicals at the sites of metabolism. The PBPK/PD model
was coupled to a model of the metabolic chain of benzene
to estimate the biologically effective dose of benzene metabolites, the main culprits for benzene toxicity. This was
linked to a pathology model to associate the probability of
leukemia risk to the total concentration of benzene metabolites in urine. This model was applied to exposure scenarios
based on environmental concentrations of the four VOCs
measured in Thessaloniki, Greece. Our results show that
combined exposure modifies health risk estimates even at
low doses, after lifelong exposure to VOCs. The current
WHO methodology for ambient air guidelines, based primarily on epidemiological evidence, should be enriched to
take into account the toxicity pathways and mechanisms of
environmental mixtures.

KEYWORDS: Chemical mixtures, risk assessment, leukemia,
VOCs, PBPK/PD models.

INTRODUCTION
Benzene, toluene, ethylbenzene, and xylene (BTEX) are
volatile monoaromatic hydrocarbons commonly found together in gasoline and are common VOC components of

outdoor and indoor air mixtures due to their widespread use
in many commercial products. Vehicle exhaust is considered to be the main source but non-professional use of paints,
glues, adhesives, varnishes, lacquers, shoe polish and cigarette smoke contribute significantly to the levels of these
four VOCs in the indoor environment and to personal exposure. Worldwide environmental monitoring studies in
different cities demonstrate significant differences in the
mean exposure of the general population [1-5].
The most significant adverse effects from prolonged exposure to benzene are haematotoxicity, genotoxicity and
carcinogenicity. Given the severity of these health conditions, the benzene level in the ambient air is regulated by
the European Commission (limit value of 5 µg/m3 to be
reached by 2010) [6]. With regard to non-cancer effects, the
acute and chronic effects of toluene, and to a lesser degree
of xylene, on the central nervous system are of most concern [7]. In addition, there is concern about potential effects
on reproduction and hormone balance in women; hormone
imbalances in exposed males to high doses of toluene and
xylene have also been reported [8][9].
Although exposure to individual VOCs has been associated with health risks very little is known about the
modulation of toxic responses by chronic co-exposure to the
quaternary mixture of BTEX in environmentally-relevant
concentrations. This work outlines an integrated approach
to assessing the health risk from chronic exposure to low
doses of VOC mixtures in order to improve upon the current paradigm of chemical risk assessment, which focuses
on single substance evaluation or assumes sheer additivity
when considering chemical mixtures [10]. The mechanistic understanding provided by the use of pharmacokinetic
models as outlined in this paper provides a more solid basis
for robust risk assessment.
MATERIALS AND METHODS
PBPK/PD model

A PBPK/PD model for a quaternary mixture of benzene, toluene, ethylbenzene and all the family of xylenes
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(BTEX) was developed based on the approach of Krishnan et al. [11]. This approach considers that the interaction between two or more chemicals causes a modification of the rate of metabolism of each chemical due to the
presence of the other chemicals that compete for the binding sites resulting in a mutual inhibition of metabolism.
The PBPK/PD model for a generic mixture of chemicals is
represented as a combination of “single chemical” models
interconnected at level of hepatic metabolism where the
effect of the interaction is evaluated according to the potential mechanism of action (competitive, noncompetitive, and
uncompetitive metabolic inhibitions). The latter, in the case
of a BTEX mixture, is assumed to be of “competitive inhibition” since the four VOC’s considered are known substrates for the same cytochrome P450 isozyme (CYP2E1).
This is further confirmed by the analysis of the kinetic data
from all binary exposure studies relevant to the BTEX
mixture [12].
The models used for toluene, ethylbenzene and all the
family of xylenes are all four-compartment models similar
to that of Tardif et al. [12] and of Haddad et al. [13] encompassing richly perfused tissues (RPT), poorly perfused
tissues (PPT), adipose tissues (FAT), and liver (metabolizing tissue), interconnected by systemic circulation and a gas
exchange lung. The model for benzene is a six-compartment
model that is an extension of that of Medinsky et al. [14]
and of Travis, et al. [15] adding the kidney as a further site
of metabolism. The six tissue groups utilized in the model
include the liver (main metabolic tissue); adipose tissue
(FAT); richly perfused tissues (RTP); poorly perfused tissues (PPT); bone marrow (the main target organ for benzene toxicity) and the kidney; each one interconnected to
the others by systemic circulation and a gas-exchange lung.
The bone marrow was included because it is recognized
as the main site where benzene toxicity (i.e. leukemia) is
manifested and because it is, together with the kidney, a
potential site for benzene metabolism. Following the approach of Cole et al. [16], the liver in was further subdivided into three equal volume sub-compartments according to the zonal distribution of enzymes that mediate benzene metabolism. Metabolism mediated by CYP2E1 is assumed to occur by and large in “zone 3” of the liver; sulfation takes place primarily in “zone 1”; non-enzymatic
metabolism occurs in all the three compartments as well
as in all tissues.

Caj is the arterial blood concentration of chemical j and
C vtj the venous blood concentrations of chemical j leaving tissue compartments.

FIGURE 1 - Conceptual representation of
the PBPK/PD model for a mixture of BTEX.

The concentration of chemical i in venous blood leaving tissue t is described by:
Cvtj =

Ct j

where

Pt j is the tissue (t): blood partition coefficient

for chemical j
Arterial blood concentration is given by:
j
QvenCinh
+ QcCvj
Q
Qc + ( ven
)
Pb:ja

The overall conceptual representation of the PBPK/PD
model for a mixture of BTEX is shown in Figure 1.

Caj =

The rate of change in the amount of chemical in each
non-metabolizing tissue (t) is described by ordinary differential equations of the following general type:

where Qven is the alveolar ventilation;

⎛ dC j ⎞
Volt ⋅ ⎜ t ⎟ = Qt ⋅ (Caj − Cvtj )
⎜ dt ⎟
⎝
⎠

(1)

Cj
where Volt is the tissue volume; t is concentration

(2)

Pt j

(3)

j
concenCinh

tration of chemical j inhaled, Qc is the cardiac output;

Cvj is the venous blood concentration of chemical j and
Pb:ja the partition coefficient of blood:air for chemical j.

of chemical j in tissue t; Qt is the blood flow to tissues t;
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For tissues that are sites of metabolism, a MichaelisMenten term describing the metabolic clearance is added.
In this case, the general differential equation assumes the
following form:
⎛ dC j ⎞
V max j ⋅ Cvtj
Volt ⋅ ⎜ t ⎟ = Qt ⋅ (Caj − Cvtj ) −
⎜ dt ⎟
Ca
Cb
Cc
⎝
⎠
Km j ⋅ (1 + vt + vt + vt ) + Cvtj
Kiaj Ki bj Kicj

(4)

where the last term on the right is the rate of metabolism of chemical j considering the interaction with the

other chemical. In the last equation the symbols have the
following meaning:
Vmaxj is the maximal velocity for metabolism; Kmj the
Michaelis affinity constant; Kiij is the constant describing
competitive inhibition of the metabolism of chemical i by
chemical j.
The numerical values of the physiological, physicochemical and biochemical parameters used in the pharmacokinetic and metabolic models are given in Tables 1-2
along with their reference source.

TABLE 2 - Human Physiological, Physicochemical and Biochemical
parameters used in the PBPK/PD model for the quaternary BTEX mixture.
Parameters
Body weight (kg)
Cardiac output (l/h/kg)
Alveolar ventilation rate (l/h/kg)

70
18
18
Benzene

Blood flow rate (% of cardiac output)
Fat
Poorly perfused tissues
Richly perfused tissues
Bone Marrow
Liver
Kidney
Volumes (% of body weight)
Fat
Poorly perfused tissues
Richly perfused tissues
Bone Marrow
Liver
Kidney
Partition coefficients
Blood/air
Fat/blood
Poorly perfused tissues/blood
Richly perfused tissues/blood
Bone Marrow/blood
Liver/blood
Kidney/blood
Metabolic parameters
Vmax (µmol/h/kg)
Km (µmol/l)
(a) Haddad (c) Travis

Toluene

Xylene

Ethylbenzene

0.0425
0.1327
0.3461
0.039
0.237
0.2027

0.0425
0.1717
0.5488

0.0425
0.1717
0.5488

0.0425
0.1717
0.5488

0.237

0.237

0.237

0.1429
0.694
0.040
0.040
0.025
0.004

0.1429
0.734
0.044

0.1429
0.734
0.044

0.1429
0.734
0.044

0.025

0.025

0.025

7.80
54.50
2.05
1.92
16.22(c)
1.486(a)
1.920

15.60
65.45(a)
1.78(a)
5.36(a)

26.40
70.42(a)
1.59(a)
3.44(a)

28.00
55.57(a)
0.93(a)
2.15(a)

5.36(a)

3.44(a)

2.99(a)

15.36(c)
4.48(c)

37.33(a)
1.14(a)

61.13(a)
4.24(a)

60.19(a)
9.80(a)

TABLE 3 - Inhibition constants (Ki) values obtained from Haddad et al. [12].
Parameter name
KiBT
KiBE
KiBX
KiTB
KiTE
KiTX
KiEB
KiET
KiEX
KiXB
KiXT
KiXE

Inhibitor
Benzene
Benzene
Benzene
Toluene
Toluene
Toluene
Ethylbenzene
Ethylbenzene
Ethylbenzene
Xylene
Xylene
Xylene

Substrate
Toluene
Ethylbenzene
Xylene
Benzene
Ethylbenzene
Xylene
Benzene
Toluene
Xylene
Benzene
Toluene
Ethylbenzene

The high potential toxicity of benzene metabolites associated to the leukemia risk in humans, suggested taking
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2.03
3.09
15.70

© by PSP Volume 17 – No 9b. 2008

Fresenius Environmental Bulletin

into account more in detail the metabolic chain from benzene to its key metabolites through a more refined PBPK/
PD model for that chemical.
The whole metabolic chain of benzene (see Figure 2)
was modeled starting from previously developed PBPK/PD
models for benzene metabolism in mice [16] and its extrapolation to humans [17]. The model evaluates tissue levels
of benzene, benzene oxide (BO), phenol (PH), and hydroquinone (HQ), as well as the total amounts of muconic acid
(MA), phenylmercapturic acid (PMA), phenol conjugates,
hydroquinone conjugates, and total catechol produced. For
benzene oxide, phenol, and hydroquinone, the body is divided into five compartments: kidney; liver; fat; rapidly
perfused tissues (RTP), and slowly perfused tissues (PPT).
As for the benzene model the liver is subdivided into three
compartments of equal volume according to the specific
enzymatic distribution. The further metabolism of BO, PH
and HQ is supposed to occur in the liver (main metabolism organ) and to a lesser extent in the kidney.
The PBPK/PD model results were validated through
successive and complementary steps: first we validated the
interaction mechanism among toluene, xylene and
ethylbenzene; then the biokinetics of benzene and finally
the metabolic chain of benzene. Each one of these validations was carried out by comparing the model results with
independent experimental data reported in literature [18].
Results show that the PBPK/PD model developed in the
present study provides accurate estimations of the kinetics
of the BTEX mixture in the human body. This also confirms that the mechanism of interaction based on the competitive inhibition between the four VOC’s constituents the
mixture describes the experimental data adequately. Some
minor discrepancies from the empirical data are likely to be
attributed to the use of reference physiological parameters
in the absence of actual parameters and inherent variability in the experimental data.
Pathology model

Among the four VOCs considered in this work, benzene represents certainly the most potentially dangerous to
human health. Chronic exposure to low levels of benzene
may produce reversible decreases in blood cell numbers
but, at higher levels, an irreversible bone marrow depression, with pancytopenia, may establish. This pathological
condition is called aplastic anemia. Pancytopenia can occur
also in the so-called myelodisplastic syndrome (MDS).
Benzene MDS usually proceeds to leukemia, mostly acute
myeloid leukemia (AML).
Currently, there are four main occupational cohort studies demonstrating an association between benzene and leukemia and for which exposures have been assessed in detail. These are the Goodyear Pliofilm (Crump [21],
Rinsky et al. [22], [23]), the Chemical Manufacturers
Association (CMA) [24], [25], Dow Chemical and the
Chinese Factory Worker cohorts [21]. WHO (2000) [27]
decided to use the study of Crump (1994) on the Goodyear
Pliofilm cohort to derive a quantitative cancer risk estima-

tion associated to benzene inhalation. They estimated a
range of 4.4 × 10-6 to 7.5 ×10-6 with a geometric mean of
6.0 × 10-6 as the in-crease in the lifetime risk of an individual who is exposed for a lifetime to 1 µg/m3 benzene in
air. Human cancer risk from benzene exposure estimated
from these studies is based primarily on epidemiological
data with supporting evidence provided by animal bioassay data. The common approach links external exposure to
the probability of developing cancer through the definition
of a dose-response curve.
The risk assessment approach outlined above has two
main limitations: first it ignores the uncertainty associated
with external exposure as well as variability between different individuals (inter-individual variability) stemming
from genetic differences, lifestyle, age or physiological
status; all of the above may result in differences in actual
health outcomes. Second, the main dose metric used to
relate the administered dose history to cancer probability
is the AUC (Area Under the Curve). This means that the
same dose (and hence the same risk) is assigned to any
dose history having the same integrated total dose without
regard to the time evolution of the administered dose.
Since the cancer risk associated to benzene is mainly
related to its metabolites [28], [29] and, more in detail, to
their internal dose, a more biology-based approach that
takes into account the internal dose of metabolites produced should represent an improvement in the traditional
risk assessment giving also more robust biological basis.
Furthermore, starting from prior distributions of the most
important physiological and biochemical parameters influencing the determination of the internal dose of benzene
metabolites we can derive a distribution function of health
risk to the exposed population rather than a unique value
representing an “individual” risk using Markov Chain
Monte Carlo techniques.
The cancer risk model developed in this work, follows the approach of Cox [30]; it is based on the decomposition of the dose-response relation into two distinct subrelations: the first one links the administered dose to the
total amount of metabolites produced (internal dose) while
the second one connects the internal dose to the cancer
probability through an empirical-statistical model. The first
relation is provided by the PBPK/PD model while the second one was derived trough the development of an empirical-statistical relation that links the internal doses to the
cancer probability. The latter was found to be described by
the following non-linear regression model:

P( y ) = 1 − e[ −0.04296940 y +0.02633730y

2

−0.00764081y3 ]

(5)

with a residual standard error of 0.00858475 on 8 degrees of freedom.
In Figure 3 the estimated cancer risk as a function of
the external benzene concentration as predicted by Crump
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FIGURE 2 - Metabolic chain of benzene to its primary metabolites.

FIGURE 3 - (a) lifetime excess cancer risk for 8hr/day lifetime inhalation exposure
to benzene as predicted by Crump and Allen and our model. (b) the same at low doses.
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and Allen model (solid line) and by our model (dashed
line) is given.

§ Home: from 00:00 to 07:00

Uncertainty and variability analysis

§ Work from 08:00 to 16:00

The methodology illustrated estimates the health risk
associate to exposure scenarios of BTEX starting from the
calculation of the internal dose of chemicals in the target
tissues (through the application of a PBPK/PD model) and
then applying a dose-response function to derive the associated health risk estimate. PBPK/PD models involve
a large number of parameters each of which is subject to
some degree of uncertainty and variability, which are translated into PBTK model outputs. Ignoring them in model
parameters renders model results almost useless for risk
assessment.
Variability typically refers to differences in the values
of model parameters among individuals (inter-individual
variability) or across time within a given individual (intraindividual variability). Uncertainty, on the other hand, essentially is a result of lack of knowledge and may have
various sources. Toxicokinetic parameters are sometimes
known only with finite precision and the use of standard
values, such as those in the International Commission on
Radiological Protection report [31] are approximate values of the average for a human population.
To handle uncertainty and inter-individual variability
we applied a Markov-Chain Monte Carlo approach on the
most significant model parameters determined after a global
sensitivity analysis on the whole model parameters dataset.
This method is based on large repetition of model running
using rather than fixed values of the model parameters a
probability distribution for each of them and sampling randomly from its specific distribution. In this way a large number of different values for the model predictions are calculated representing a statistical distribution of the health risk
for the population.

§ Outdoor from 07:00 to 08:00

§ Outdoor from 16:00 to 17:00
§ Home from 17:00 to 24:00
The exposure length was 7 days with a period of 24 hr.
The biologically effective doses for each chemical constituting the BTEX mixture in the venous blood, alveoli
and lung tissues are shown in Figure 4 together with the
relevant exposure scenario.
The results show that the relative ratio between internal doses of different chemicals depends strongly on the
specific tissue. The values of certain key model parameters
such as the partition coefficients play a major role in determining the internal dose. As an example, the internal
dose of benzene shows the lowest value compared to the
others chemicals in venous blood and in lung but it shows
definitely higher values than ethylbenzene in alveoli.
Inserting the internal doses of total metabolites calculated by the PBPK/PD model into the pathology model we
derived the estimated cancer risk for exposed people to the
above scenario. However this result represents the cancer
risk for a generic “individual” and it cannot be considered
as an appropriate measure of the cancer risk for the population.
To derive the risk for the exposed population a Monte
Carlo analysis was performed using, instead of fixed values, probability density functions both for exposure values
and for the most significant model parameters selected
among all model parameters via global sensitivity analysis. Global sensitivity analysis produced a list of the fifteen
parameters/variables, which affected the most the final
end-point (i.e. cancer risk). The list is reported hereinafter
and it includes physiological and biochemical parameters
and exposure variables:

To calculate the cancer risk derived from exposure to
a mixture of BTEX, Monte Carlo simulations with 10000
iterations were performed using distribution functions both
for exposure values and for the most significant model parameters derived through global sensitivity analysis on the
whole dataset of the model parameters.

-

Body weight

-

Cardiac output

-

Alveolar ventilation rate

-

-

Fat content
Maximum velocity of Michaelis-Menten metabolism for benzene in the liver and in the bone marrow
Michaelis-Menten affinity constant for benzene in
the liver and in bone marrow
CYP2E1 specific activity
Concentration of microsomal protein per gram of
tissue in the liver
Efficiencies of CYP2E1 for specific oxidation

-

BTEX concentrations in the ambient air

-

RESULTS AND DISCUSSION

-

The full-chain approach starting from external exposure to cancer risk estimation was applied to a typical exposure scenario derived from measured environmental concentrations of BTEX in Thessaloniki (both indoor and outdoor) in the framework of the AIRMEX project of the
European Commission’s Joint Research Centre [32], [33].
More in detail the exposure scenario was “modulated”
to reflect as much as possible the true amount of VOCs inhaled by the local population assuming the following time
activity pattern:

For each of them a probability density function (PDF)
was derived via a combination of literature data and prior
distributions estimated from experimental measurements.
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The used PDF’s are synthetically reported in Table 4 and
graphically in Figures 5 (a) and (b).
The result in term of cancer risk is shown in Figure 6. It
shows the cancer risk as a distribution function with an
average value of 2.51×10-5 and 95th percentile of 5.46×10-5.
For comparison we also reported the WHO risk estimate
relative to the average value of personal benzene measured in Thessaloniki in the frame of the AIRMEX project
that was 8.86 µg/m3 causing cancer risk estimation equal
to 5.32×10-5.

The comparison between the two cancer risk estimates
shows that the health risk calculated is on the average reduced when benzene metabolism is inhibited by the presence of the other three components of the quaternary VOC
mix, resulting in lower cancer risk. This is due to the fact
that the mechanism of action, based on competitive inhibition, causes the four chemicals to compete as substrates for
the same site on an enzyme, increasing the unchanged concentrations of benzene and reducing the amount of metabolites produced. The latter is directly related to cancer risk
in the case οf benzene.

BTEX concentration in lung
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FIGURE 4 - BTEX concentration in venous blood, alveoli and lung as predicted by PBPK/PD modeling simulation
following a combined exposure of BTEX derived from AIRMEX indoor-outdoor concentration data in Thessaloniki (on the left)
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Body weight: PDF Lognorm(70.31436, 11.81159)
X <= 52.7
5.0%

Alveolar ventilation rate: PDF Normal(18.03513, 2.504232)

X <= 91.2
95.0%
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5.0%
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FIGURE 5 - (a): Probability Distribution Functions for the model parameters listed in Table 4
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Concentration of microsomal protein per gram of tissue in the liver (V2E1):
PDF Normal(57.89422, 19.03872)

CYP2E1 specific activity: PDF Normal(0.018072, 0.006329)
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FIGURE 5 (b) – Probability Distribution Functions for the model parameters listed in Table 4 (continues).
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TABLE 4 - Input parameter statistics for Markov-Chain Monte Carlo analysis.
Parameter/Variable
Body weight (kg)
Alveolar ventilation rate (l/h/kg)
Km :Michaelis-Mentent affinity constant for benzene in Liver (µmol/liter)
Vmaxc :Body surface-normalized maximal velocity of metabolism for benzene in Liver
(µmol/h/kg)
Km :Michaelis-Mentent affinity constant for benzene in Bone Marrow (µmol/liter)
Vmaxc :Body surface-normalized maximal velocity of metabolism for benzene in Bone
Marrow (µmol/h/kg)
Fractional volume fat (%)
Cardiac output (liters/h/kg)
V2E1: CYP2E1 specific activity (µmol/mg/hour)
CMP: Concentration of microsomal protein per gram of tissue in the liver (mg/g)
K1: Efficiencies of CYP2E1 for specific oxidation (liters/µmol)
Benzene (µg/m3)
Toluene (µg/m3)
Ethylbenzene (µg/m3)
Xylene (µg/m3)

PDF form
Lognormal
Normal
Normal
Normal

Min
45.0031
9.2363
0.0135
0.1854

Max
128.5796
26.6311
8.9530
30.2980

Average Std. Dev.
70.3144 11.8116
18.0351 2.5042
4.4724
1.5553
15.2787 5.1019

Normal
Normal

0.0148
0.0300

8.9297
29.6379

4.4773
14.8325

1.5756
4.8715

Normal
Normal
Normal
Normal
Normal
Lognormal
Lognormal
Lognormal
Lognormal

0.0732
9.0768
2.00×10-6
0.1717
0.0005
2.2652
9.3983
1.6986
6.7942

0.2135
26.5346
3.60×10-2
115.8087
0.0826
26.3237
162.0743
44.6934
205.6319

0.1432
17.9597
1.81×10-2
57.8942
0.0422
8.8267
43.3058
8.9174
38.3238

0.0215
2.4849
6.33×10-3
19.0387
0.0119
4.8429
29.4848
7.7497
37.3683

450
400

Number of cases

350
300
250
200
150

WHO risk estimate (linear D-R, no threshold) = 5.32×10-5

100
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0
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FIGURE 6 - Cancer risk distribution frequency for Thessaloniki personal
exposure to BTEX resulting from Monte Carlo simulation (10000 iterations).
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FIGURE 7 - Comparison between benzene internal doses in bone marrow after an exposure scenario
with benzene alone (with solid line) and together with toluene, xylenes and ethylbenzene (dashed line). The
exposure concentration levels were: benzene 0.125 ppm, toluene 12.25 ppm, xylenes and ethylbenzene 25.0 ppm.

Τhe metabolic inhibition effect grows with the number
of substances constituting the mixture: when humans are exposed to all four chemicals together, interaction effects on
benzene are even greater than in the ternary or the binary
mixtures. Ethylbenzene, for example, further increases
the internal concentrations of benzene not only because
ethylbenzene interferes directly with the metabolism of
benzene but also because it inhibits toluene and xylenes
metabolism, increases their internal concentrations, and thus
enhances their inhibitory effect on benzene.
The interaction effect due to concurrent exposure to a
chemical mixture can be better appreciated when the exposure levels are higher with respect to typical environmental
exposures. This is the case for occupational exposure characterized by exposure levels of the same order of the
Threshold Limit Value (TLV) for all the four substances
composing the mixture. TLV is defined as “the concentration of a substance to which most workers can be exposed
without adverse effects”. These limit values are defined
taking into account exposure to only individual chemicals.
Therefore, it is of great interest to verify if simultaneous exposure to a mixture containing multiple chemicals could
vary the effective dose to the target organs.
The TLV’s for the four chemicals considered here are:
•

Benzene 0.5 ppm

•

Toluene 33.0 ppm

•

Xylenes 50.0 ppm

•

Ethylbenzene 50.0 ppm

To evaluate the effect of the interaction we compared
the internal dose of benzene in the bone marrow when
workers are exposed to benzene alone at ¼ the TLV vs.
when they are co-exposed to the quaternary BTEX mixture, assuming for each chemical exposure levels at ¼ the
respective TLV. The exposure scenario considered was the
same as for Thessaloniki except for the fact that occupational exposure was set at ¼ the TLV. The result of the
comparison is shown in
Figure 7. Benzene concentration in the bone marrow
is higher under combined exposure to BTEX with respect
to exposure to benzene alone. The increment can be estimated between 25 and 30% leading to an increased risk of
neurotoxicity and analogously reduced risk of leukaemia to
healthy individuals after lifelong exposure.

vidual health endpoints. However single chemical exposure
is an exception rather than the rule in dwellings and occupational environments sine humans are generally exposed
to chemical mixture resulting in a combined effect on human health, widely known as the “cocktail” effect.
In the present study, a full-chain approach to estimate
the cancer risk derived from an exposure to a mixture of
BTEX measured in Thessaloniki (Greece) has been developed. A PBPK/PD model for the quaternary mixture of
VOC’s enclosing the full metabolic chain of benzene has
been developed to predict the time course of the chemicals
in target tissues as well as the total amount of benzene
metabolites produced. Coupling the PBPK/PD model with
pathology (or dose-response model) and with Markov Chain
Monte Carlo analysis, a quantitative estimate of health risk
to the exposed population is derived.
The methodological approach outlined in this paper
provides a systematic framework for modeling and dealing
with multi-chemical interactions occurring in increasingly
complex mixtures. The cancer risk associated with human
exposure to BTEX mixtures is reduced with respect to exposure to benzene alone at the same concentration since
the rate of formation of oxidative metabolites from benzene is reduced during concurrent exposure to TEX due to
the competitive inhibition between the four chemicals that
compete as substrates for the same isoenzyme (P450 2E1).
The application of Markov Chain Monte Carlo to produce a frequency distribution of health risk rather than a
single value reflects better the variability among individuals representing a more appropriate method for estimate
the population health risk. It should be remarked that even
though the average cancer risk appears to be lower than the
corresponding health risk estimate according to the WHO
air quality guidelines, the 95th percentile of the risk curve is
ca. equal to the WHO estimate, and the maximum cancer
risk is close to two times higher than the WHO estimate
with the same exposure scenario. This comparison underlines the efficacy of the approach developed herein in enhancing the scientific robustness of the risk estimates though
a biology-based consideration of mechanisms of action and
interaction, as well as in addressing inter-individual variability in susceptibility and providing a tool for the articulation of mechanistic cause-and-effect hypotheses.
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ABSTRACT
Human risk assessment of a former industrial plant
situated in the South of Italy is analyzed. Risk is estimated
by simulating tetrachloroethylene (PCE) degradation and
the formation of breakdown products. Transport of PCE, trichloroethylene (TCE), di-chloroethylene (DCE) and vinylchloride (VC) in groundwater is modelled accounting
for sorption, dispersion and kinetics degradation within a
time horizon of 90 years. Since reliable values of sorption
partitioning coefficients and degradation kinetics are rarely
available at contaminated sites, risk is evaluated in several
scenarios in which the physical-chemical parameters values are varied according to literature values. The risk results are highly influenced by different but feasible scenarios, em-phasizing that reliable site specific field data are
necessary to accurately assess the risk. Moreover, naturally
occurring PCE degradation does not always result in a
decreasing cancer risk with time and the human health
risk can increase because of the formation of more toxic
substances and, only after a really long time, attenuated
by further degradation.

KEYWORDS: PCE, contaminated site, groundwater, human health
risk assessment.

INTRODUCTION
Tetra-chloroethylene (PCE) is widely used as a solvent
for dry-cleaning and also in industrial activities such as degreasing, metal stripping, chemical manufacturing, pesticide production, coal gasification plants and creosote operations. High PCE concentrations are toxic to both humans and animals, while the human health effect of low
level exposure is not yet well established. PCE has been
shown to cause liver and kidney tumours in mice and rats

and it is therefore considered a carcinogen. Some of its
breakdown products such as tri-chloroethylene (TCE), dichloroethylene (DCE) and vinylchloride (VC) are more toxic
and carcinogenic than PCE itself (see [1]).
Under favorable groundwater microbial and hydro-geochemical conditions, attenuation of PCE occurs in the form
of its transformation products. Researchers first demonstrated the potential for anaerobic biotransformation of halogenated aliphatic compound in 1981 [2]. Subsequent studies have shown that these compounds can bio-transform
under a variety of environmental conditions in the absence
of oxygen [3; 4]. The mechanism by which PCE transformation can occur is called “reductive dechlorination”: the
micro-organisms usually serve as catalysts for the reactions
that progressively remove chlorine atoms from PCE, that
reduce PCE to TCE, which in turn can be reduced anaerobically to 1,1-DCE or cis 1,2-DCE or trans 1,2-DCE, eventually converted to VC and ethane. Microbes can convert
ethane to methane, carbon dioxide and hydrogen chloride
(harmless compounds) [5].
The risk assessment of a contaminated site involves the
estimation of the human exposure to chemicals and examination of the chemicals toxicity [6; 7]. Since exposure is influenced by the fate and transport of contaminants in the
environment, the risk assessment of a site contaminated by
PCE should take into account the biotransformation of PCE
to its breakdown products and exposure to each biotransformation compound. In other words, risk assessment must
consider the future exposure to TCE, DCE and VC, which
in turn needs to be able to predict the concentration of each
product within the environment. Groundwater concentration of PCE and its breakdown products can be simulated
by models that account for several processes such as
transport by groundwater flow, dispersion through porous
media, sorption by soil and attenuation by reductive dechlori-nation.
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In this work the cancer and non-cancer toxic risk at a
contaminated site is evaluated by accounting for the exposure to PCE and the breakdown products. Moreover, since
site specific data are not available for all the information
needed for modelling contaminant migration and attenuation in groundwater, this work has investigated the influence of the uncertainty related to the values of the parameters which regulate the fate and transport of PCE and breakdown products, upon the human health risk.
MATERIALS AND METHODS
The site is located in the South of Italy and covers
an area of about 2.100 m2 and a mean elevation of about
4 m a.s.l.. The stratigraphy of the underlying geologic material has been investigated through 84 boreholes within
the area, resulting in a highly stratified geology with alternating pyroclastic deposits and peat. Figure 1 shows the
typical stratigraphy of the site. The stratification is subhorizontal and different soil types are identified; from the
bottom to the top the following layers can be distinguished:
a) peat; b) sandy-loam with gravel; c) and d) loamy-sand;
e) silty-clay with sand and gravel; f) loamy sand with
gravel. Peat constitutes an impermeable bottom layer of a
shallow aquifer. An extensive survey (41 piezometers) of
the groundwater level revealed a thickness of the aquifer of
about 9 m and an average groundwater level of about 0.5 m
below the ground surface. The mean hydraulic gradient is
between 0.15 % and 0.2 % and the direction is from NorthEast toward South-West. The hydraulic conductivity of the
aquifer ranges between 10-5 to 10-6 m s-1, with higher vertical variability related to the variability of the lithology in
the vertical direction.

tected in almost all the logs in the upper part of the soil to
a depth of 2.5 m from the surface. The mean soil PCE
concentration is 0.12 mg/kg and the standard deviation is
0.10 mg/kg, resulting in a coefficient of variation of about
1.6. Concentration of TCE of about 0.15 mg/kg, was found
only in one log. Only a few groundwater samples were
available at the site; however a concentration of PCE as
high as 108.3 x 10-3 mg/l was detected together with TCE,
1,1-DCE and 1,2-DCE at a concentration of 29.3 x 10-3 mg/l,
12.9 x 10-3mg/l and 78.3 x 10-3mg/l respectively, testifying the occurrence of PCE reductive dechlorination within
the aquifer. No detectable VC was observed in both soil and
groundwater samples, showing that degradation is still in
progress.
The fate and transport of PCE and its transformation
products in the aquifers are influenced by several processes
such as transport by the groundwater flow, dispersion by
the porous media, sorption by the soil and attenuation by
reductive de-chlorination. Modelling all these processes can
be challenging under general conditions, unless some simplifications are introduced. Most of the models available in
literature assume linear-equilibrium partitioning between soil
and groundwater concentrations and first order kinetics for
degradation of PCE and its transformation products [8].
Table 1 resumes some of the values commonly encountered
in literature for the partitioning coefficient Kd and the
kinetics rates k. Both Kd and k have a large range of variability, and k can vary over several orders of magnitude.
TABLE 5 - Commonly reported values for partition (Kd) and
degradation (k) coefficients of PCE, TCE, DCE and VC. For
1,1-DCE, cis-1,2 DCE and trans-1,2 DCE the same value for Kd
and k is adopted. References are reported as superscript.
PARTITION & DEGRADATION COEFFICIENTS

The soil on the site is prevalently contaminated with
PCE. 47 soil samples were collected from 10 logs and analyzed for the following compounds: chlorinated aliphatics,
chlorinated aromatics, chlorinated and not chlorinated phenols. High PCE concentration, up to 1.25 mg/kg, were de-

PCE
TCE
DCE
VC

Kd (l kg-1)
0.350-1.000[9]
0.570-0.655[10]
0.155-0.250[9]
0.050-0.103[9]

k (10-3 d-1)
0.68-3.8[11]
0.10-21.0[12]
0.16-26.0[12]
0.30-12.0[12]

FIGURE 1 - Stratigraphy of the site. a) peat, b) sandy-loam with gravel, c) and d) loamy-sand,
e) silty-clay with sand and gravel and f) loamy-sand with gravel. The groundwater flow velocity is
also reported as arrows with length proportional to the magnitude, no significant vertical flow can be observed.

1456

© by PSP Volume 17 – No 9b. 2008

Fresenius Environmental Bulletin

Simulations of flow, transport and degradation of PCE,
TCE, DCE and VC were performed by using Visual
MODFLOW® 3.1, owned by Waterloo Hydrogeologic Inc.
Visual MODFLOW® is a widely used modeling software
for practical applications in the three-dimensional groundwater flow and contaminant transport simulations. Visual
MODFLOW® provides MODFLOW 2000 [13] for the
simulation of groundwater flow and RT3D [14] for modelling multi-species solute transport.
Under steady state conditions, MODFLOW 2000 solves
the following governing equation through a block-centred
finite difference numeric scheme [13]:

∂ ⎛ ∂h ⎞ ∂ ⎛ ∂h ⎞ ∂ ⎛ ∂h ⎞
⎜ K ⎟ + ⎜ K ⎟ + ⎜ K ⎟ = 0
∂x ⎝ ∂x ⎠ ∂y ⎜⎝ ∂y ⎟⎠ ∂z ⎝ ∂z ⎠

(1)

where K is the hydraulic conductivity of the soil and
h is the piezometric head of the groundwater.
The mass balance equation, solved by RT3D, for PCE
and its transformation products have the following form:
∂[Ak ] ∂ ⎛⎜ ∂[Ak ]⎞⎟ ∂(vi [Ak ])
RAk
=
Dij
−
− k k [Ak ] + k k −1 [Ak −1 ] (2)
∂t
∂xi ⎜⎝
∂x j ⎟⎠
∂xi

where Dij is the hydrodynamic dispersion tensor [15],
vi is the groundwater velocity, R A = 1 + K d is the retardak

To the best of our knowledge, reliable literature data of
health effects on mixtures composed of PCE and its breakdown products or adequate information of toxicological interactions are not currently available, hence, the additive
model has been adopted. Mixture cancer risk and hazard
quotient is estimated as the summation over all the chemicals of the mixture [18, 19]:

R = ∑ Ri

k1
k2
k3
PCE ⎯⎯→
TCE ⎯⎯→
DCE ⎯⎯→
VC

(3)

Initial and boundary conditions must be specified in
order to solve Equation (2). An initial concentration of PCE
has been considered for this work while, in accordance with
the field data, a negligible concentration of its products is
set. Since scarce PCE concentrations are available for the
site, it has been necessary to interpolate the PCE soil concentration values in order to have an estimation of the initial condition over all the contaminated area. For this purpose, ordinary Kriging was used [16]. The Kriging method
allows to reconstruct a three dimensional spatial distribution of the soil PCE concentrations by interpolating field
data. The Kriging algorithm returns an estimation of the
concentration at a general point with minimum mean square
error. Once the initial concentration is assigned, RT3D is
able to predict, over the entire time horizon selected, the
groundwater and soil concentration of both PCE and its
breakdown products at each point of the aquifer.
Human health risk assessment for the chemical mixture composed of PCE and its breakdown products, is estimated for both non-cancer and cancer effects. Depending
on the data available, different approaches can be used to

HQ = ∑ HQi

i

where Ri and

i

HQi

(4)

are the cancer risk and the Hazard

Quotient of a generic compound i. Ri is computed by:

Ri = Ei ⋅ SFi

k

tion factor and k A is the degradation rate of the comk +1
pounds k (k=1 for PCE, k=2 for TCE, k=3 for DCE, and
k=4 for VC) according to the following reaction path:

k1
k2
k3
A1 ⎯⎯→
A2 ⎯⎯→
A3 ⎯⎯→
A4

evaluate the health risk of mixtures [17]. Whenever possible, the preferred approach is to perform the assessment
using health effects and exposure data on the whole mixture. However, if mixture composition changes over time,
the approach could be affected by uncertainty and possible
bias. A second approach employs the data on single mixture components. When adequate information of toxicological interactions between chemicals exist, they have to be
incorporated in the assessments, however if information is
not adequate, dose or response additive models are recommended. In addition, dose/response additive models can be
considered as default approaches since they have clarity,
simplicity, and ease of implementation [17].

(5)

where the exposure Ei is the amount of chemicals i
that reach a target population in a specified frequency for
a defined duration [20,21]; the slope factor SFi of a chemical i is an upper-bound estimate of risk per increment of
dose [19,20]. The slope factor of PCE, TCE, 1,1-DCE, cis
1,2-DCE and trans 1,2-DCE are reported in Table 2. It is
worth noting that some of the breakdown products of PCE
have higher SF than PCE itself.
The Hazard Quotient of substances is usually expressed
as:

HQi = Ei / RfDi

(6)

where RfD is the reference dose of a chemical, which
is an estimation of the daily exposure dose that is unlikely
to have an adverse effect, even if continued exposure occurs
over the lifetime. Table 2 contains the RfD of all the chemiTABLE 6 - Toxicological data for PCE and transformation
products. SF is the slope factor for ingestion and RfD is also the
reference dose for ingestion. Data for SF of cis-1.2-DCE and
trans-1.2-DCE are, to our knowledge, not available.
TOXICOLOGICAL DATA(ref. [1])
PCE
TCE
1,1-DCE
cis-1,2-DCE
trans-1,2-DCE
VC
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SF (mg kg-1 d-1)
0.052
0.01
0.6
1.9

RfD (mg kg-1 d-1)
0.01
0.006
0.009
0.01
0.02
0.003
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cals involved in this work. VC and TCE have slightly lower
RfD than PCE, while the toxicity of the remaining breakdown products is similar or even less than PCE.
The aim of this work is not to evaluate the real risk of
a contaminated site but to investigate the dynamics of the
risk in complex environmental conditions where several
processes concur to influence the chemical concentration
in both soil and water. For this purpose, exposure is estimated by assuming that a well is located within the contaminated site and pumped water is used as the water supply for the population living around the site. Only exposure
through oral ingestion of contaminated water is considered.
Exposure is then expressed as:

E i = Ci

IR ⋅ EF ⋅ ED
AT ⋅ BW

(7)

where IR is the ingestion rate of water which is 2 l/d
for adults; EF is the frequency exposition generally assumed
to be 350 days per year; ED is the exposure duration: it is
equal to 30 years for adults; AT is the average time and it is
usually set to 70 years; BW is the body weight: 70 kg for
adults; Ci is the concentration of the generic chemicals i at
the well. In this work it is assumed that Ci is the maximum
concentration over all the aquifer of the single chemical at
any fixed time.
In order to identify the order of importance of the two
parameters (k and Kd) influencing the dynamic of both R
and HQ, a sensitivity analysis of model output was performed by using the method suggested by Cotter [21] (see
also [22]). The main advantage of this method is that it is

simple and computationally efficient. Appendix A contains
some details of the method. The measure M, defined by
equation A1 for each factor/parameter k and Kd, can be
used to estimate the order of importance of the parameters
and, hence, the processes (sorption or degradation).
RESULTS AND DISCUSSION
Groundwater piezometric head and velocity vectors are
reported in Figure 2. The velocity vectors are represented
as arrows with length proportional to their magnitude. The
hydraulic conductivity of all the strata is calibrated through
field measures of the piezometric head. A discrepancy of less
than 10% was detected between model and field data, testifying the reliability of the simulations. The mean velocity
is about 10-2 m/d and the mean groundwater direction is in
good agreement with field data. The vertical distribution
of groundwater flow velocity is reported in Figure 1, no
significant vertical flow can be observed.
The initial concentration of PCE at an average depth
of 1.5 m below the ground surface is depicted in Figure 2.
The initial concentration distribution is the output of the
Kriging algorithm adopted. The analysis of the frequency
distributions of both measured concentrations, and estimated by Kriging, are highly positively skewed. Statistics of
measured and estimated concentrations are in reasonable
agreement: 0.1253 mg/kg, 0.135 mg/kg and 0.0440 mg/ kg
are the mean, upper and lower quartile of measured concentrations while the estimated values give 0.1148 mg/kg,
0.1280 mg/kg and 0.0640 mg/kg.

FIGURE 2 - Results of the piezometric head and the velocity field computed by numerical simulation. The velocity vector is represented as
arrows with length proportional to their magnitude. Initial PCE iso concentration curves are represented within the contaminated site area.
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Since reliable values for the sorption partitioning coefficients and degradation kinetics are rarely available at
contaminated sites, risk is evaluated according to several
scenarios in which the physical-chemical parameters values
vary in relation to the literature values reported in Table
1. The scenarios analyzed are reported in Table 3, where
the values of the partition coefficient Kd and degradation
rate k are summarized. As a reference case, the risk when
no degradation occurs is analyzed; in this scenario (scenario 0) the values of Kd are set at both the maximum and
minimum of the range, and risk related to PCE exposure
is computed as if no transformation products are formed.
TABLE 7 - Definition of different scenario analyzed
in this work. The values of the partition coefficient Kd
and degradation rates k are specified for each scenario.
SCENARIOS
Kd
Min & Max
Min
Min
Max
Max

Scenario 0
Scenario 1.1
Scenario 1.2
Scenario 2.1
Scenario 2.2

k
0
Min
Max
Min
Max

Figure 3 reports the cancer risk in different scenarios.
The risk is always much higher than the acceptable value
of 10-6 which is commonly adopted for carcinogenic substances [6; 7; 16]. The results clearly show that a great difference exists between the dynamics of risk according to
scenario 0 compared to the other scenarios where the degradation is considered and subsequently, breakdown products are formed. Scenario 0 for (Kd)min=0.35 l/kg has a
higher risk than scenario 0 with (K d)max=1 l/kg; this is
because the mass of solute contained in the water is inversely proportional to Kd, resulting in a groundwater con-

centration, and then exposure, that decreases with the soil/
water partition coefficient. However, in both cases cancer
risk tends to decrease with time because of the mixing and
dilution of contaminated water with fresh groundwater.
The dynamics of the risk becomes much more complicated
as the degradation and formation of breakdown products
are considered. At fixed Kd, risk computed for the scenarios where the degradation coefficient is set to the minimum
value (kmin) is always higher than the risk for scenario 0,
testifying that some of the breakdown products, which can
be more toxic than PCE, are slowly formed at relatively
small concentrations. In this case risk decreases very slowly
and it does not reach the acceptable value of 10-6 for the
entire time horizon considered here. Completely different
behaviour is observed for the degradation rate equal to the
maximum value of the range at fixed Kd. In these scenarios (1.2 and 2.2), the curves are always higher than scenario 0 and reach a peak at about 50 and 1000 days after the
release for (Kd)max=1 l/kg and (Kd)min=0.35 l/kg respectively. The higher peak of the cancer risk is predicted by
the model in case of scenario 1.2 where Kd and k take the
minimum and maximum values respectively. In this scenario the risk is not attenuated with time and the maximum
risk is not at initial time, as in the others scenarios, but at
larger time. This trend is due to the appearance of breakdown products from the PCE, which are more toxic than
PCE itself. In spite of that, these scenarios (high degradation rate) reach the acceptability level (R=10-6) in 50 and
44 years for scenario 1.2 and scenario 2.2 respectively.
Figure 4 reports the hazard quotient computed during
the simulations for the selected scenarios. If HQ is less
than one, the contaminated soil can be considered not hazardous for human health. The HQ reported in Figure 4 is

Kd min - scenario 0
Kd max - scenario 0
scenario 1.1
scenario 1.2
scenario2.1
scenario2.2

1,5

R 10-3 [-]
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80
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FIGURE 3 - Cumulated cancer risk computed in different scenarios as a function of the simulation time.
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FIGURE 4 - Cumulated non-cancer hazard quotient for human health computed in different scenarios as a function of the simulation time.
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FIGURE 5 - Results of the sensitivity analysis for HQ and R. Mk-MKd is a measure of the importance of the factors k and Kd.

much higher than 1 for all the scenarios considered here,
at least at early times. Similarly to what was observed for
the cancer risk, the scenario 0 for (Kd)min=0.35 l/kg has
higher HQ than scenario 0 for (Kd)max=1 l/kg. Both tend to
decreases with time. When degradation is considered, contrary to what was observed for cancer risk, the HQ always
decreases with time. The reason for this peculiar behaviour is that, as it is evident in Table 2, toxicity of PCE and
breakdown products are similar, while some of the transformation products of the PCE are much more carcinogenic

than PCE. Degradation rate influences considerably the
large time HQ behaviour: the scenarios with high k reaches
the acceptability level of 1 at 66 years (scenario 1.2), while
the scenarios 2.2, 1.1 and 2.1 are not able to reach the acceptability level for the entire simulation period.
Figure 5 reports the dynamic of the difference between
Mk and MKd for R and HQ. Positive values of the difference
Mk-MKd mean that parameter k is more important than Kd,
hence chemical degradation is more significant in the evalua-
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tion of the human health risk. Figure 5 shows that R is, on
average, influenced more by Kd up to the 25th year, while
k is the most important factor which controls the large
time behaviour. Similarly, HQ is more influenced by Kd at
very early time (up to the 2nd year) while the large time
behaviour is controlled by k. The difference Mk-MKd asymptotically goes to zero since both R and HQ are zero in
the limit of exceeding large time when all the chemicals
have been degradated. In this limit R and HQ are not
influenced by either k or Kd.

Mj =

1
[ (y 2 n +1 − y n + j ) + ( y n − y0 ) ] + 1 [ (y 2 n +1 − y n + j ) − ( y n − y0 ) ]
4
4
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ABSTRACT

INTRODUCTION

In a previous study, we demonstrated that exposure
for 7 days of the clam Tapes philippinarum to 4-nonylphenol (NP) induced vitellogenin (Vg)-like proteins in both
haemolymph and digestive gland of males. The aim of the
present study was to evaluate NP estrogenic potency in
sexually undifferentiated clams. Molluscs were exposed for
7 and 14 days to various sublethal NP concentrations (0,
0+acetone, 0.0125, 0.025, 0.05, 0.1 and 0.2 mg NP/L and
0, 0+acetone, 0.0125, 0.025, 0.05 and 0.1 mg NP/L, respectively) and Vg-like protein levels were evaluated in
both haemolymph and digestive glands of clams by the
alkali-labile phosphate assay (ALP). Haemolymph Ca2+
levels were also measured, this parameter being considered
strictly related to the presence of Vg-like proteins. Exposure for 7 days to 0.2 mg NP/L resulted in statistically significant increases in Vg-like proteins (expressed as µg ALP/
mg protein) in both haemolymph and digestive gland, with
respect to controls. Conversely, haemolymph Ca2+ levels
did not show significant variations. In 14-days treatments,
Vg and Ca2+ levels showed a similar increasing trend in
haemolymph, although significant differences with respect
to controls were found at 0.025 and 0.05 mg NP/L for Ca2+
only. A dose-dependent Vg increase was also observed in
digestive gland, significant at 0.1 mg NP/L. Responsiveness of Vg induction was confirmed in quiescent clams,
mostly when measured in digestive gland, indicating applicability of the biomarker throughout the whole reproductive cycle of animals in both laboratory and field studies. A relationship between Vg and Ca2+ levels was detected
in prolonged exposure only.

KEYWORDS: nonylphenol, xenoestrogens, clams, vitellogenin,
alkali labile phosphate assay, calcium

Nonylphenol (NP) is used in the production of
nonylphenol ethoxylates (NPEs), NP phosphites and aminocarb insecticide sprays [1]. NPEs and NP are generally discharged in large quantities into aquatic environments,
where NPEs biodegrade to de-ethoxylated intermediates
(NP(n-1)Es), of which NP is the final product [1,2]. Various ad-verse effects of both NP and NPEs have been reported in fish and aquatic invertebrates, although NP
appears to be acutely toxic at lower concentrations with
respect to NPEs. Among negative effects, NP can alter
hormonal functions in various aquatic organisms, since it
is able to mimic the action of endogenous estrogens by
binding estrogen receptors [3,4]. As a consequence, NP
may induce vitellogenin (Vg) synthesis in both fish [5,6]
and bivalves [7,8].
Vgs are the major precursors of the egg-yolk proteins,
vitellins, which provide energy reserves for embryonic development in oviparous organisms. Vgs are glyco-lipo-phosphoproteins having calcium and zinc ligands [7,9]. In mature females, Vgs are produced in the liver, or equivalent
organs, in response to endogenous estrogens, such as 17β
-estradiol (E2), released into the bloodstream and stored
in developing oocytes [10]. Vg levels are generally undetectable in the plasma of both males and sexually immature females [11]. In males, the Vg gene is normally silent,
but it may be activated by xenoestrogens [12].
We have recently demonstrated that 7 days exposure to
NP of the clam Tapes philippinarum significantly increased
Vg-like proteins in both haemolymph and digestive gland
from males [8]. In the present study, NP estrogenic potency
was investigated during the resting phase of clams after
exposure for 7 and 14 days to sublethal NP concentrations.
As specific antibody for clam Vg is not available at present,
Vg-like proteins were determined in both haemolymph and
digestive gland by the indirect alkali-labile phosphate assay
(ALP) [7]. In the haemolymph Ca2+ levels were also meas-
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ured, this parameter being considered correlated to the Vglike protein levels [13].
MATERIALS AND METHODS
Animals

Specimens of T. philippinarum (3.0-3.5 cm shell length)
were collected during their resting phase from a reference
site in the Lagoon of Venice and acclimatised in the laboratory for 5 days before exposure to NP. Clams were
kept in large aquaria provided with a sandy bottom and
aerated sea water, salinity of 35 + 1‰ and temperature 17 +
0.5°C, and fed with microalgae (Isochrysis galbana).
Exposure to NP and tissue collection

4-nonylphenol (NP), a mixture of p-isomers, was purchased from Fluka (Buchs, Switzerland) (Cod. 74430). A
stock solution was prepared in acetone and stored at room
temperature for the duration of the experiments. Working
solutions were prepared by diluting the stock solution in
sea water.
Twenty clams per concentration were exposed for 7 and
14 days to various nominal NP concentrations: 0, 0+ acetone, 0.0125, 0.025, 0.05, 0.1 and 0.2 mg NP/L and 0,
0+acetone, 0.0125, 0.025, 0.05 and 0.1 mg NP/L, respectively. These concentrations were chosen on the basis of
our previous data on NP toxicity in T. philippinarum [14].
In acetone controls, solvent was added at the same concentration used at the highest NP concentration tested (16 and
8 µL/L). During exposure, clams were maintained in glass
aquaria (without sediment) containing aerated sea water
(1L/animal), at the same thermo-haline conditions used in
the acclimatisation period. Every day the water was changed,
and NP and microalgae (I. galbana) added.
After exposure to NP, haemolymph (at least 250 µL/
clam) was individually collected from the anterior adductor
muscle of clams with a 1-mL plastic syringe and placed in
Eppendorf tubes in ice. Haemolymph was then pooled to
obtain 4 replicates (from 5 animals each) for each experimental condition. Pooling was necessary to obtain enough
haemolymph protein material for ALP and Ca2+ analyses.
Thereafter, digestive glands were excised from 20 individuals. Pooled haemolymph samples were centrifuged at
780 g for 10 min, after which haemocytes were removed.
Both cell-free haemolymph and digestive glands were frozen and stored at –80°C until processing.

ALP levels were measured in both cell-free haemolymph and homogenised digestive glands, following the
method of Blaise et al. [7]. Five hundred µL of cell-free
haemolymph or tissue supernatant were mixed with 500 µL
of t-butyl methyl ether (Sigma) for 30 min at room temperature. These emulsions were mixed by a Vortex agitator at
least 3 times during the extraction period. A 400-µL sample of the ether phase was then mixed with 100 µL of 2 M
NaOH for 60 min at 50oC, to allow hydrolysis of bound
phosphates. The levels of free phosphates were determined
in the aqueous phase according to the phosphomolybdenum method proposed by Stanton [15]. A standard curve
of known concentrations of inorganic phosphate was
drawn. Results are expressed as µg ALP/mg proteins. Protein con-centrations in both cell-free haemolymph and
homogenised digestive glands were quantified according to
Bradford [16], with bovine serum albumin (BSA, Sigma) as
standard.
Calcium assay

Cell-free haemolymph calcium concentration was
measured according to the method of Pekkarinen and
Suoranta [17], using the "Calcium C" kit (Wako Chemicals, code 997- 21809, GmbH) based on the o-cresolphthalein complexon colour development method. Briefly, 50 µL
of cell-free haemolymph were mixed with 5 mL of buffer
solution and 500 µL of the colour reagent, and then incubated for 5 min at room temperature. Buffer solution, colour reagent and calcium standard solution were supplied
with the kit. Absorbance of both haemolymph samples and
standard solution was read at 570 nm, and results are expressed as mg Ca2+/mL haemolymph.
Statistical analysis

Data were checked for normal distribution (ShapiroWilk's test) and homogeneity of variances (Bartlett’s test).
Results (expressed as means + standard error) were compared using a one-way ANOVA, followed by a post-hoc
test (Duncan’s test) for pairwise comparisons. The software
package STATISTICA 5.5 (StatSoft, Tulsa, Okla.) was used.
RESULTS
Exposure for 7 days to NP

Individual digestive glands were homogenised at 4°C
with a Teflon pestle in 1 mL of 10 mM Tris-HCl buffer, pH
7.5, containing 0.15 M KCl, 0.5 M sucrose, 1 mM EDTA
and 40 µg/mL aprotinin, sonicated for about 1 min at 0°C
with a Braun Labsonic U sonifier at 50% duty cycles, and
centrifuged at 12,000 g for 30 min at 4°C. Supernatant was
collected for ALP assay.

No statistically significant variations in Ca 2+ levels
were recorded in haemolymph (Fig. 1A). Conversely, Vglike protein levels (expressed as ALP) in haemolymph
were shown to increase significantly (p<0.05) in clams
exposed at the highest NP concentration tested (Fig. 1B).
Significant differences in ALP contents were also recorded
in digestive gland from clams exposed to 0.2 mg NP/L with
respect to controls, 0.0125 and 0.025 mg NP/L-exposed
clams (p<0.01), and to animals exposed to 0.05 mg NP/L
(p<0.05) (Fig. 1C).

Determination of Vg-like proteins: ALP assay

Exposure for 14 days to NP

Digestive gland homogenisation
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Ca2+ levels were shown to increase significantly in
haemolymph from bivalves exposed to 0.025 and 0.05 mg
NP/L (Fig. 2A). No significant variations in Vg-like protein levels were observed in haemolymph, although a trend

similar to that of Ca2+ was shown (Fig. 2B). In digestive
gland, a significant increase (p<0.05) in Vg-like protein
levels was observed in clams exposed at the two highest
NP concentration tested, with respect to controls (Fig. 2C).
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FIGURE 1 - T. philippinarum exposed for 7 days to NP during resting phase: A) haemolymph Ca2+ concentrations, expressed
2+
as mg Ca /ml haemolymph; B) Vg-like protein levels, expressed as µg ALP/mg proteins, in haemolymph; C) Vg-like protein
levels in digestive gland. Values are means + SE. Asterisks: significant results, in comparison with controls. *p<0.05; **p<0.01.

FIGURE 2 - T. philippinarum exposed for 14 days to NP during resting phase: A) haemolymph Ca2+ concentrations, expressed
2+
as mg Ca /ml haemolymph; B) Vg-like protein levels, expressed as µg ALP/mg proteins, in haemolymph; C) Vg-like protein
levels in digestive gland. Values are means + SE. Asterisks: significant results, in comparison with controls. *p<0.05.
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DISCUSSION
We have recently demonstrated that NP induce Vg synthesis in sexually differentiated clams (T. philippinarum),
particularly in males [8]. In the present study, exposure to
sublethal NP concentrations increased Vg-like protein levels
in both haemolymph and digestive gland of sexually undifferentiated animals. In particular, exposure for 7 days to
the highest NP concentration tested caused significant induction of Vg-like proteins in both haemolymph and digestive gland, whereas no alteration was found in haemolymph
Ca2+ concentrations. In previous studies, sexually undifferentiated bivalves have also been shown to be responsive to estrogenic compounds. In the cockle Cerastoderma
glaucum, exposure for 7 days to NP during the resting phase
of animals caused significant increases in Vg-like protein
content in both haemolymph and digestive gland [18]. Injection with E2 and coprostanol (a reduced metabolite of cholesterol) also caused a significant increase in Vg-like proteins in the hemolymph of sexually undifferentiated mussel, Elliptio complanata [19]. In addition, Mori et al. [20]
observed that E2 injection caused sex reversal (from male
to female) in the oyster Crassostrea gigas during the undifferentiated stage of gonads. Blaise et al. [7] found increased Vg-like protein levels in haemolymph from sexually undifferentiated specimens of the mussel, E. complanata, after injection of both E2 and NP. In the same
mussel species, increased Ca2+ levels were also observed
following injection of the two xenoestrogens. Conversely, in
the present study, exposure for 7 days to NP did not cause
significant increases in haemolymph Ca2+ levels. These
results suggested that, in T. philippinarum at least, a clear
relationship between haemolymph Vg-like protein levels
and Ca2+ concentrations is not present in clams exposed for
7 days to NP.
Exposure for 14 days to NP confirmed the estrogenic
potency of the contaminant in T. philippinarum, in digestive gland in particular. Indeed, although increased Vg-like
protein levels were also observed in haemolymph, they were
not significant with respect to controls.
This was probably due to the great variability (see
standard error values) among haemolymph pools. In a previous study, sexually undifferentiated mussels (E. complanata) treated with increasing concentrations of E2 and
NP (5 to 50 nmole) showed significant increases in Vg
levels in haemolymph, as determined by the ALP assay
[21]. Recently, injection via the adductor muscle with
increasing concentrations of E2 (1 to 25 nmol) of postspawning mussels (E. complanata) at the undifferentiated
or quiescent stage of reproduction has also been shown to
increase both Vg and Vg mRNA levels in gonads with
respect to controls [22]. All these data suggest that Vg is
readily induced by xenoestrogens, such as E2 and NP, in
sexually undifferentiated animals. On the contrary, no significant induction of Vg was observed in the hemolymph
of Mytilus edulis after exposure to E2 [23]. In the latter
study, the authors suggested that hemolymph is not the

carrier of Vg-like proteins in bivalves. Our results, as well
as those from previous studies, support the hypothesis that
haemolymph really plays an important role in the
transport of these proteins in bivalve molluscs. Interestingly, in the present study, haemolymph Ca2+ levels
showed a trend similar to that of Vg-like proteins, indicating that Ca2+ levels may be considered as a surrogate
measurement of Vg-like proteins in prolonged exposure
only.
Lastly, in the present study it was interesting to note
that control clams also had relatively high amounts of Vglike proteins after 7 and 14-day exposure. We hypothesised
that Vg may be involved in other important physiological
functions, such as immune reactions. Results of recent
studies support this hypothesis: some proteins involved in
internal defence reactions have been shown to belong to
the Vg family, thus suggesting their presence in both sex
of many invertebrate species, such as sea urchins and
nematodes [24-26]. In particular, Zhang et al. [27] and Shi
et al. [28] observed in vitro Vg haemagglutinating and
antibacterial activities in the amphioxus Branchiostoma
belcheri tsingtauense. If these activities are demonstrated
also in bivalves, Vg physiological levels could be justified not only in mature females, but also in males and in
quiescent animals.

CONCLUSIONS
This study demonstrates that NP may induce Vg-like
protein synthesis in sexually undifferentiated clams. Vglike protein contents significantly increased in both haemolymph and digestive gland from animals exposed for 7 and
14 days to the highest NP concentrations tested. Significant increases in haemolymph Ca2+ levels were observed
only after exposure for 14 days, suggesting that in T. philippinarum this parameter could be used as a surrogate measurement of Vg-like protein levels in relatively prolonged
exposures to xenoestrogens.
However, further studies are needed to better elucidate
the possible relationship between Vg and Ca2+ in bivalves,
mainly in field conditions. Summarising, responsiveness
of Vg induction has been confirmed in quiescent clams,
indicating applicability of the biomarker throughout the
whole reproductive cycle of animals in both laboratory
and field studies.
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ABSTRACT

KEYWORDS: EDCs; gametogenic cycle; RIAs; sex steroids;
Tapes philippinarum.

It is well known that a wide variety of endocrinedisrupting chemicals (EDCs) (e.g. organotin compounds,
heavy metals, herbicides, xenoestrogen compounds) can induce endocrine alterations in aquatic invertebrates, often
causing reproductive disorders. Although these phenomena
are of great concern, mostly in coastal and estuarine environments, few data are available about the mechanism of
action of EDCs, mainly due to lack of knowledge about the
invertebrate endocrine system.
To understand the possible mechanism of action of
EDCs better, the presence and patterns of variation of sexual steroids, progesterone, testosterone and 17β-estradiol
were measured in the whole body of the clam Tapes philippinarum by specific and opportunely validated microtitre
radioimmunoassays (RIAs). Female steroid concentrations
showed similar trends, with higher values during spawning
and lower ones in post-spawning and gametogenesis periods. Conversely, in males, sexual steroids varied over the
year: progesterone remained unchanged, with values similar to those of females in gametogenesis, whereas testosterone and 17β-estradiol showed a significant decrease
during gametogenesis only. Seasonal variations in clam
steroid levels may reflect their role in modulating reproduction. All hormones were unexpectedly high in the resting/early developing stage, during which gonadal tissue is
scarce, indicating that digestive gland may have a biosynthetic steroid capacity or accumulation. Although these
results are preliminary, evaluation of sexual steroids in
T. philippinarum during the gametogenic cycle represent
the first step for future research aimed at understanding
the physiological role of these hormones and their potential interaction with EDCs.

INTRODUCTION
Endocrine disruptors (EDs) are a structurally heterogeneous group of compounds that may adversely affect the
health of humans and wildlife, or their progeny, by interacting with the endocrine system [1]. EDs probably interfere with the endocrine system by binding to steroid receptors, acting either as agonists by eliciting similar effects
as endogenous hormones, or as antagonists by blocking the
effects of endogenous steroids [2]. One of the best documented examples of chemically-induced endocrine disruption is imposex in gastropods exposed to tributyltin (TBT).
Evidence suggests that TBT induces imposex by altering
the metabolism of steroids, not only in gastropods but also
in some bivalves [3], inhibiting the conversion of estrogen
from testosterone and cholesterol to various other steroids
[4, 5]. In particular, in the clam Tapes philippinarum, the
estrogenic effects of nonylphenol (NP) have recently been
demonstrated, resulting in vitellogenin-like protein induction, mostly in male clams [6], as NP probably mimics endogenous estrogens. However, progress on understanding
the mechanisms of action of EDs in invertebrates has been
hampered by the lack of detailed knowledge about their
endocrinology [7]. Although many recent studies of gametogenic cycle and steroid profiles have dealt with some
bivalves such as Pactinopecten yessoensis [8], Mya
arenaria [9-11] and Ruditapes decussatus [12], little is
known about many other bivalve species. The present study
investigated steroid profiles in the clam Tapes philippinarum, an important commercial species in the Lagoon
of Venice. This benthic, filter-feeding invertebrate was
chosen as model organism to study its possible use as a
sentinel organism in evaluating xenoestrogen-mediated
endocrine alterations in future field studies.
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MATERIALS AND METHODS
Clam collection

Fifteen specimens of T. philippinarum were collected
from two areas licensed for clam culture in the Lagoon of
Venice (Italy) from July 2005 to May 2006, corresponding to the reproductive stages described in Meneghetti et
al. [13]. January corresponds to the resting/early developing
stage (unsexed), May to the late developing/ripe/spawning
stages, July to ripe and spawning stages, and October to
spawning/spent stages (sexed and unsexed). The clams were
sexed by microscopic observation (400×) of a smear of gonadal tissue, with the exception of the spent-resting stages in
which no gametes could be detected. The whole body of
clams was dissected and stored at –20 °C until steroid
analyses.
Steroid extraction

Whole body clams were frozen in liquid nitrogen and
pulverised with a pestle. Samples (0.5-1 g) were transferred
to a tube containing 1 ml of phosphate buffer saline (PBS,
pH 7.2) and extracted with the addition of 8 ml of diethyl
ether. The dry extracts were dissolved in 1 ml of PBS and
various aliquots, depending on reproductive stage and assayed hormone, were used for radioimmunoassay (RIA).

at 4°C. Lastly, it was washed with PBS, added with scintillation cocktail (Microscint 20, Perkin Elmer Life Sciences) and counted on a beta-counter (Top-Count, Perkin
Elmer Life Sciences).
The cross-reactivities of the anti-progesterone-7-CMOBSA serum were: progesterone 100%, 11α-hydroxyprogesterone 77%, 11β-hydroxyprogesterone 65%, 17α-hydroxyprogesterone 2.9%, 20α-hydroxyprogesterone 0.01%,
and 20β-hydroxyprogesterone < 0.001%. The cross-reactivities of the anti-testosterone-3-CMO-BSA serum were:
testosterone 100%, 5α-dihydrotestosterone 38%, 5α-androstan-3α,17β-diol 13.7%, 5α-androstan-3β,17β-diol
13.6%, 19-nortestosterone 8.6%, androstenedione 1.7%, 5androsten-3β,17β-diol 1.2%, dehydroepiandrosterone
0.01%, cholesterol< 0.001%, and cortisol< 0.001%. The
cross-reactivities of the anti-17β-estradiol-6-CMO-BSA
serum were: 17β-estradiol 100%, estrone 2.5%, estriol
0.12%, dehydroepiandrosterone 0.007%, 17α-estradiol<
0.004%, progesterone<0.004%, testosterone<0.004%, and
androstenedione<0.004%.
To validate steroid RIA methods in whole body clams,
parallelism, intra-assay precision and recovery extraction
(ER) tests were performed and the results are listed in Table 1. Acceptable parallelism and reproducibility were seen
in all RIAs tested.

Hormone assays

Progesterone (P), testosterone (T) and 17β-estradiol (E)
were measured with specific microtitre RIAs, as described
by Simontacchi et al. [14], after diethyl ether extraction.
Briefly, a 96-well microtitre plate (Optiplate, Perkin Elmer
Life Sciences) was coated with anti-rabbit γ−globulin serum raised in a goat, and the antiserum diluted 1:1000 in
0.15 mM sodium acetate buffer, pH 9, at 4°C, was incubated overnight. The plate was washed twice with PBS and
incubated overnight at 4°C with the specific antiserum
raised in rabbit. It was then carefully washed with PBS,
standards, quality control, unknown extracts and 3H tracer
were added, and the plate was again incubated overnight

Statistical analysis

Differences in hormone concentrations during the annual cycle were statistically evaluated by analysis of variance (ANOVA), followed by Tukey’s post-hoc test for pairwise comparisons. Significance was set at P<0.05.
RESULTS
Sex steroid levels in T. philippinarum during the annual cycle are shown in Tables 2, 3, and 4 and in Figure 1.

TABLE 1 - Linear regression curve (y = ax + b), regression coefficient (r2), coefficient of variation (CV) and extraction recovery values (ER).
Hormone
r2
y = ax + b
Progesterone
0.993
y = 10.3x – 0.3
Testosterone
0.992
y = 2.6x + 0.62
17β-estradiol
0.986
y = 7.7x - 0.3
x is reciprocal of diluting factor; y is corresponding hormone concentration.

CV %
8.5
7.8
7.7

ER%
47
53
44

TABLE 2 – Progesterone concentrations in Tapes philippinarum during annual cycle.
Sex

Month
Mean (pg/g)
July
1315.8
F
October
642.9
May
889.7
July
986.2
M
October
1026.5
May
837.4
October
781.4
Unsexed
January
1612.7
F, females; M, males; S.E., standard error ; min, minimum; max, maximum
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No.
6
4
7
9
7
8
4
15

S.E.
140.9
184.3
47.9
98.7
192.6
89.0
180.3
127.6

Min
805.0
337.0
748.3
620.0
611.0
553.2
285.2
757.9

Max
1796.0
1178.8
1102.4
1534.2
1985.4
1149.4
1137.8
2844.8
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TABLE 3 - Testosterone concentrations in Tapes philippinarum during annual cycle.
Sex

Month
Mean (pg/g)
July
192.6
F
October
126.9
May
102.2
July
150.1
M
October
145.0
May
87.8
October
133.6
Unsexed
January
190.4
F, females; M, males; S.E., standard error; min, minimum; max, maximum

No.
6
4
7
9
7
8
4
15

S.E.
19.8
3.8
8.6
10.4
6.3
9.0
17.9
15.6

Min
118.0
124.7
81.6
96.1
137.3
79.6
122.0
138.4

Max
263.0
135.0
134.7
179.2
172.2
140.4
180.1
377.8

TABLE 4 – Estradiol-17β concentrations in Tapes philippinarum during annual cycle.
Sex

Month
Mean (pg/g)
July
325.1
F
October
143.7
May
123.7
July
140.3
M
October
164.9
May
108.4
October
156.2
Unsexed
January
248.8
F, females; M, males; S.E., standard error; min, minimum; max, maximum

No.
6
4
7
9
7
8
4
15

(A)

S.E.
46.6
11.1
11.3
12.2
9.4
12.3
18.4
23.4

Min
118.0
124.7
81.6
96.1
137.3
79.6
122.0
138.4

(B)

(C)
FIGURE 1 - Sex steroid concentrations in Tapes philippinarum females (A), males (B) and
unsexed specimens (C) during gametogenic cycle. Data are expressed as means ± standard error.
Letters: significant difference between sex steroid concentrations at corresponding developmental stage.
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Max
423.0
175.4
170.9
218.8
213.8
181.0
205.4
530.7
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In females, the spawning phase (July) is characterised
by the highest steroid concentrations for all hormones
(P<0.01; Fig. 1 A). In males, progesterone showed similar
concentrations in all stages (P>0.05) whereas testosterone
and 17β-estradiol decreased during gametogenesis (P<0.01;
Fig. 1 B).
No differences were found between steroids in either
sex, except for estradiol during the ripe/spawning stages
(July), with higher levels in females than in males (P<
0.001).
DISCUSSION AND CONCLUSIONS
Data on bivalve steroid concentrations are still scanty
and, when available, are often controversial, depending on
species, stage of sexual maturation, and extraction and
quantification methods [11]. In the present study, progesterone, testosterone and 17β-estradiol levels in T. philippinarum were evaluated during the annual gametogenetic
cycle. Female steroid concentrations showed similar trends,
with higher values during spawning and lower ones in both
post-spawning and gametogenesis. Conversely, in males,
sexual steroids varied over the year: progesterone remained
unchanged, showing values similar to those of females in
gametogenesis, whereas testosterone and 17β-estradiol
showed significant decreases during gametogenesis only.
Seasonal variations in clam steroid levels may reflect
their role as endogenous modulators of reproduction, as
already observed in Mya arenaria [11]. All hormones were
unexpectedly high when gonads were not clearly detectable, and females and males were thus processed together.
In Ruditapes decussatus gonads, 17β-estradiol showed a
minimum during the resting period and peaked during the
developing stage in females, whereas progesterone, testosterone and 17β-estradiol peaked during the resting period
in males [12].

ripening period suggesting testosterone involvement in
male sexual maturation and in mobilisation of energy reserves towards germ cells, as already reported in the literature [16,17]. These concentrations may reflect the role of
this hormone in reproduction or be due to the conversion
of testosterone to estradiol by the aromatisation pathway
during steroidogenesis. Indeed, Osada et al. [8] reported
good aromatase activity in scallop gonads, with maximum activity detected before spawning in both males and
females.
In the present study, Tapes philippinarum did not show
any specific steroid profile related to sex except for estradiol in ripe and spawning stages: higher in females than in
males. Indeed, estradiol and testosterone have been used
to sex specimens of Crassostrea gigas and Placopecten
magellanicum [18, 19], but not in other species such as
Mytilus edulis, Patinopecten yessoensis and Mya arenaria
[8, 11, 20].
Progesterone was the most representative sexual steroid in T. philippinarum, as already observed in Mytilus
edulis [20] and Mya arenaria [10], showing levels (about
1000 pg/g) six to eight times higher than those of testosterone and 17β-estradiol. The increase observed at the end
of the reproductive cycle in both this and other studies
[10, 21] supports the hypothesis that progesterone is involved in the regulation of gametogenesis in marine bivalves, and that it plays an important role in the development of gametes as gonadal messengers for neurohormones
[10, 20, 22, 23].
The present study evaluated for the first time sex steroid concentrations and their variations during the gametogenic cycle of T. Philippinarum, and may be considered a
baseline tool for better understanding of the invertebrate
endocrine profile.

The results for Tapes philippinarum in the Lagoon of
Venice match those obtained by Gauthier-Clerc et al. [11]
in Mya arenaria, suggesting that the digestive gland may
have a biosynthetic steroid capacity or requirement. In
order to confirm this hypothesis, the present authors studied steroids in various clam tissues (foot, mantle, haemolymph, gills, digestive gland) in specimens in which gonadal tissue was not evident (February) and found the main
steroid content in the digestive gland (unpublished data).
However, Le Curieux-Belfond et al. [15] hypothesised
that the digestive gland is an organ of longer-term accumulation in contrast to all other organs. In addition, previous works have shown the involvement of steroids and
neuroendocrine factors in regulating energy storage and
utilisation of reserves in marine bivalves [12].
In both females and males, we observed high levels
of testosterone during spawning. The same was observed
by Ketata et al. [12] in Ruditapes decussatus, during the
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ABSTRACT
The aetiology of hypospadias is not well understood
and the underlying reasons for the increasing incidence of
hypospadias in Europe are unknown. It has been hypothesized that the risk of hypospadias is determined in utero
and that pregnancy dietary intake could also affect hypospadias risk in the offspring.
In order to test this hypothesis, the prevalence at birth
of hypospadias in 12 European countries (Denmark, Finland, Ireland, Poland, U.K., Italy, Spain, France, Switzerland, Germany, Netherlands and Malta) reported by Eurocat Database (2002-2003) was correlated with the average per-capita consumption of selected food items in
these countries in the corresponding period of gestation of
the cases (FAOSTAT-Database).
Among the food items examined, the following were
found to be significantly correlated with the prevalence of
hypospadias: fruit (r=0.74; p<0.01), consumption of pelagic
fish (r=0.65; p<0.05) and aquatic animals (r=0.66; p<0.05),
sugar cane and sugar crops (r=0.78; p<0.01), and marine
fish (r=0.60; p<0.05).
Our findings, although based on an ecological approach, give additional support to the results of previous
research which suggest that dietary exposure in pregnancy
to products potentially contaminated with endocrine disrupting chemicals (EDCs) (fruits and fish) may be implicated in the pathogenesis of hypospadias, through the Testicular Dysgenesis Syndrome (TDS). High consumption of
sugar-rich foods has also been hypothesized as a risk factor
in TDS through the insulin-related suppression of the sex
hormone-binding globulin production, leading in turn to
an increase of the free oestrogen level.
This ecological analysis of the relationship between the
prevalence of hypospadias and dietary exposures in early
life, suggests that the consumption of foods potentially interfering with the endocrine system of the mother, may be
associated with an increased risk of this congenital defect.

KEYWORDS: Hypospadias; endocrine disrupting chemicals; pregnancy diet; testicular dysgenesis syndrome.

INTRODUCTION
Hypospadias is a male congenital defect involving the
displacement of the urethral opening. It is relatively common in the developed countries with a wide range in incidence, which has been attributed to environmental risk
factors, in particular parental exposures to chemicals with
endocrine disrupting properties [1].
Recent studies have shown an association of this congenital defect with parental environmental and occupational
exposures to compounds such as polychlorinated biphenyls,
pesticides and phalates [2]. These studies have contributed
to the evidence in favour of the so called Testicular Dysgenesis Syndrome (TDS) hypothesis [3]. According to this
hypothesis, prenatal exposure of the male foetus to endocrine dis-rupting chemicals (EDCs) increases the risk of
congenital defects of the genital tract, and of male reproductive pathologies in later life. EDCs believed to alter
androgen-oestrogen balance include pesticides, several industrial compounds, anabolics, persistent organic pollutants
and phyto-estrogens [4].
The main source of exposure for the population to these
compounds is the diet. The primary exposure pathway to
lipophyllic chemicals such as PCBs is the consumption of
foods of animal origin; about 90%, is due to meat, fish, and
dairy products, with proportions depending on the food
habits of the different populations [5-9]. The highest concentrations of PCBs are in liver, adipose tissue, brain, and
skin [9,10]. Other food items considered risk factors for the
endocrine balance, are those with a high sugar content
through a mechanism involving excess in insulin secretion
and in free oestrogen availability [11,12].
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It is therefore surprising that few studies have examined the role of diet on the risk of hypospadias. One study
found an increased risk of hypospadias among mothers
who ate fish and practiced fishing as a sport [13]. The risk
for hypospadias was also increased for vegetarian mothers
in one study [14], and among mothers consuming more
fruits and fish in another recent study [15]. High fruit consumption has been hypothesized to expose to pesticide
residues and/or phytoestrogens.

Several countries report data to the EUROCAT from
only one local congenital defects registry that was assumed
to represent the prevalence rate for the whole country (e.g.
Denmark, Netherlands, Poland and Switzerland). Where
multiple registries from one country were available, the
average value of the prevalence rates was employed as a
representative rate for the country (e.g. France, Germany,
Ireland, Italy, Spain, UK). In a few countries national
prevalence rates were available (e.g. Malta and Finland).

The purpose of the present ecological analysis was to
test the hypothesis of a possible association between hypospadias and the dietary intake of selected food items in
12 European countries.

All data were analyzed by SPSS-13 (SPSS Institute,
Chicago). The 0.05 level of probability was used as the
criterion for statistical significance. We examined the Pearson product-moment correlation coefficients (r values) between the prevalence of hypospadias in 12 European countries and the per-capita food consumption. In the present
analysis of 124 food items we found that only a limited
number of them resulted associated with an increased prevalence for hypospadias. The analysis was therefore restricted
to these items.

MATERIALS AND METHODS
In order to test this hypothesis, the prevalence at birth
of hypospadias in 12 European countries (Denmark, Finland, Ireland, Poland, U.K., Italy, Spain, France, Switzerland, Germany, Netherlands and Malta) reported by EUROCAT (European Surveillance of Congenital Anomalies) Database in 2002-2003 was correlated with the
average per-capita consumption of selected food items in
these countries in the corresponding period of gestation of
these
cases
(2002).
Food
consumption
data
(kg/capita/year) for 124 food items were obtained from
the FAOSTAT Database for the year 2002 [16].
EUROCAT data are regional population-based registries actively ascertaining congenital anomalies from multiple sources. Data are available since 1980 [17]. The definition of hypospadias in the EUROCAT excludes the cases
of non severe hypospadias (when the meatus lies before the
coronary sulcus, glanular or first-degree hypospadias).
Descriptions of EUROCAT registries are available elsewhere [17].

RESULTS
In a preliminary analysis, the average prevalence rates
for hypospadias (2002-2003) varied greatly from one
country to another; Malta had the highest rate at 46.5 per
10,000 births, followed by Switzerland (32.9) and Germany (22.4). The lowest rate was found in Spain (5.1) and
Italy (9.0) (Tab. 1). Consumption of fruit during the corresponding period of pregnancy seems to follow similar
patterns to hypospadias prevalence rates. In fact, the highest consumption (kg/capita/year) of fruit was registered in
Switzerland (47.5) and Malta (47.0), while the lowest in
Spain and Italy (< 1.0). Also the highest consumption of
pelagic fish was reported in Malta (79.8).

TABLE 1 - Hypospadias prevalence rate per 10,000 births in the 12 Eurocat registries
(2002-2003) and consumption (Kg/capita/year) of some of the main food items studied (2002).

Denmark

Hypospadias
Prevalence at birth
Cases
(per 10,000)
20
19.3

Consumption of (Kg/capita/year)
Aquatic animals

Fruit

Marine fish

Pelagic fish

< 0.01

< 0.5

< 0.5

15.8

Finland
France *

171
184

15.3
18.0

< 0.01
0.14

19.9
27.7

4.9
4.9

38.1
16.5

Germany *
Ireland *
Italy *

92
74
329

22.4
9.7
9.0

0.04
< 0.01
< 0.01

34.8
29.7
< 0.5

3.2
1.1
5.8

8.8
6.3
12.6

Malta
Netherlands

36
59

46.5
14.6

0.7
0.01

47.0
13.1

10.6
< 0.5

79.8
26.2

Poland
Spain *
Switzerland

102
40
45

15.3
5.1
32.9

< 0.01
0.23
9.33

< 0.5
< 0.5
47.5

0.5
6.9
11.9

12.0
20.9
9.7

UK *
375
12.3
* Average prevalence rate of different registries

< 0.01

19.5

0.6

10.5
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Among the food items examined, the following were
found to be significantly correlated with the prevalence of
hypospadias: fruit (r=0.74; p<0.01), consumption of pelagic fish (r=0.65; p<0.05) and aquatic animals (r=0.66;
p<0.05), sugar cane and sugar crops (r=0.78; p<0.01), and
marine fish (r=0.60; p<0.05).These associations are also
illustrated in the Table 2 and Fig. 1 A-D.

TABLE 2 - Correlation between the prevalence of Hypospadias in
various countries in 2002-2003 and per-capita consumption of some
commodities during the corresponding period of pregnancy (2002).

A

C

B

D

Variables
r
Marine fish
0.60
Aquatic animals
0.66
Pelagic fish
0.65
Fruit
0.74
Sugar *
0.78
*Sugar cane and sugar crops

p-value
0.04
0.02
0.02
< 0.01
< 0.01

FIGURE 1 - Correlations between Hypospadias prevalence rates per 10,000 births (2002-2003)
in 12 European countries and pro-capita consumption of several fish commodities and fruit in 2002.

DISCUSSION
The present analysis showed that populations consuming more fruits, fish and sugar have a higher prevalence at
birth of hypospadias.

These findings, although based on an ecological approach, give additional support to the results of previous
research which suggest that maternal diet in pregnancy,
comprising products potentially contaminated with EDCs
(e.g. fruits and fish) may be implicated in the pathogene-
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sis of hypospadias. High consumption of sugar-rich foods
has also been hypothesized as a risk factor in TDS through
the insulin-related suppression of the sex hormone-binding
globulin production, leading in turn to an increase of the
free oestrogen level [12].
Specific EDCs that may alter androgen-oestrogen balance include pesticides (e.g., chlorinated insecticides, some
fungicides), several industrial compounds (e.g., some
phthalates, bisphenol A), anabolics illicitly used in humans
and in farm animals, persistent organic pollutants (e.g.,
dioxins and polychlorinated byphenyls) as well as natural, endocrine-modulating compounds present in vegetables, so-called phytoestrogens [4].
The primary exposure pathway to lipophyllic chemicals such as PCBs is the consumption of foods of animal
origin; about 90%, is due to meat, fish, and dairy products, with proportions depending on the food habits of the
different populations [5-9]. Edible tissues contribute variably to the total intake: the highest concentrations of PCBs
are usually found in the liver, adipose tissue, brain, and
skin without significant differences among species [9,10].
Other food items considered risk factors for interference
with the endocrine balance, are those with a high calorie
content (such as sugar and sugar cane) through a mechanism involving excess in insulin secretion and in free oestrogen availability [11,12].

mation for the European countries. Food consumption data
provided by the FAO present other types of limitations,
including differences in classification and definition of food
items, completeness, and spatial and temporal variability.
However, the food items identified here as possible risk
factors are all well defined, and constitute basic constituents of the diets of the population of the 12 European countries involved. These considerations suggest that the associations found may not be spurious, and might deserve further studies of hypospadias at the individual level to investigate the role of maternal dietary intake of fruits, fish and
sugar.
CONCLUSION
This ecological analysis of the relationship between
the prevalence of hypospadias and dietary exposures in
pregnancy, suggests that the consumption of foods potentially interfering with the endocrine system of the mother,
may be associated with an increased risk of this congenital defect.

There are very few previous studies on the role of diet
in the development of hypospadias. One study found an
increased risk of hypospadias among mothers who ate fish
and practiced fishing as a sport, but the number of cases
was too small to allow conclusions to the drawn [13]. The
risk for hypospadias was also increased for vegetarian
mothers in one study. The authors attributed this to the
possible higher dietary intake of EDCs associated with fruits
and vegetables, either as pesticide residues and/or as phytoestrogens [14].
The only other study that found a clear increase in risk
of hypospadias in relation to the consumption of fruits and
fish was a case control study conducted in Sicily. Mothers
of hypospadic children reported a high consumption of fish
(more than once a week), and a high consumption of fruit
purchased in the market compared to the mothers of healthy
controls [15].
The ecological approach used in this analysis has well
known limitations. The data on the prevalence of hypospadias for example, could be incomplete or non uniform,
while the food consumption data may not apply to the
cases under study. Infact, ecological studies correlating prevalence rates of a disease with the dietary practices in various geographical areas can only generate hypotheses for
further studies. In the present report we limited the analysis to only 12 European countries, in order to avoid some
of the weaknesses of the ecological approach. Unlike the
data on malformations collected in developing countries,
the EUROCAT, by providing uniform diagnostic criteria
to all participating registries, is a reliable source of infor-
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ABSTRACT
Radiological impact due to indoor exposure, particularly due to permanence underground, is considered by Italian and European laws, which suggest accurate measurements and define action levels. Risk connected to exposure is circumscribed by setting limits on indoor air concentration of nuclides and on consequent doses. Particularly, inhalation of radon – a radiological decay product of
uranium - and its progeny can lead to neoplasms damaging
the respiratory apparatus. Harmful concentrations of gas
in indoor air can be reached because of its continuous production from uranium, and its tendency to stratification and
other particular conditions. The estimate of radon potential concentrations and absorbed doses is useful to verify
whether dose limits can be respected or not. In every underground building, there could be radioprotection problems, and such situations should be controlled. RESRADBUILD (RESidual RADioactivity in BUILDings) is a computer model designed for evaluating radiation exposures
within structures. Natural radiation exposures in an underground building will be illustrated through a case study. In
this work, the RESRAD-BUILD model is used, in fact, to
evaluate the dose received by an individual being inside a
contaminated underground tunnel: the TAV (Traforo Alta
Velocità, High-speed Rail Tunnel) which will be situated
in Valle di Susa (Piedmont). In the area we are considering, the presence of natural radionuclides slightly exceeds
the worldwide mean value, particularly the concentration
of 238U. The scheme of the tunnel is made considering a
15 meters length portion, 4x4 meters section, made of three
compartments. The three compartments are in series, and
inside them there are nine sources and one receptor. Parametric studies have been performed by means of this
model, checking the influence of different parameters on
the radon indoor concentration and the consequent dose to
the individual. RESRAD-BUILD final results show that
an air flux of 0.1 m3/h, entering the first compartment, can
be sufficient to lower the dose received by the exposed
receptor below 1 mSv/y, which is the population dose limit.
An air flux of 0.1 m3/h is a quite small value: it means that

the building`s inner air should be totally changed every
2400 hours (100 days). This air exchange can be obtained
easily both in the construction and exercise phases. Results show the order of magnitude of the dose the exposed
workers receive, notwithstanding the simplifications
adopted. They can be useful to make an early estimate of
radiological risk. The proposed practical application shows
how limits imposed by regulations can be respected in the
presence of concentrations of radionuclides slightly exceeding the world average, by means of modest air exchanges.

KEYWORDS:
radioprotection, radon, dose assessment, RESRAD, tunnel

INTRODUCTION
The danger arising from ionizing radiation in indoor
exposure, particularly due to permanence underground, is
considered by Italian legislation, D. Lgs. n. 230 [1]. Since
1990, European Union issued radiation protection legislations regarding indoor radon exposure (90/143/Euratom)
[2]. Italian law suggests accurate measurements and establishes action levels. It emphasizes the risk due to the gas
presence. In workplaces, opportune measurements and, in
some cases, adequate countermeasures become obligatory.
Radon is a radioactive gas. It is colorless, odorless,
and chemically inert. Radon is formed by the radioactive
decay of uranium in rock, soil, and water. Radon has a
half-life of about four days. When radon undergoes radioactive decay, it emits ionizing radiation in the form of alpha
particles. It also produces metallic short-living decay products, like: 218Po, 214Pb, 214Bi, 214Po, 210Bi, and 210Pb. Their
chemical reactivity and electric charge make them attach
to dust and other tiny particles in air. These dust particles
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can easily be inhaled into the lung and fixed to pulmonary
mucosae. The deposited atoms decay and eventually damage cells in the lung. A considerable amount of evidence has
established that prolonged exposure to the α- emitting decay products of radon increases the risk of lung cancer.
According to EPA estimates, such inhalation is considered
to be the second cause of insurgence of this kind of cancer,
after smoke that is the first one.
Harmful concentrations of gas in indoor air can be
reached because of its continuous production from uranium,
as well as its tendency to stratification or in presence of
particular conditions (in general, where the gas is unable to
disperse).
According to ICRP Recommendations, Italian law establishes a reference level for radon exposure in indoor
workplaces: 500 Bq/m [1, 3-5]. Estimates of radon`s potential concentrations and absorbed doses are useful to
verify whether dose constraints can be respected or not.
The values of radon precursor concentrations in rocks
or soil adjacent the building, or their mean value, should
be known to make a dose assessment. The mechanism of
gas and precursor emanations as well as transport through
soil, rocks, pores and underground water should be analyzed with attention. The phenomenon of radon migration
trough soils is not well-known, because of the complex
interaction between soil characteristics (porosity, permeability, temperature, humidity), atmospheric factors (like
the presence of wind, rain…) and geological factors. The
gas can easily pass from liquid to gaseous phase, and then
be transported by diffusion and convection in the water
and through the pores. This can happen when the medium
is not yet saturated and the pores are interconnected.
MATERIALS AND METHOD
The code RESRAD-BUILD can be used to estimate the
dose received by an individual who spends a certain amount
of time in an underground building. It has been developed
by DOE (Department of Energy) to analyze the radiological doses resulting from human activities in buildings contaminated with radioactive material (RESidual RADioactivity in BUILDings) [3, 6, 7]. The building can have up
to three compartments, and sources up to four geometries
(point, line, area and volume sources), ten sources and ten
receptors. Between source and receptor, a certain amount
of shielding material can be interposed, made of up to eight
different materials. It affects the amount of external radiation to the receptor. The transport of radioactive material
from one compartment to the adjacent is calculated considering many factors: the presence of radioactive dust and
airborne materials, air exchange between the compartments
and from the outside, deposition and resuspension, gathering and radioactive decay. Receptor’s parameters can model
a variety of individuals spending a certain time inside the
contaminated building; their internal exposure is calculated
considering homogenous air inside the compartments; while

external exposure is calculated considering the presence
of a shielding material, its properties and dimensions. The
potential uses of a building are referred to as exposure scenarios, and different exposure scenarios are composed by
different combinations of site, occupation and receptor parameters. The dose received as a consequence of building
occupation is linked to the building’s use, to its conditions,
position, size, dimensions, and kind of contamination.
-

Seven exposure pathways are considered in the code:
external exposure directly from the source;
external exposure to materials deposited on the floor;
external exposure due to air submersion;
inhalation of airborne radioactive particulates
inhalation of aerosol indoor radon progeny and tritiated water vapor;
inadvertent ingestion of radioactive material directly
from the source;
ingestion of materials deposited on the surfaces of the
building compartments.

RESRADBUILD evaluates the external radiation doses
as the effective dose equivalent (EDE), and the internal exposure as the committed effective dose equivalent (CEDE).
The total radiation dose, which is the sum of the external
and internal doses, is expressed as the total effective dose
equivalent (TEDE).
RESULTS AND DISCUSSION
Dose assessments may be prospective or retrospective,
and can be always thought to be an iterative process. Prospective doses are estimated for individuals whose exposure has not yet occurred, while retrospective doses are
generally estimated for groups that are known to have received exposure. The assessment generally begins with more
conservative assumptions for sources, parameter values, and
habit data. The results from each iteration are used for determination, if more realistic information is needed, particularly when the magnitude of the doses calculated approaches the dose constraint. Uncertainties associated with
estimation of dose may be taken into account either deterministically by selecting appropriated single values for
parameters, or probabilistically by incorporating distributions for parameter values. With either methodology, the
goal is always to perform a sufficiently robust evaluation
to support judgments and decisions to be made on radiological protection and to set compliance with law [8].
Natural radiations in an underground building can be
illustrated through a case study: a tunnel built in Piedmont.
The dose assessment we are performing is prospective and
deterministic. In the area we consider, where the TAV (Traforo Alta Velocità, High-speed Rail Tunnel) will be situated (Valsusa), the presence of natural radionuclides slightly
exceeds the worldwide mean values, particularly the concentration of 238U [7]. In each underground building, there
could be radioprotection problems, and such situations
should be controlled.
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The scheme of the tunnel is made considering a 15-m
length portion, 4x4 m section, made of three compartments.
The scheme adopted (15 m length) has been validated
against a reference case, where the depth is the real one
(about 50 km): the model adopted and the reference case
give similar results; the depth we choose is sufficient and
the model adopted allows more easily parameter calculations.
Natural radionuclide concentrations are worldwide mean
values: 232Th: 0.028 Bq/g; 40K: 0.37 Bq/g; except for 238U:
0.0265 Bq/g. This concentration of 238U has been measured on samples of rocks in 1997 by ARPA, as reported in
ref. [7]. All sources in our model are from 100 cm depth: the
dose received by the receptor is influenced by the source
depth until it is almost 1 m, as observed when making parameter calculations.

received by the exposed receptor below 1 mS/y –the population`s dose constraint [1, 6] This result is quite the same,
even when radon emanation factor changes its value in this
particular case. An air flux of 0.1 m3/h is a quite small
value: it means that building inner air should be totally
changed every 2400 h. This air exchange can be obtained
easily both in the construction and exercise phases. Finally,
we should remember that results refer (100% of relation)
to the time spent inside the tunnel. This assumption is very
conservative, but reasonable considering the magnitude of
calculated doses. The real values of dose can be obtained
linearly from those presented here, regarding the real
amount of h spent inside the underground building.

The three compartments are in series, and inside them
there are nine sources and one receptor. The sources cover
the entire internal surface of the last compartment, completely exposed to the rocks, and the superior and inferior
surfaces of the remaining two, partially exposed. They all
contain the same concentrations of radionuclides. The
receptor is placed in the middle of the third compartment,
as shown in Figure 1. External air enters the building only
through the first compartment, while the exchange of air
between the three compartments is caused by constant internal air fluxes.

FIGURE 2 – Total dose received by the
receptor as a function of incoming air flux.

CONCLUSIONS
FIGURE 1 – Sources-Receptor scheme.

All the results are expressed in mSv y : this means
that 8760 hours of exposure per year are considered. The
single dose received by an individual should then be calculated regarding the actual hours of exposure.
The code shows no sensitivity to variations in the value
of source porosity.
Figure 2 shows that an air flux of 0.1 m3/h entering
the first compartment can be sufficient to lower the dose

Employing a code like the one presented here means
acceptance of hypothesis, acceptance of uncertainties due
to the model used to reproduce the physical phenomenon
of transport as well as assumption of radionuclides and
exposition, acceptance of limitations inherent to measurements of concentrations or of other parameters. In addiction, variability - in the sense of heterogeneity in nature is unavoidable in any process of defining environmental
and receptor characteristics and in estimating doses. In our
particular case, it is important to remember the reader that
the sources considered are homogeneous, and that all influencing gas release parameters are assumed to be constant,
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and the same can be said about erosion and deposition velocities, in the form of resuspended powders. A unique
value for these last parameters is adopted to describe the
behavior of all radionuclide species. Inner air is modeled
as a homogeneous medium, well-mixed with contaminants
and notwithstanding differences in density. In the end, it
is not possible to recreate pressure gradients between inside and outside, nor link gas incoming to environmental
conditions (temperature, pressure, humidity).

[7]

Bonavigo, L. (2006) Esposizione a radiazioni in ambienti confinati. Il codice RESRAD-BUILD, Degree Thesis, I Facoltà di
Ingegneria, Politecnico di Torino (Italy) (in Italian).

[8]

ICRP (2006) Assessing dose of the representative person for
the purpose of radiation protection of the public and the optimisation of radiological protection: broadening the process,
Publication 101, Annals of the ICRP Volume 36.

This means that the presence of pores or leaks that
make the exhalation of gas easier is not explicitly considered. But it can be modeled using RESRAD-BUILD: the
user can insert localized sources and characterize them
with high emanation factor, considering that much of the
produced radon escapes from the source.
Generally, RESRAD code models each phenomenon
acting on radon incoming in buildings through opportune
values of gas emanation factor and diffusion coefficients.
RESRAD-BUILD results show the order of magnitude
of the dose received by the exposed workers, notwithstanding the simplifications adopted. They can be useful
to make an early assessment of radiological risk, but it is
necessary to verify them with accurate measurements in
workplaces, as established by law. The practical application
proposed shows how law constraints can be respected in
the presence of concentrations of radionuclides being slightly
upon world average, by means of modest air exchanges.
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ABSTRACT
Building materials represent the largest surfaces indoors and are the major contributors of volatile organic
compounds (VOCs) in the indoor environment. This study
which is conducted in the frame of BUMA project (Prioritization of Building Materials Emissions), aims at assessing
the human exposure to air hazards emitted by building
materials. In this study, indoor and outdoor VOCs and
ozone measurements from field campaigns in two Mediterranean cities (Nicosia and Athens in winter period) are
presented and discussed. The field campaigns concern
weekly measurements. The campaigns were conducted in
four buildings in each city (1 Public building, 1 school and
2 houses) and concern weekly measurements. Passive samplers were used for collecting VOCs and ozone.
Eight (8) hydrocarbons (benzene, toluene, ethylbenzene, m,p-xylene, a-pinene, o-xylene and d-limonene), five
(5) carbonyl compounds (formaldehyde, acetaldehyde, proprionaldehyde, acetone and hexanaldehyde) and ozone have
been measured. Additional air exchange measurements have
been conducted using tracer gas techniques. Hazardous substances such as benzene, formaldehyde and acetaldehyde
present indoor concentrations that range between 1.5–10.2,
5.8-43.2 and 4.5 – 15 µg/m3, respectively. VOC concentration data show a considerable variability due to the different indoor emission sources, ventilation rates and outdoor
environment’s influence. A significant contribution to indoor measured concentrations seems to come from the
building materials. Ozone outdoor concentrations are reduced substantially inside, indicating relatively strong indoor ozone sinks.

KEYWORDS: Indoor air quality, VOCs, formaldehyde, passive
sampling, ozone

INTRODUCTION
It is a fact that people spend on average 90% of their
life indoors, and during the last decades, great concern
has been focused on the adverse health effects that may be
caused by significant indoor pollutant concentrations. Both
indoor and outdoor sources contribute to the development
of pollutants’ concentration and composition profiles in an
internal environment. Ventilation plays a crucial role for
estimating and evaluating the levels of pollution and its
contingent source. Many inorganic and organic compounds
have identified in indoor air. Among these, VOCs and
ozone comprise a group of pollutants that gained particularly significant attention due to their various sources and
their harmful effects on humans (carcinogenicity, irritations etc).
VOCs that commonly detected in indoor air are aliphatic hydrocarbons, benzene and alkylated aromatic hydrocarbons, chlorinated hydrocarbons as well as aldehydes,
ketones, and alcohols [1]. For many of these chemicals, the
risk on human health and comfort is almost unknown and
difficult to predict because of lack of toxicological data. In
the frame of INDEX project the existing knowledge worldwide has been assessed on type and levels of chemicals in
indoor air as well as the available toxicological information.
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Thus, INDEX Project concluded in a priority ranking of
14 chemicals assigned to three groups [2].
Indoor ozone, which originates from both indoor (photocopiers and other machines) and outdoor (ventilation and
infiltration systems) sources, is a common highly reactive
oxidizing agent in indoor environment [3]. Ozone concentrations could be high enough to drive chemical reactions
with monoterpenes and form ultrafine particles and irritating gaseous organic compounds [4].
This study was conducted in the framework of a European project partly funded by PHEA (Public Health Executive Agency), called “Prioritization of Building Materials Emissions (BUMA)’’. The aim of the present work is
the evaluation of the indoor and outdoor air quality, regarding VOCs and ozone, at Nicosia, Cyprus and Athens,
Greece, focusing on organic compounds that belong to the
first two priority groups of INDEX Project, such as benzene, formaldehyde, toluene, xylenes, and acetaldehyde.
MATERIALS AND METHODS
This study was carried out in 2007, from 9th to 16th
of February and 8th to 15th of March for Nicosia and
Athens, respectively. Measurements were conducted simultaneously in four buildings in order to evaluate the indoor
VOCs and ozone levels. The study plan firstly included the
selection of the buildings in which passive samplers were
installed. The buildings employed in the present study were
selected according to the following criteria: (1) the age of
the building (2) the last reconstruction or renovation, as far
as (3) the position (urban sites preferred) of the building.
The main characteristics of the selected buildings summarized in Table 1. The buildings are four in every case, one
public building, one school and two private houses. In addition, for indoor temperature and relative humidity (RH)
measurements data loggers (HOBO H-8 onset) were used.
Finally, ventilation measurements were conducted using
tracer gas technique.

Moreover, questionnaires were filled in, giving valuable information regarding the sampling sites and activities
taken place during sampling. At indoor locations, the passive sampling equipment was placed on sites on the wall
approximately 1.5 m above the ground. Outdoor sampling
locations were chosen to avoid significant point sources of
pollution, such as building exhaust vents.
Indoor and outdoor measurements of BTEX, carbonyls and ozone were conducted using passive samplers
named Radiello in each tested room and outside for one
week. The samplers used for BTEX was Activated Charcoal Cartridges, CS2-desorption for GC-Analysis (code 130),
for Aldehydes DNPH-covered cartridges, acetonitrile desorption for HPLC-VIS (code 165) and for ozone 1, 2- di(4-pyridyl) - ethylene covered cartridges for MBTH (3Methyl - 2-Benzothiazolinone Hydrazone) solution desorption, UV-VIS (code 172). The analysis of BTEX was carried out by GC/FID after desorption of the analytes with
CS2 and included determination of benzene, toluene, xylenes, ethylbenzene, 1,2,4 trimethylbenzene, d-limonene,
a-pinene. The determination of all analytes was confirmed
by GC-MS. The analysis of carbonyls and ketones was
carried out using HPLC-VIS after desorption of the analytes
with acetonitrile and included determination of formaldehyde, acetaldehyde, acetone, propanal and hexanal. The
analysis of ozone was conducted using spectrophotometerVIS after desorption with (MBTH) solution. The analysis
of the samples was conducted in the State General Laboratory (SGL) of Cyprus.
With tracer gas technique, air exchange rates were estimated using NORDTEST METHOD NT VVS 118. This
method can be used in types of buildings, dwellings, offices,
schools etc. The testing of ventilation is performed by
using homogeneous emission of tracer gas at a constant
rate in the ventilated system and subsequent analysis of the
steady state concentration of that tracer gas in different
parts of the system [5].

TABLE 1 - Main characteristics of selected buildings.
Nicosia
Location

Public Building

School/Kindergarten

House 1

House 2

Suburban, calm area,
light traffic
New paint three (3)
months ago.
New furnishing in 2004

No major renovation. No
human activity for three (3)
days

0.51

1.1
House 2

City, heavy traffic

City, calm area, light traffic

Building Status

A newly constructed
building (2007)
No human activity

New paint in 2005

Specific air flow
rate (ACH)(h-1)

1.28

0.62

Public Building

School/Kindergarten

House 1

Suburban area, light traffic

Suburban area, light
traffic

Suburban area, light traffic

New paint in 2006

Constructed in 2005

New paint, flooring and furnishing in 2006. Smoking

0.4

0.24

0.28

Athens
Location
Building status
Specific air flow
rate (ACH) (h-1)

Suburban area, light
traffic
New paint, furnishing
and flooring in 2004
0.41
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RESULTS AND DISCUSSION
VOCs. Summary statistics for the concentrations of all
measured compounds in indoor air are given in Table 2.
The most prevalent VOCs in buildings were toluene, xylenes, a-pinene, formaldehyde and hexanaldehyde. Indoor
concentrations usually exceeded outdoor levels. Priority
compounds constituted large proportion of sum of VOCs in
Nicosia and Athens schools, respectively, (Figure 1) greater
than those reported in Michigan classrooms. Moreover,
VOCs concentrations tended to differ significantly between
elementary (Nicosia) and middle schools (Athens) as it has
been observed in similar studies at Michigan schools [6].

Reported public buildings’ indoor concentrations of
individual VOCs are generally below 50 µg/m3 except for
toluene and m,p- xylene in Nicosia public building. Levels of VOCs in Nicosia‘s office is much greater than those
observed in Athens due to its age (newly constructed and
not occupied until and during the sampling period). Mean
concentrations of the majority of VOCs in both cities are
below 10 µg/m3, a common trend for both European and
American countries [7]. However, new furnishing, renovation of some of the selected buildings or indoor human
activities may result in temporarily higher concentrations
e.g. Nicosia’s public building and Athens’ selected houses.
High VOCs and O3 concentrations in Athens houses can be

TABLE 2 - Average indoor measured concentrations of VOCs and ozone in all buildings (µg/m3).
Public Buildings
Athens
Nicosia
1.6
ND*
3.4
66.4
0.8
25.6
1.8
110.3
0.8
27.8
1.2
24.3
1.1
7.5
2.6
3.5
11.1
24.2
5.7
7.8
26.7
39.9
2.6
5
17
35.9
7.6
1.7

Houses

Benzene
Toluene
Ethylbenzene
m,p- xylene
o-xylene
a-pinene
1,2,4- TMB
d-limonene
Formaldehyde
Acetaldehyde
Acetone
Proprionaldehyde
Hexanaldehyde
Ozone
* ND: Non detected

Schools
Athens
2.4
4.6
0.8
2.3
0.9
2.1
1.4
2.3
6.3
4.6
11.9
1.9
6.8
13.9

Houses
Nicosia
4.5
20.4
1.9
5.3
2.3
1.7
4.8
24.1
21
12.2
24.5
2.5
14
1.1

Athens
6.4
53.9
13.4
55.6
14.2
22.2
5.4
43.5
28.8
13.2
56.5
4.7
41
1.7

Nicosia

Athens

Public Building

School

Nicosia
High priority compounds
Other compounds
Athens

Nicosia

Athens
0%

20%

40%

60%

80%

100%

FIGURE 1 - Average percentage of sums of high priority compounds in selected buildings.
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Nicosia
2.6
9
1
4.5
1.6
3.1
2.3
9.4
16.8
5.7
106.7
2.7
13.7
4.6
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TABLE 3 - Indoor to Outdoor ratios in public buildings.
Benzene
Toluene
Ethylbenzene
m,p-xylenes
o-xylene
1,2,4- trimethylbenzene
a-pinene
d-limonene
Formaldehyde
Acetaldehyde
Acetone
Proprionaldehyde
Hexanaldehyde
Ozone

Athens
1.2
1.2
1.3
1.2
1.1
1.2
2.9
5.8
3.2
4.6
2.8
8.5
0.1

attributed to the low air exchange rates (0.28 and 0.24 h-1),
as it is obtained from the ventilation measurements results.
Acetaldehyde and hexanaldehyde levels are lower than
those found for private houses in Paris [8]. Such observations suggest probably the absence of indoor sources for
acetaldehyde since acetaldehyde is mainly emitted from
combustion processes. Propionaldehyde concentrations in
houses were measured greater than those found in private
houses [9]. The levels of formaldehyde did not exceed the
WHO guideline value of 100 µg/m3, which may cause nose
and throat irritation in humans after short-term exposure
[10]. Formaldehyde in Athens school exhibited the same
levels observed in the same type of schools at Uppsala City
[11] in contrast to Nicosia schools which presented greater
concentrations due to the pupil’s activities indoors (painting with markers etc.) and shown greater concentrations
than schools in Shangai, China [12].
It is worth to notice that concerning priority compounds, except for benzene, indoor to outdoor ratios (I/O)
in public buildings (Table 3) are substantially greater than
unity (>1) suggesting important indoor sources for these
VOCs. More specifically, for hexanaldehyde I/O ratio is up
to 15.6, for m,p-xylene 13.5, for acetone 10.9, and for formaldehyde 5.8.

Nicosia
4.3
9.4
13.5
8.6
1.1
4.7
3.9
5.8
3.5
10.9
4.1
15.6
0.03

CONCLUSIONS
The concentration data show a considerable diversity
due to the different indoor emission sources, ventilation
rates and outdoor environments concentrations. Benzene,
formaldehyde and acetaldehyde levels in public buildings
are lower than those expected in indoor environments. The
sum of priority compounds consist a large proportion of the
sum of VOC in all selected buildings. The relatively high
I/O ratios indicate strong indoor emissions sources except
for benzene. Ozone outdoor concentrations seem to be reduced substantially inside; indicating relatively strong indoor ozone sinks.
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Ozone. The importance of measuring ozone in indoor
environments comes from its ability to react with high molecular organic compounds and specifically with terpenes
forming ultrafine particles and free radicals. As it is observed, outdoor concentrations are significantly higher in
contrast with indoor levels. The indoor to outdoor ozone
concentration ratio generally ranged between 0.2 and 0.7
indicating ozone – indoor chemistry relationship as mentioned by Nicolas et al [13]. Thus, for Nicosia‘s office,
the I/O ratio, in combination with the occupants’ absence
inside the building, indicates that there are no strong indoor sources of ozone. In contrary, the indication is that
there exist strong sinks of ozone indoors.
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ABSTRACT
Although environmental exposures occur to mixtures
of chemicals rather than to individual agents, most of the
toxic effects of air pollutants are ascribed to single chemicals. There is a growing feeling in both the scientific and
regulatory communities, however that, as the need for better
air quality increases, there is also a need for more comprehensive toxicological approaches on the potential impact of complex environmental chemical mixtures on human health. In this perspective, it is expected that the toxicogenomics approach would be the appropriate screening
method for assessing biological effects of complex chemical mixtures, allowing us to review the whole spectrum of
potential biological response rather than focusing on a predefined number of endpoints as in classical toxicological
analysis. In this study, we focused on a typical indoor air
mixture as defined in the EU-wide review study INDEX
and on a mixture of polyaromatic hydrocarbons (PAHs)
isolated from urban air in the city of Milan with the aim to
identify specific sets of biomarkers for each type of exposure (indoor or outdoor). A human cell line derived from
a bronco-pulmonary system (A549) was used. Applying a
Total Gene Expression assay by Applied Biosystems Microarrays, we profiled large sets of genes modulated by
single mixtures exposure and identified common biochemical pathways and specific molecular responses. Indoor air
mixtures induced a higher gene modulation than PAHs,
confirming major differences in the toxic mode of action
of the two mixtures. Indoor air induced primarily modulation of genes associated to protein targeting and localization including in particular cytoskeletal organization; PAHs
modulated mostly the expression of genes related to cell
motility and gene networks regulating cell-cell signaling,
as well as cell proliferation and differentiation. These results provide biological information useful for articulating
mechanistic hypotheses of exposure to xenobiotic mixtures
and physiological responses.

KEYWORDS: Environmental exposures, indoor air pollutants,
polyaromatic hydrocarbons, toxicogenomics, gene expression,
whole genome.

INTRODUCTION
Indoor and outdoor air pollution has been linked through
numerous epidemiological and toxicological studies to severe health effects such as respiratory and cardiovascular
diseases, atherosclerosis, cancer, childhood asthma and other
allergic airway diseases [5]-[4]. The most influential approach to assessing the human health impact of air pollution to date is based on analysis of epidemiological data.
Even though the body of epidemiological evidence for
linking air pollution to ill health is steadily increasing,
significant gaps still exist with regard to the actual biological mechanisms resulting in air pollution-related health
effects [5].
Available toxicological data on air pollutants, however,
are often difficult to delineate due to the complexity of
chemical mixtures present in the environment and the complexity of the biological responses associated with chemical-to-chemical differences in toxicokinetics and toxicodynamics. Although additivity models for similar or independent mechanism of toxic action groupings exist, no comprehensive models have been developed to study interactions between chemicals present in complex heterogeneous
mixtures such as those present in the air we breathe [6].
Toxicogenomics, the integration of high-throughput
gene expression technologies, bioinformatics, and toxicology, has seen significant investment in the pharmaceutical
industry for both predictive and mechanism-based toxicology in an effort to identify candidate drugs more quickly
and economically [7, 8]. Regulatory agencies such as the
US Food and Drug Administration (FDA) and the US Environmental Protection Agency (EPA) also recognize the
potential of toxicogenomics and encourage the use and sub-
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mission of complementary toxicogenomics data for potential inclusion in submitted applications and incorporation
into regulatory decision-making [9, 10]. In Europe, the new
chemical safety regulation introduced in 2006 (REACH)
[11] in the preamble of the legal text encourages the scientific community to investigate how toxicogenomics may
better inform risk assessment of chemical substances.
MATERIAL AND METHODS
In the present study, we applied a toxicogenomics approach to evaluate the modulation of gene expression in

8S

Cells

1
8S

cultured human cells derived from the bronco-pulmonary
system (A549) exposed to an indoor air chemical mixture
representative of typical indoor air in Europe as defined in
the INDEX review [12], or a mixture of polyaromatic hydrocarbons (PAHs) extracted from urban air samples from
Milan, Italy. This approach takes advantage of the “whole
genome microarrays” assay developed by Applied Biosystems. Specific biological processes and molecular functions
were identified for each of the mixtures tested, suggesting
that genomic technologies may be a useful tool to facilitate
and expedite progress in understanding complex air mixture interactions. Figure 1 provides a schematic outline of
the overall toxicogenomics methodology we followed.

2

IVT-RT-PCR
(1µg
RNA)

Total RNA
5
S

Cemiluminescence
labeled cDNA

Data analysis

Image acquisition

FIGURE 1 - Graphical description of the methodological steps followed in the toxicogenomics approach.

Cell cultures and treatments

A549 cells were cultured in F12K medium with 10%
fetal calf serum at 37 °C with 5% CO2. The cells were stabilized overnight and then exposed to an indoor air chemical
mixture (INDEX) or to a mixture of PAHs extracted from
urban air. The chemical composition of the indoor air priority compounds identified in INDEX [12] and the actual
doses of each individual chemical in the mixture used in
the cell treatments are listed in Table 1. For each compound
of the INDEX mixture a 10X stock solution in DMSO was
prepared. These solutions were then diluted to 1X work
solution in appropriate medium and the reconstituted mixture added to the cell cultures.
The composition of the urban PAH mixture from Milan is listed in Table 2. A 1g/ml stock solution of PAHs in
DMSO was prepared. Immediately before use a 0.5mg/ml
work solution was prepared, added to culture medium and

TABLE 1
List of volatile organic compounds identified in the INDEX review.
Chemical families
Aromatics
Benzene
Naphthalene
Styrene
Toluene
m-, p-xylene
o-xylene
Aldehydes
Acetaldehyde
Formaldehyde
Terpenes
a-pinene
Limonene

1491

Environmental
concentration
(µg/m3)

Dose used in cell
treatment (µg/l)

3-23
2-46
1-5
25-130
25-55
8-15

10
20
1
50
10, 10
10

8
21-31

6
25

7-18
19-56

12
40
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Chemiluminescent signal detection, image acquisition
and image analysis of the microarrays were performed on
the Applied Biosystems 1700 Chemiluminescent Microarray Analyzer. Images were auto-gridded and the chemiluminescent signals were quantified, corrected for background,
and spot and spatially normalized.

TABLE 2 - List of PAH found in the air of Milan.
Chemical substance
Fluorene
Phenanthrene
Anthracene
Fluoranthrene
Pyrene
Benzo(a)anthracene
Crysene
Benzo(k)fluoranthrene
Benzo(a)pyrene
Indeno(1,2,3-c,d)pyrene
Dibenzo(a,h)anthracene
Benzo(g,h,i)perylene

3

Concentration (pg/m )
11
122
20
247
318
218
385
441
392
569
37
823

Microarray data analysis

the latter applied to the cells. The final concentration of
DMSO in cell solutions was 0.1%. Control samples in 0.1%
DMSO were included in each incubation. After 24h of treatment the cells were collected, washed in 1X PBS, and immediately lysed in Lysis Buffer containing guanidine thiocyanate plus β-mercaptoethanol according to the RNA extraction protocol Quiagen RNeasy Mini Kits. The immediate lysis is an absolute prerequisite for reliable gene expression analysis. The lysate can be stored at –80°C or
proceeded immediately with RNA extraction.
RNA preparation

Total RNA was extracted from cells using Quiagen
RNeasy Mini Kits according to the manufacturer’s protocol. The quality of the extracted RNA was verified by the
Agilent 2100 Bioanalyzer (Agilent Technologies, USA).
The RNA was quantified spectrophotometrically and then
stored at –80 °C until use.
Microarray hybridization

All microarray experiments were performed using the
Applied Biosystems Expression Array system, which is
based upon chemiluminescence detection. The Human
Genome Survey Arrays contain approximately 32,000 60mer oligonucleotides probes, together with about 1,000
control probes.
Briefly, 1 µg of total RNA from each sample was reverse transcribed, amplified and DIG-labeled (DIG-dUTP;
Roche, Germany), using the Applied Biosystems Chemiluminescent NanoAmp RT-IVT labeling kit. Amount and
quality of the DIG-labeled cRNA were controlled by Agilent
2100 Bioanalyzer.
Each microarray was first prehybridized at 55°C for 1 hr
in hybridization buffer with blocking reagent, and then hybridized with 15 µg of DIG-labeled and fragmented cRNA
at 55°C for 16 hr. An internal control target (ICT, 24-mer
oligo labeled with LIZ fluorescent dye) was used.
After hybridization, the arrays were washed with hybridization wash buffer and chemiluminescence rinse buffer.
Enhanced chemiluminescent signals were generated by first
incubating arrays with anti-digoxigenin-alkaline phosphatase, enhanced with chemiluminescence enhancing solution and finally adding chemiluminescence substrate.

The Applied Biosystems Expression System software
was used to extract Assay Signal, and Assay Signal to Noise
ratio (S/N) values from the microarray images. Bad spots
flagged by the software were removed from the analysis.
Only microarrays showing average normalised signal intensity above 5,000 and a median background below 600
were included in the study. Signal intensities were imported
into AB1700Guide© (Integromics, S.L., Spain). Using this
software the Assay Signal of the remaining sets of genes
was inter-quantile-normalized across arrays (Bioconductor, R Foundation for Statistical Computing, library ABarray). To select deferentially expressed genes, the genes were
filtered by standard Expression Array System Signal to
Noise threshold (S/N greater than 3 in at least one sample and quality flag <5000).
Genes with minimum p-value (p<0.05, Student’s t
test) were identified as candidates for significantly differentially expressed genes. Fold change (treated vs. control
assay signal ratio) data samples were calculated for each
gene. The Spotfire DecisionSite for Microarray Analysis
(Spotfire, Inc) was used for graphic representation of
results.
Significant probe sets were evaluated for relevance to
canonical pathway, molecular function and biological function using PANTHER (Protein ANalysis THrough Evolutionary Relationships) Classification System (http://www.
pantherdb.org) [12]. The genes expressed were compared
to the entire list of genes on the Applied Biosystems Human Genome Survey Array. Statistically significant overand under-represented annotation categories were determined by binomial statistics, using the observed number
of expressed genes versus the numbers expected by chance
within a certain annotation group. Categories with p-values
>10-2 were rejected.
RESULTS AND DISCUSSION
Gene expression analysis in the
indoor air mixture vs. the PAHs-exposed A549 cells

All RNA samples were of high quality based on an
assessment of the Bioanalyzer output as provided by RNA
Integrity Number (RIN). These values for all samples were
9.5 or greater on a scale of 1–10, where a value of 10 is
considered completely intact.
The number of genes, which differed significantly in
each treatment and grouped according to the fold-change
value, is illustrated in Table 3. The number of genes commonly modulated by both treatments is also reported.
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TABLE 3 - Number of modulated genes after treatment with an
Indoor Air Mixture (IAM) or PAH mixture (PAHs) in A549 cells. The
genes are grouped according the fold change value and the number of
genes commonly modulated by both treatments is also reported.
Fold Change
±1.2
±1.6
±2
±4

IAM
11014
6038
3408
325

PAHs
11516
6217
3364
289

Common genes
8654
4111
2028
128

These genes were evaluated for relevance to canonical pathway, biological processes and molecular function
using PANTHER. The classification in significant biological processes of the modulated genes with fold change 2
is listed in Table 4. The categories with p-values <10-2 were
considered and reported in bold. Three separate groups of
biological process categories are evident. The first group
with 11 categories is specific for indoor air mixture treatments, the 10 categories present in the second group is

TABLE 4 - List of Biological Processes classified by PANTHER analysis. The modulated genes identified through gene expression
analysis with a 2 Fold Change value were categorized by biological process. The numbers of genes and the relative p value involved
in each biological process are reported. Only those categories with p-values <10-2 were considered and reported in bold characters.
Biological Processes, 2FC

IAM

IAM
Chromosome segregation
Cytokinesis
T-cell mediated immunity
Cation transport
Cell communication
Pentose-phosphate shunt
Muscle contraction
Antioxidation and free radical removal
Metabolism of cyclic nucleotides
Chromatin packaging and remodeling
Neuronal activities
PAHs
Protein phosphorylation
Other metabolism
DNA repair
Protein modification
Cell proliferation and differentiation
Intracellular signaling cascade
Electron transport
Extracellular matrix protein-mediated signaling
Natural killer cell mediated immunity
Other carbon metabolism
Common IAM and PAHs
Protein biosynthesis
Protein metabolism and modification
Cell cycle
Cell surface receptor mediated signal transduction
G-protein mediated signaling
Mitosis
Translational regulation
Protein targeting and localization
Pre-mRNA processing
Protein folding
mRNA splicing
Protein complex assembly
DNA metabolism
DNA replication
Intracellular protein traffic
Ion transport
Signal transduction
Nucleoside, nucleotide and nucleic acid metabolism
Cell motility
Cell structure
Stress response
Oxidative phosphorylation
Mitochondrial transport
Nuclear transport
Cell adhesion-mediated signaling
Cytokine and chemokine mediated signaling
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PAHs

n. of genes

p-value

n. of genes

p-value

38
30
15
37
118
5
38
13
0
45
46

6.8E-07
6.0E-05
5.0E-04
4.1E-04
6.5E-03
6.4E-03
5.2E-03
3.5E-03
3.2E-03
2.5E-03
1.8E-03

22
16
20
49
124
4
33
10
1
40
50

>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02

96
78
31
163
138
118
47
10
4
16

>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02

110
98
38
181
163
134
50
18
1
22

7.5E-04
5.2E-04
3.5E-04
1.9E-04
1.0E-04
7.3E-03
6.8E-03
2.9E-03
2.2E-03
1.4E-03

212
577
206
113
43
92
37
58
71
55
57
29
79
43
180
45
339
489
188
123
47
26
12
29
31
17

4.5E-30
1.6E-21
8.9E-13
1.4E-11
6.6E-11
1.1E-09
6.0E-08
8.5E-08
2.8E-07
3.7E-07
5.3E-07
1.0E-06
1.4E-06
1.9E-06
3.6E-06
1.5E-05
2.1E-05
2.1E-05
5.3E-05
1.0E-04
1.7E-04
2.1E-04
3.4E-04
9.8E-04
4.9E-03
6.3E-03

178
560
170
129
55
64
34
65
67
55
53
27
78
39
192
57
350
508
184
110
52
27
12
31
29
17

3.6E-18
4.4E-19
9.7E-06
1.2E-07
7.3E-07
5.4E-03
1.0E-06
1.3E-10
2.9E-06
2.8E-07
7.4E-06
7.3E-06
1.8E-06
3.8E-05
1.3E-08
5.9E-03
5.0E-04
7.6E-08
1.1E-04
6.0E-03
4.8E-06
7.7E-05
3.1E-04
1.9E-04
2.1E-03
7.3E-03
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specific for PAHs treatments; the last group with 26 categories comprises the significant biological processes in
A549 cells treated with either of the two chemical air mixtures.
Out of the first group with cells treated with indoor air
chemicals (IAM) the two most significant biological processes are chromosome segregation (38 genes, p value =
6.8E-07) and cytokinesis (30 genes, p value= 6.0E05); all
these genes are involved in the process of cell division.
The most significant gene expression modifications associated with A549 cells exposed to a PAH mixture, were
related to protein phosphorylation (110 genes, p = 7.5E-04)
and protein modification (98 genes, p = 1.9E-04). Furthermore, genes associated with cell proliferation and differentiation and with cell-cell signaling involving extracellular matrix proteins are significantly modulated after these
treatments.
Gene expression within 26 biological process categories were significantly modulated by both the indoor air
mixture and PAH mixture treatments: protein biosynthesis,
protein metabolism and modification, protein targeting and
localization, protein complex assembly, protein folding, cell
structure.
In order to identify the specific signatures of biological processes regulated by the IAM or PAHs mixtures, we
focused our attention on those genes that were up- or downregulated by more than 4-fold after treatment. In spite of
the strict cut-off we applied, the number of modulated genes
remained high in both treatment groups: 325 significantly
modulated genes after exposure to the mixture identified in
the INDEX review and 289 modulated genes in cells treated
with PAHs (Table 3).
Table 5 shows the significant over- and under-represented biological processes in A549 cells treated with
either of the two chemical air mixtures. In this list of genes,
the categories with p-values <10-2 were considered and
reported in bold characters.

From cells treated with a mixture of indoor air chemicals (IAM), the most significantly altered gene population
(18 genes, p = 5.7E-05) belonged to a biological process
category encompassing protein targeting and localization;
this category includes processes through which proteins
are distributed into the appropriate subcellular location including cytoskeletal organization. Protein folding and proteins that act as catalysts of the process of assembling protein complexes were associated with nine and six of the
modulated genes (p = 8.9E-04 and 4.6E-04), respectively.
Six of the genes (p = 3.4E-03) were associated with nuclear
transport, and seven genes with muscle contraction (p =
8.2E-03). DNA metabolism and DNA replication processes
involved eleven and seven genes, respectively, with a pvalue of about E-03. At least 23 genes (p = 7.8E-03) altered by IAM exposure, corresponded to a cell structure
biological process category.
The most significant gene expression modifications associated with A549 cells exposed to a PAH mixture, were
related to cell motility (12 genes, p = 4.6E-04) and cell-cell
signaling involving extracellular matrix proteins (5 genes,
p = 6.4E-04). Twenty of the modulated genes identified
were classified in a cell proliferation and differentiation
category (p = 4.2E-03), confirming the proliferating activity of PAHs in exposed cells [14]. Gene expression within
two of the biological process categories were significantly
modulated by both the indoor air mixture and PAH mixture treatments: protein targeting and localization, and cell
structure. At fold change 4 there was a reorganization of
the distribution of the same biological process categories
such as protein complex assembly, protein folding, nuclear
transport, DNA metabolism, DNA replication and cell mortility. These categories at fold change 2 were modulated by
both the indoor air and PAHs mixtures treatments. With a
higher fold change the number of genes decreased and the
significance of the biological process became more selective. In this way we could identify the modulated genes that
are specific for each one of the two different mixtures. A
similar trend was observed considering the

TABLE 5 - List of Biological Processes classified by PANTHER analysis. The 4-fold modulated genes identified through gene expression analysis were categorized by biological process. The numbers of up- and down- modulated genes and the relative p value involved in each biological process are reported. Only those categories with p-values <10-2 were considered and reported in bold characters. (*) indicates a biological process effected by both treatments (indoor and outdoor).
Biological Processes
Protein complex assembly
Protein folding
Nuclear transport
Muscle contraction
DNA metabolism
DNA replication
Cell motility
Extracellular matrix protein-mediated signaling
Cell proliferation and differentiation
Cell structure (*)
Protein targeting and
localization (*)

Ref List
80
203
119
188
348
151
345
62
955
1102

up
0
1
0
3
0
0
5
2
6
9

312

7

IAM
down
6
8
6
4
11
7
3
1
12
14
11

1494

p-value
4.66E-04
8.99E-04
3.43E-03
8.24E-03
3.65E-03
2.57E-03
>1E-02
>1E-02
>1E-02
7.85E-03

up
0
0
1
2
1
0
9
3
9
13

5.71E-05

8

PAHs
down
3
4
2
1
7
5
3
2
11
11
5

p-value
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
4.62E-04
6.40E-04
4.24E-03
1.07E-03
8.40E-03
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TABLE 6 - List of Molecular Function resulted by PANTHER analysis. The numbers of up- and down- modulated genes with a 4 fold
change value and the relative p value involved in groups of molecular function are reported. Only those categories with p-values <10-2
were considered and reported in bold characters. (*) indicates a molecular function effected by both treatments (indoor and outdoor).
Molecular Function
Cytoskeletal protein
Receptor
Chaperonin
Hsp 90 family chaperone
Intermediate filament
Microtubule binding motor protein
Chemokine
Extracellular matrix
Select calcium binding protein
DNA topoisomerase (*)
Phosphatase inhibitor (*)

Ref List
837
1489
243
8
159
61
45
346
266
6
31

IAM
down
19
1
10
2
6
4
0
1
1
2
2

up
6
2
1
0
1
0
3
2
3
0
1

molecular functions of the significantly modulated genes
with p-values <10-2 (Table 6). In the cells treated with
indoor air mixtures, the 25 genes that code for cytoskeletal protein belong to molecular functions with a p-value of
3.5E-05 and the 3 genes that code for receptors were modulated with a p-value of 1.3E-05. The genes that code for
chaperonin (11 genes, p = 4.5E-03) and for a family of
chaperone (2 genes, p = 4.3E-03) acting as cytoplasmic
proteins that bind to nascent or unfolded polypeptides and
ensure their correct folding or transport are also modulated.
Intermediate filament (7 genes, p-value = 3.4E-03) and
microtubule binding motor protein (4 genes, p-value = 6.6E03) were the other molecular functions significantly modulated by indoor air mixture exposure. These results suggest
that the most significantly altered molecular functions involved the genes that form a flexible framework for the
cell, providing attachment points for organelles and assure
cell-cell communication.
The most significant molecular function modifications
associated with exposure to a PAH mixture, were related
to genes that code for chemokine (4 genes, p = 1.6E-03),
for extracellular matrix proteins (10 genes, p = 5.0E-03)
and for select calcium binding proteins (8 genes, p =
9.2E-03). Only two molecular functions (DNA topoisomerase and phosphatase inhibitor) were involved in both
treatments at a p value of 1E-03.
The larger pattern of biochemical activities regulated
by indoor air chemicals compared to PAHs seems to reflect the heterogeneous compositions of the IAM mixtures
that include aromatic compounds, aldehydes and terpenes.
Interestingly, exposure to indoor air mixtures induces a
more pronounced down modulation of the genes than exposure to PAHs, confirming major differences in toxic mode
of action of these two chemical mixtures.

p-value
3.5E-05
1.3E-05
4.5E-03
4.3E-03
3.4E-03
6.6E-03
>1E-02
>1E-02
>1E-02
2.4E-03
6.4E-03

up
9
4
1
0
3
0
4
4
6
0
1

PAHs
down
8
4
4
1
1
0
0
6
2
2
2

p-value
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
>1E-02
1.5E-03
5.0E-03
9.2E-03
2.0E-03
4.8E-03

complex chemical mixtures. The results reported here clearly
show that genomic methodologies would be relevant for
understanding the wide range of biological processes and
biochemical effects modulated by exposure to complex environmental mixtures such as indoor and outdoor air. The
toxicogenomic approach followed in this study is in response to recommendations for the development of plausible descriptions of mechanisms and mode of action for
chemical mixtures [15]. In this context, a major objective
is to identify “key events” involved in biological responses
to better inform critical evaluations of risk from mixtures.
The results of our study indicate that advanced molecular
biology-based approaches such as toxicogenomics may
facilitate the selection of appropriate sets of biomarkers to
characterize responses induced by different mixtures of
chemicals. The challenge that remains is to comprehensively integrate the disparate sources of chemical and biological data, including high-throughput technologies such
as toxicogenomics, in order to elucidate the mechanisms
and networks involved in toxicity and to develop quantitative models capable of accurately predicting thresholds and
exposure-response functions [16].
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ABSTRACT
Predictions about climate change show that countries
in the Mediterranean region will be affected mostly by increasing temperatures and decreasing precipitation. Therefore, it is likely that in the future dry and hot climatic conditions will be prevailing in this region. These changes also
affect environments such as rivers whose temperature is
directly related to air temperature. Since air temperatures
will get higher and drought seasons are expected, the sustainability of fresh water resources will become more important for the future. Therefore fresh water resources must
be monitored continuously or at regular intervals and the
effects of climate change on these must be investigated.
Turkey has a lot of fresh water resources like rivers, lakes
and ground water reservoirs but the water demand also will
increase with increasing temperatures. Therefore monitoring and future predictions will be required for determining
the management alternatives of water use. In this study,
statistical assessment of temperature changes of the main
rivers in the Mediterranean region of Turkey is carried out.
Regression models are developed to predict water temperatures from air temperatures and these are used in future
predictions. Results show that significant changes can be
expected in near future with possible impacts on the water
quality and ecological status of rivers. Quantitative predictions can be achieved to aid managerial actions directed towards the river ecosystems.

KEYWORDS:
River temperature, estimation, climate change.

INTRODUCTION
Water temperature is a primary physical property because it exerts a significant influence on many parameters of
water quality, affects human uses of water and the man-

agement of river systems [1]. Changes in this parameter
can trigger a number of processes which may lead to undesirable conditions in water bodies. According to the Intergovernmental Panel on Climate Change (IPCC) reports
there is an increasing trend in average global air temperatures and increases within the range 1.5 – 4 oC are expected
towards the end of the century [2]. In this report a warming of about 0.2 °C per decade is projected for the next
two decades.
The Mediterranean region is expected to be affected
negatively as also reported by the IPCC [2]. The precipitation is projected to decrease in this region and increases in
drought frequencies and intensities are expected. Therefore
the water resources will become more and more stressed,
especially those used for multiple purposes. Such water
supplies must be investigated for temperature trends besides others and based on the future expectations precautions must be taken to ensure sustainability of the resources.
Water temperature is influenced by many environmental parameters. Mohseni and Stefan [3] have analysed
the stream temperature/air temperature relationship by
studying heat exchange processes using the equilibrium
temperature concept. River temperature sensitivity to hydraulic and meteorological parameters has been studied by
Gu and Li [4]. They have found that river temperatures are
more sensitive to flowrates, upstream inflow temperatures,
air temperatures, humidity and solar radiation than to other
parameters like wind speed and morphometry. It is also
stated that river temperatures are affected by flow and
weather and that the influences are significant.
In this study water temperatures are statistically related
to a number of air temperature statistics and river discharges
and the possible impacts of these on temperatures are investigated for rivers in the Aegean and Mediterranean Regions of Turkey. The regression models are designed in
such a way as to achieve the desired information with the
least data possible. The input required for these models
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should be already present, i.e. a subset of regular observations made at stream monitoring stations and meteorological stations. Thus no additional data requirements are necessary which make the application of the models quite easy.
MATERIALS AND METHODS
The study area

The Mediterranean region needs to be considered extensively in management studies because this region is expected to be affected profoundly from climate change as
reported by the IPCC [2]. A large portion of Turkey belongs to the Mediterranean region or is affected by it climatologically. Expectations are that Turkey is among the
countries that will be influenced negatively from global
warming and climate change. To investigate the effects of

climate change on the temperature of fresh water bodies,
5 river monitoring stations located close to the meteorological stations have been selected in this study. These rivers are important fresh water sources for their watersheds
and all show varying degrees of Mediterranean characteristics with respect to climate and vegetation. Among these,
Göksu and Anamur rivers are important water bodies in the
İçel region located at the southern coast of Turkey. Likely,
Gediz River located in western Turkey is also an important water body for the city of Manisa and the Aegean
region as an important irrigation source. Similarly B.
Menderes River is also another important fresh water
source and is the longest river in the Aegean region of
Turkey. Figure 1 shows the locations of the monitoring
stations from which data is used in this study and information about river watersheds and river monitoring stations
are given in Table 1.

FIGURE 1 - Locations of the meteorological and river monitoring stations.

TABLE 1 - Information about river watersheds and river monitoring stations.
River Monitoring Stations
Station Number

Station Name

E 407

Karamenderes Aslan Bridge

E 518
Gediz River Manisa Bridge
E 706
B. Menderes River Aydın Bridge
E 1714
Göksu River Karahacılı
E 1721
Anamur River Alaköprü
Meteorology Stations
17112
Çanakkale Station
17186
Manisa Station
17234
Aydın Station
17330
Silifke Station
17329
Anamur Station

Drainage
area (km2)

Location
At the bridge 5 km away from Ezine,
on the Ezine-Çanakkale highway.
At 2 km from Manisa at the Manisa-Akhisar highway.
At the bridge 8 km away from Aydın, on the Aydın-Muğla highway.
At the bridge located on the 15th km of the Silifke-Mut highway.
At the bridge of Alaköprü on Anamur-Ermenek highway.
40° 08′ N, 26° 24′ E
38° 37′ N, 27° 26′ E
37° 51′ N, 27° 51′ E
36° 23′ N, 33° 56′ E
36° 05′ N, 32° 50′ E
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Data and methods

The river data (water temperatures and discharge) used
in this study have been obtained from a published data
source [5]. The air temperatures have been obtained from
the State Meteorological Agency of Turkey. The data covers the last quarter of the twentieth century.
Statistical information about river temperatures and
discharges is given in Table 2. The river data consist of

monthly instantaneous measurements of the relevant parameters. The air temperature data is daily. Beside minimum,
mean and maximum daily temperatures, two aggregate statistics have also been used. One is the average of the air
temperatures measured at the day of water temperature
measurement and the temperatures of the preceeding five
days designated as 6 day mean temperature. Beside this
average value, a weighted average has also been included
(weighted 6 day mean temperatures). These have been in-

TABLE 2 - Data about the monitoring stations.
Meteorological Data Statistics
Mean Air
Temp
Aydın
17.8
Anamur
18.5
Çanakkale
13.5
Manisa
16.0
Silifke
18.6
Station Name

Station
Name
E706
E1721
E407
E518
E1714

Number of
Records
233
233
195
306
279

River Monitoring Data Statistics
Mean
Mean Water Temp
Q
16.0
36.3
12.3
23.7
13.5
10.6
15.5
36.6
15.2
116.9

Temperature ( o C)

Temperature ( o C)

(a)

20
15
10
5
0
0

50

100

150

200

30
25
20
15
10
5
0
0

50

100

Discharge (m /s)
(a)

200

Manisa Station
Temperature ( o C)

40
30
20
10
0
50

100

150

Discharge (m 3/s)

40
30
20
10
0
0

100

200

300

Discharge (m 3/s)

(c)

(d)

Temperature ( o C)

Silifke Station
40
30
20
10
0
0

200

250

(b)

Çanakkale Station

Temperature ( o C)

150

Discharge (m 3/s)

3

0

91.5
102.0
156.5
138.5
97.4

Temp
Range
4.0 - 28.0
6.0 - 20.0
1.0 - 29.0
1.0 - 31.0
4.0 - 30.0

Aydın Station

Anamur Station
25

COV Q

400

600

800

Discharge (m 3/s)

(e)
FIGURE 2 - a,b,c,d,e. The relationship between air temperature and discharge at different stations.
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cluded to consider the lag effects between the air and water
temperatures. The data show that there is an inverse relationship between river discharge and water temperature. This
is a generally observed result both for natural watercourses
and for rivers receiving heated effluents.
The correlation coefficients between water temperature
and discharge for the Aydın, Anamur, Çanakkale, Manisa
and Silifke stations are -0.35, -0.34, -0.40, -0.32, -0.43

respectively. The relationships are not strong but significant. Figure 2 shows this relationship. There is considerable
scatter at especially lower discharges.
The correlations between the air and water temperatures are positive and relatively higher. Table 3 displays the
correlation coefficients between the air temperature statistics and water temperature for the five stations. As evident
from the table, except the Anamur station, all correlation

TABLE 3 - Correlation coefficients between air temperature statistics and water temperature.
Station Name
Anamur
Aydın
Çanakkale
Manisa
Silifke

Min Air Temp.

Mean Air Temp.

Max Air Temp.

0.59
0.78
0.85
0.88
0.84

0.58
0.85
0.88
0.92
0.84

0.57
0.87
0.88
0.91
0.82

6-Day Mean Air
Temp.
0.6
0.88
0.89
0.92
0.85

Aydın Station
Water
Temperature ( o C)

Water
Temperature ( o C)

Anamur Station
25
20
15
10
5
0
0

10

20

30

40

30
20
10
0
0

o

10

30

40

Air Temperature ( C)

(a)

(b)

Çanakkale Station

Manisa Station

Water
Temperature ( o C)

Water
Temperature ( o C)

20

o

Air Temperature ( C)

40
30
20
10
0
0

Weighted 6 Day
Mean
0.6
0.87
0.9
0.91
0.85

10

20

30

40
30
20
10
0
0

10

20

30
o

o

Air temperature ( C)

Air Temperature ( C)

(c)

(d)

Water
Temperature ( o C)

Silifke Station
40
30
20
10
0
0

10

20

30

40

o

Air Temperature ( C)

(e)
FIGURE 3 - a,b,c,d,e. The relationship between mean air temperature and water temperature at stations
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Model Type

Predictor Air
Temperature Statistics

Air Temp.
Coefficient

Water Discharge
Coefficient

Anamur

Model 1

6-day mean temp.

0.237

-

7.88

0.36

Model 2

6-day mean temp.

0.218

-0.0128

8.53

0.37

Aydın

Model 1

6-day mean temp.

0.632

-

4.82

0.78

Model 2

6-day mean temp.

0.620

-0.0076

5.30

0.77

Çanakkale

Model 1

Weighted
6-day mean temp.

0.912

-

1.32

0.81

Model 2

Weighted
6-day mean temp.

0.905

-0.0071

1.49

0.81

Manisa

Model 1

Mean

0.720

-

4.02

0.84

Model 2

Mean

0.720

0.0002

4.01

0.84

Silifke

Station

TABLE 4 - Regression equations for the five stations.

Model 1

6-day mean temp.

0.613

-

3.96

0.73

Model 2

6-day mean temp.

0.579

-0.0048

4.96

0.73

coefficients are high and significant. There is also an almost complete agreement between the air temperature statistics. These are also highly correlated among themselves.
The relatively lower correlation coefficients at the Anamur
station is thought to arise from the fact that the river is fed
by a lot of spring water sources which add water with lower
temperatures than the ambient air temperatures. Thus the
Anamur river is fed by sources which supply water whose
temperature is relatively independent from atmospheric influences. Figure 3 shows the relationships between the
water temperature and mean air temperature for the stations
considered.
The air temperature statistics are correlated among
themselves and the inclusion of all of them in one regression equation for a particular river will lead to unrealistic
regression coefficients. Moreover the aim is to predict
water temperature with minimum data. The water discharge
affects water temperature in a different way and to a lower
extent. As an example, heated effluents from thermal power
plants are more effective at lower discharges. Trends in
water discharges may induce trends in water temperature
unrelated to air temperatures. Therefore two types of regression models have been designed. In the first type of
models only one air temperature statistics is included. In
the second type of models water discharge is added as a
predictor variable to the regression equations which renders the regression a multivariable one. To determine which
predictor variable has to be chosen, stepwise forward regression analysis has been conducted with the partial F
statistics as the criterion to choose the entering variable.
Stepwise regression is a tool to choose a best model when
there are several predictor variables which are intercorrelated. Stepwise regression can be used to avoid irrational

Intercept

R2

coefficients due to the intercorrelations. The regression coefficients are displayed in Table 4.
RESULTS AND DISCUSSION
The results show that the predictor variable corresponding to the air temperature can be different for different stations. In the stations studied the mean air temperature in
the day of the water temperature measurement is chosen
only for one station, like the weighted 6 day mean temperatures. The 6 day mean temperature case is preferred three
times. However, differences between air temperature predictions are quite small and in the absence of the best predictor variable at any particular station, any other predictor
can be chosen with no loss of predictive capability. The inclusion of discharge does not improve the regression. The
increase in R2 due to the added variable (water discharge)
is insignificant for all stations. Therefore there is no point
in adding the water discharge solely for improving the regression. Addition of a second air temperature statistics
also does not improve the regression. Increases in R2 due to
added variables are negligibly small. So one predictor variable is enough to obtain reliable predictions.
Residual plots have been generated to check for maladies. All plots show the null pattern and nonlinear behaviour is not observed. Moreover all regression coefficients
are significantly different from zero in the case of the air
temperatures.
Figure 4 shows model results and observations of water temperature vs. time for all stations. Only Model 1 results are displayed. It is seen that the river temperatures

1501

Fresenius Environmental Bulletin

Anamur Station

25
20
15
10
5

Years

Model 1

19
98

19
96

19
94

19
92

19
90

19
88

19
86

19
84

19
82

19
80

0

19
78

Water Temperature (

o

C)
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Observed

(a)

25
20
15
10
5
0

19
85
19
86
19
87
19
88
19
89
19
90
19
91
19
92
19
93
19
94
19
95
19
96
19
97
19
98
19
99

Water Temperature ( o C)

Aydın Station
30

Years

Model 1

Observed

(b)

30
25
20
15
10
5

Years

Model 1

19
98

19
96

19
94

19
92

19
90

19
88

19
86

19
84

19
82

19
80

0

19
78

Water Temperature ( o C)

Çanakkale Station
35

Observed

(c)
FIGURE 4 a,b,c - Comparison of model results with observed data at stations.
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30
25
20
15
10
5

Years

Model 1

19
99

19
97

19
95

19
93

19
91

19
89

19
87

19
85

19
83

19
81

19
79

19
77

0

19
75

Water Temperature ( o C)

Manisa Station
35

Observed

(d)

30
25
20
15
10
5

Years

Model1

19
99

19
97

19
95

19
93

19
91

19
89

19
87

19
85

19
83

19
81

19
79

19
77

0

19
75

Water Temperature (

o

C)

Silifke Station
35

Observed

(e)
FIGURE 4 d,e - Comparison of model results with observed data at stations.

are predicted quite accurately in all the stations except the
Anamur station. In this particular station where the correlation between air and water temperature was relatively
lower, the model curve seems to be rather a smoothing
curve with a small window size. In the other stations the
model curve misses only some extreme temperatures but
intermediate temperatures are reproduced efficiently.
Table 5 displays parametric trends for the 6 day mean
temperatures and water temperatures at the stations studied. For the Manisa and Aydın stations, the trends have
different signs. The Manisa station shows negative air
temperature trends while the water temperatures produce
positive trends. The opposite is through for the Aydın
station. It is observed from the results that there are more
positive than negative trends. Moreover trends in air tem-

peratures are higher. All Model 1 trends are positive, even
in the Manisa station where the air temperature trend is
negative and in the Aydın station where the water temperature trend is negative.
The trends in the air temperatures and also water
temperatures reflect the warming observed in the western
and southern regions of Turkey in the last quarter of the
last century [6]. These trends are also in analogy with the
General Circulation Model predictions. Data from a General Circulation Model for the Special Report Emission
Scenario A2 of IPCC predict corresponding trends at the
model grid located in western Turkey [7]. These models
can be used to predict water temperatures when air temperature data projections are available for the particular
region. These projections may be obtained from Regional
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TABLE 5 - Parametric regression line trends (°C over the period considered).
Station Name
Anamur
Aydın
Çanakkale
Manisa
Silifke

Trend in
6-day Mean Temp.
2.19
0.23
0.82
-0.58
1.65

Water Temp

Model Trends

1.63
-1.93
0.55
0.31
0.45

0.54
0.11
0.06
0.27
0.91

TABLE 6 - Model 1 predictions of water temperatures in average air temperatures
(displayed as percent increases over the average water temperature at the stations).
Station Name
Anamur
Aydın
Çanakkale
Manisa
Silifke

+1
1.9
3.9
6.7
4.6
4.0

Increase in Average Air Temperature
+2
+3
3.9
5.8
7.9
11.8
13.4
20.1
9.3
13.9
8.0
11.9

Climate Models which downscale results from General
Circulation Models. Table 6 shows how increases in air
temperature in the range +1 - +4 as predicted by General
Circulation Models for the 21st century affect water temperatures based on these models. The percent increases in
the table are based on average air temperatures observed
at the station.
The results show that relatively large increases might
be expected in water temperatures when the increases in
the air temperatures due to global warming materialize.
Significant effects can be expected on the water quality
and ecological status of the rivers in questions. The most
important of these changes can be summarized as the lowering of dissolved oxygen levels in the rivers due to lower
solubility of oxygen at elevated temperatures. Higher metabolic rates of river organisms and higher decomposition rates
of organic matter will also lower dissolved oxygen levels.
Habitat changes can also be observed for some species
due to elevated temperatures. This might result in migration of fish and invasion by exotic species. All these
changes may lead to very undesirable results and require
expensive remedial actions.

+4
7.7
15.7
26.8
18.5
15.9

question. In some rivers a much stronger water discharge
water temperature relationship might exist.
The models can be used to predict future temperatures
given future projections. This will be particularly useful
information to watershed managers for their plans concerning the future use of the rivers.
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ABSTRACT
The Hydrological Simulation Program-FORTRAN
(HSPF) has been used to investigate the impacts of climate change on the water quality processes in hypothetical
watersheds under different vegetation covers. A scenario
has been constructed by extracting trends in temperature,
precipitation, cloudiness, humidity and wind velocity using
statistical methods from General Circulations Models
(GCM) simulation results conducted by the Canadian Climate Center for a grid cell coinciding with western Turkey
which is located in the Aegean and Mediterranean Region
of the country. These trends have been used in creating daily
values for meteorological time series utilized by HSPF as
the driving force behind the hydrological and water quality processes. The scenario is based on the Special Report
on Emission Scenarios (SRES) A2 scenario of the Intergovernmental Panel of Climate Change (IPCC). The four
types of watersheds investigated are a barren watershed, a
pasture, a watershed covered with coniferous forest and
one with a deciduous forest. Sediment transport has been
modeled and the quality of water in terms of conservative
contaminants like chloride leaving the watershed as surface-runoff, interflow and groundwater outflow has been
chosen as the variable to be investigated on a monthly basis
as computed from daily simulation results. Simulations have
been conducted for a time period of 47 years from 2004.
Differences between scenarios have been observed in sediment transport and dissolved water quality variables affecting the sustainability of the use of the watershed for various
purposes. The results can be used by watershed managers
in planning the future use of watersheds and in determining the distribution of different vegetation types in rural
watersheds. It is also demonstrated that HSPF is a powerful tool in the simulation of the effects of climate change
on the hydrological and water quality processes of watersheds.

KEYWORDS:
HSPF, watershed, modeling, sediment transport, chloride

INTRODUCTION
Water resources are highly sensitive to climatic variations, especially to increases in global and local temperatures and to the resulting change in climatic conditions. In
Turkey, recorded changes in climatic conditions have shown
widespread increases in summer temperatures. Moreover,
winter precipitation in the western provinces of Turkey
has decreased significantly in the last five decades. On the
other hand, autumn precipitation has increased in the northern parts of Central Anatolia based on results of trend studies conducted using nonparametric Kendall trend tests [1].
It is expected that these changes are likely to continue, in
tandem with global warning, and probably will also affect
the hydrological cycle both quantitatively and qualitatively.
There are a number of studies emphasizing, the effects of
global warming and climate change on the quality of water
bodies. Effects on sediment transport and erosion have been
examined in several studies [2-8]. There are likewise water
quality studies investigating climate change effects on
watersheds [9-13]. Most of the studies make use of models of varying complexity and content. They range from
simple regression models to comprehensive modeling environments like HSPF. The principal motivation in these
studies is to gain the ability to make reliable predictions
of future conditions in order to ensure the sustainability of
water resources.
This study aims to better understand how watershed
water quality in terms of suspended (sediment) and dissolved (chloride) constituents will respond to a climate
change scenario which evolves through the period of
change. The watershed response for a particulate and a dis-
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solved water quality constituent has been examined. A
hypothetical watershed has been subjected to a climate
change scenario evolving for 50 years spanning the first
half of the 21st century. The responses of four different
land covers regarding vegetation covers are investigated.
The watershed has been modeled using HSPF (Hydrologic
Simulation Program-FORTRAN). The daily time step used
in the simulation has enabled to capture a number of watershed response modes and by using aggregate monthly
values seasonal variations have been resolved. The results
enable comparisons among various land cover patterns and
are considered to aid managerial actions to be taken to protect the water quality of watersheds from further deterioration.
MATERIALS AND METHODS
A hypothetical watershed of 1000 km2 area at an elevation of 800 m above sea level has been used in the simulations. The watershed is situated in northwestern Central
Anatolia, Turkey between the cities of Eskişehir and
Kütahya. The land has an average slope of 0.1% with a
drainage density of 100 m-1. In order to investigate the
hydrological response under different soil permeability
conditions, two soil hydrologic groups have been used,
namely Soil Hydrologic Group A and D. Group A bears a
low surface overflow potential and is a highly permeable
soil while Group D represents a soil with a high surface
overflow potential and consequently with low infiltration
[14]. The four different land cover patterns examined are a
completely barren land, a pasture, land covered with coniferous forest and land with a deciduous cover composed of
trees shedding leaves in winter. In each pattern, the watershed has been considered to be completely covered by
only that particular vegetation [15].
In climate change studies the meteorological forcing
is obtained from the General Circulation Models (GCM)
by downscaling the relevant meteorological series via the
use of Regional Climate Model. In this study a different

Temperature, 0C

13

approach has been adopted. Temperature, precipitation,
wind velocity, cloud cover, and relative humidity measurements from the Kütahya Meteorological Station have
been arranged as daily records of means or totals from
1975 to 2003. In the case of temperature, a series has been
constructed for every month from 1975 to 2003 composed
of adjacent daily values. Autocorrelation has been detected
in the series which consequently have been modeled as
autoregressive processes. Then the models have been extended beyond 2003 till 2050 using the autoregressive
equations. For precipitation, it has been assumed that the
1975-2003 series will repeat itself every 29 years. So the
series has been extended beyond 2003 as a repetitive process. These meteorological series constitute the baseline
scenario for the 2004-2050 period [14].
The climate change scenario has been prepared by
imposing trends on the time series of the base scenario.
The climatic trends have been based on the Special Report
on Emission Scenarios (SRES) A2 scenario of the Intergovernmental Board on Climate Change [16]. This scenario
assumes a heterogeneous world with local influences, fast
population increase and associated economical development. The results of a General Circulation Model developed
by the Canadian Climate Center [17] based on the A2
scenario have been utilized. Daily values for the relevant
series have been extracted from a grid cell centered at
Western Turkey. Trends have been computed for monthly
aggregate meteorological variables using the nonparametric Kendall trend test and the associated Kendall-Theil
Slope Estimator [18, 19]. The temperature trends have been
added linearly on the daily values of the baseline scenario.
This has produced a gradual and linear increase in temperatures in the study period. For precipitation, the trends
have been added to the base scenario as monthly deficits
or surpluses. Thus, a change in precipitation as either presenting an increase or decrease in monthly values has been
obtained for the A2 scenario. Then this change has been
reflected as a stochastic process into the daily values. Figure 1 shows the temperature and precipitation series for the
base and A2 scenarios used in the modeling studies.
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FIGURE 1 - The Base and A2 scenarios temperature and precipitation data used in the modeling studies.
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The other time series have been modified accordingly.
The time series have also been subjected to a rigorous
examination for inconsistencies and these have been corrected. The solar radiation time series have been created
using the equations in [20]. The evapotranspiration time
series have been prepared using the Jensen equation [21].
For temperature, decreases in the winter months and increases in summer months characterize the seasonal variation while the overall increase amounts to 1.570C in the
year 2050. The overall precipitation increase has been found
out to be 20 mm throughout the 2004-2050 period. This increase is however very unevenly distributed among months.
There are sharp decreases in the first half of summer while
late summer and early autumn become considerably wet
towards the end of the simulation period. Thus the climate
scenario used in this study brings together two contrasting
effects on the water cycle. The temperature increase tends
to decrease the water storage in the watershed due to increased evapotranspiration while precipitation increase
brings out the reverse effect. However, within a year, there
are months in which the two processes reinforce each other.
The most pronounced month in this respect is July where
elevated temperatures and decreased precipitation lead to
significant water shortages towards the end of the simulation period.

are required as model inputs. The Universal Soil Loss
Equation (USLE) has been used for determining these
parameter values by calibration [22].
The calibration process has generated the following
set of parameters for the sediment transport routines in
HSPF (Table 1). The table also displays other parameters
required in the routines. These have been obtained from
the literature and from a previous study conducted at a watershed with very similar properties as the one used in this
study which is as well located to the south of Eskişehir,
the Middle Seydi Suyu Watershed [23]. In the sediment
transport modeling, lateral sediment inputs and atmospheric
settling has been neglected.
Based on these values the two equations used by HSPF
to simulate sediment transport take the following form
⎡0.3 (Group A)⎤
1.5
Soil Detachment = ⎢
⎥ ∗ Rainfall
⎣0.6 (Group B) ⎦

(1)

Sediment Washoff = 5 ∗ Surface Runoff 1.06

(2)

No gully erosion has been simulated in this study because the topography has been taken to be a gently sloping flatland.
Dissolved Conservative Constituent

Hydrological modeling has been carried out in the experimental watershed using HSPF. The results of these
modeling studies have been given in [15]. In tandem with
hydrological modeling, sediment transport and water quality have been subsequently modeled utilizing the relevant
modules of HSPF as described below.
Sediment Transport

HSPF models sediment transport by the use of power
relationships where the parameters in the equations used

Besides sediment transport, a dissolved water quality
constituent has also been modeled in this study to observe
how different land patterns affect watershed outflow water quality under a climate change scenario. A conservative constituent (chloride) has been selected. Chloride is
retarded to a very little extent in the soil layers and is an
ideal tracer chemical. It follows the water movement closely
within the hydrological cycle. The TRACER module of
HSPF can be used to simulate the movement of any nonreactive tracer in a pervious land segment.

TABLE 1 - Parameters that are used for Sediment transport routines in HSPF.
Module / Section
Moisture Content of Soil Layers
(MSTLAY)

Parameter
SLMPF
ULPF
LLPF

Production and Removal of
Sediment (SEDMNT)

SMPF
KRER
JRER
AFFIX
(day-1)
COVER

Production and Removal of
Sediment (SEDMNT)

NVSI
(kg.ha-1.day-1)
KSER
JSER

Explanation
Percolation from the
surface layer storage to the upper layer
Percolation from the upper layer
to the lower layer
Percolation from the lower layer storage
to active and inactive groundwater parameter
Supporting management practice factor.
Detachment coefficient dependent on soil properties
Detachment exponent dependent on soil properties
The fraction by which detached sediment storage decreases
each day as a result of soil compaction.
The fraction of land surface which is shielded from rainfall
erosion
The rate at which sediment enters detached storage from the
atmosphere.
The coefficient in the detached sediment washoff equation.
Exponent in the detached sediment washoff equation.
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Value
0.9
3
1.5
1
0.3 Soil type A
0.6 Soil type D
1.5
0.01
0
0
5
1.06
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Studies show that the average chloride concentration
in rainfall decreases rapidly from several milligram per
liter near the oceans to a few tenth of a milligram per liter
inland [24]. Sea effects are still felt due to the proximity
of the Aegean Sea to the watershed modeled in this study
and chloride concentrations in precipitation have been taken
as 5 mg/L. Chloride inputs to watersheds in the absence of
lateral fluxes, evaporite deposits and anthropogenic sources
come principally from wet atmospheric deposition. The
deposition is modeled by introducing a concentration in
rainfall, and the program automatically combines it with
the input rainfall time series to compute the resulting vertical chloride flux.
Simulations have been carried out with a daily time
step from years 2004 to 2050. This time step is coarse to
resolve floods resulting from short-term high intensity
rainfall, but other important watershed processes, in principal the watershed outflow water quality can be adequately
represented.
RESULTS AND DISCUSSION
Sediment Transport

Barren, Soil Group A
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0
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0
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FIGURE 2 - Yearly differences in sediment transport amounts between
land covers (The plots show deviations of the A2 scenario from the base).

1509

Difference
(%)

Pasture, Soil Group A

2010

2050

Scenario
Base
A2
-1
(t.year )
(t.year-1)

0.0006

2050

Coniferous Forest, Soil Group A

2010

Land cover and soil group
Barren land,
Soil group A
Barren land,
Soil group D
Pasture,
Soil group A
Pasture,
Soil group D
Coniferous forest, Soil group A
Coniferous forest, Soil group D
Deciduous forest,
Soil group A
Deciduous forest,
Soil group D

Sediment transport difference, t/ha.year

0.0012

TABLE 2 - Averages of yearly total sediment transport amounts
according to land cover, soil hydrologic group and scenario.

Sediment transport difference, t/ha.year

Sediment transport difference, t/ha.year

Table 2 displays averages of yearly total sediment
transport amounts according to land cover, soil hydrologic
group and scenario analysis.

The values in Table 2 clearly demonstrate the effect of
soil permeability on the sediment transport. The less permeable soils (Group D) produce more surface runoff and
hence give rise to higher transport values. The sediment
transport rates are around 1000 times higher for the impermeable soils. Additionally, increased precipitation in the
A2 scenario gives rise to higher sediment transport amounts.
Up to 50 % increases are observed for the climate change
scenario for the impermeable soils and to a lesser extent for
the permeable soils. The difference is generally observed

2040

2050
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from 2030 onwards with the exception of the barren land
where earlier deviations are also encountered. This trend
is obviously associated with the precipitation regime with
increasing trends especially after 2030. The plots in Figure 2 display the difference of the A2 scenario from the
base scenario for barren soil and coniferous forest. Results
are shown for Soil Group A.
It is clearly seen that the barren land with no vegetation cover to protect the soil from raindrop impact which
detaches soil particles is affected comparatively more than
the vegetated watersheds. This is not evident from the percent differences but from the real differences. As an example, 20% increase in precipitation results in an increase of
5 tons/year on the average from the barren land. The same
increase produces an increase of 1 ton/year in a coniferous
forest. Higher differences are encountered for impermeable
soils.
When monthly sediment transport amounts are investigated, the annual increasing trends are not observed for
all months. Especially August, September and October with
more intense precipitation in the A2 scenario experience
more sediment transport. May, June and July sediment
transport amounts are comparatively less due to decreased
precipitation in the corresponding months (Figure 3). Besides at vegetated watersheds, monthly erosion differences
are not as pronounced as in barren land.

0.008
A2-Base

0.004

As a result, erosion is seen to increase as a result of increased precipitation due to climate change. Increased
evapotranspiration does not encounter this effect as it
does up to some extent in the case of watershed outflows.
Monthly variations in precipitation trends are important and
the increased variance in monthly precipitation series in the
A2 scenario leads to comparatively large differences in
water erosion.
Climate Change Effects on Chloride Output of Watersheds

As a result of simulation studies, chloride concentrations in the watershed outflow have been found to be approximately 5-7 mg/L in barren lands and 20-40 mg/L in
pasture-and forested lands on the overall. There is more
evapotranspiration from vegetated watersheds and the decreased outflow leads to higher concentrations. Table 3
shows the percent difference between the minimum, maximum and average daily chloride concentrations of the baseline and A2 scenarios according to land pattern.
The results in the table show that the vegetation covers respond quite differently to climate change and soil
per-meability. Generally daily minimum concentrations
are smaller in the A2 scenario for all vegetation covers.
The differences are also higher in absolute value. Daily
mean concentrations show small differences while daily
maximum concentrations are higher for the A2 scenario
though to a lesser extent than the daily minimum concentrations.

Barren Land
Soil Group D
June

Barren Land
Soil Group D
September

6

4

0
2

0

-0.008
-0.012

Pasture Land
Soil Group A
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8E-007
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-2
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0
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0
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FIGURE 3 - Differences in sediment transport amounts between land covers
in June and September (The plots show deviations of the A2 scenario from the base)
TABLE 3 - Percent differences between
thus the concentration range increases. Large concentrathe baseline and A2 scenarios in chloride concentrations
tions are of more interest to water quality managers and in
Scenarios
Barren land,
Soil Group A
Barren land,
Soil Group D
Pasture,
Soil Group A
Pasture,
Soil Group D
Coniferous forest, Soil Group A
Coniferous forest, Soil Group D
Deciduous forest,
Soil Group A
Deciduous forest,
Soil Group D

Min.

Mean

Max.

-7.41%

0.81%

8.60%

-9.29%

5.61%

10.60%

0.00%

0.57%

0.00%

-14.19%
-2.61%
-23.65%

0.58%
1.55%
2.16%

3.17%
5.85%
4.51%

-4.04%

1.47%

3.79%

-14.53%

1.71%

0.47%

10

As in the case of sediment transport quantities, there
are monthly deviations in chloride concentrations which are
noteworthy. These can be seen in Figure 4 for the month of
January. Increasing flows due to higher precipitation and
higher atmospheric flux tend to have higher chloride concentrations. The curves are moving as average smooths for
better visualization of trends. Differences are more pronounced for Group D soils where the buffering effect of
soil is less sensed.
In July when precipitation decreases chloride concentrations are less in the A2 scenario for barren lands for
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this respect increases might pose problems.
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FIGURE 4 - Chloride concentrations in watershed outflows in the month of January for the scenarios.
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FIGURE 5 - Chloride concentrations in watershed outflows in the month of July for the scenarios

Group A and for Group D, in sharp contrast to January.
Vegetated lands, especially forested watersheds show almost no difference.

September with more precipitation again deviates from
other months in the case of barren lands as seen in Figure 6.
Noteworthy is the lag observed in pasture for Group D
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soils. Again vegetated watersheds show their buffering
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FIGURE 6 - Chloride concentrations in watershed outflows in the month of September for the scenarios

CONCLUSIONS
In this study, climate change effects on watershed
sediment transport and water quality in terms of a dissolved
constituent have been examined using HSPF. The effects of

soil permeability and vegetation have been examined. Significant differences have been detected between watersheds
with different soil permeabilities and land cover. Increases
in sediment transport amounts have been simulated due to
climate change. As a water quality parameter, chloride has
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been modeled and it has been observed that there are increasing trends with climate change. Monthly variations far
in excess of average overall differences have been found
out.
The study shows the importance of models in future
projections and in providing information to watershed
management efforts. Only through the use of models resolving at least monthly variations may lead to reliable
predictions. The planning of the future use of watershed
and trying to protect the sustainability of water resources
under the pressures exerted by an increasing population and
climate change can make wide use of these models. These
models require quite a lot of data but generate a wealth of
information. This fact shows clearly that important watersheds must be monitored more frequently and within a
wider context to generate data to models which in turn
simulate the watershed response to the ever-changing world.
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ABSTRACT

INTRODUCTION

Aerobic organisms are protected against oxidative stress
by antioxidant systems, including the radical scavenging
enzyme superoxide dismutase (SOD), which catalyses conversion of O2 • to H2O2. In this work, we have characterized the active isoforms of SOD in tilapia fish (Oreochromis
sp.), and analyzed their alteration after exposure to Microcystin (MC)-containing cyanobacteria extracts. Fish were
exposed intraperitoneally to a dose of 725 µg/kg MC-LR,
and sacrificed after 24 h and 7 days. Lipid peroxidation
(LPO), as well as total SOD activity, was measured in the
homogenates of liver, kidney, muscle, intestine, heart and
gills. Active isoSODs were revealed after their separation
by polyacrylamide gel electrophoresis under non-denatured
conditions. The identification of the diverse SOD isoforms
was attained by the use of specific inhibitors (cyanide and
hydrogen peroxide). In all fish organs two isoforms were
detected: a major one, of the Cu/Zn type, and a minor one,
of the Mn-SOD type. MC-extract exposure produced a
reduction of total SOD activity in the liver, kidney, heart,
muscle and gills. This SOD activity decrease could be due
to the oxidative stress induced by exposure to MCs, as indicated by the enhancement of LPO detected. In all fish
organs the isoSODs were differentially inhibited, the most
affected isoform appearing to correspond to a Cu/Zn-SOD.
−

KEYWORDS:
Tilapia, fish, oxidative stress, SOD isoforms.

Microcystins (MC) are specific toxins produced by a
range of cyanobacterial genera, which occur naturally in
waterbodies subjected to eutrophization, being MC-LR the
most frequent variant [1]. MCs are known to affect fish,
causing damage of many organs, due their potent ability
to inhibit protein phosphatases 1 and 2A. Besides, MC-exposure gives rise to oxidative stress in fish [2-6]. On the
other hand, there is increasing evidence on accumulation
of MCs in different organs of fish exposed to MCs. Therefore, consumption of such fish constitutes a risk for human
health [7].
In order to minimize the negative effects of reactive
oxygen species (ROS), fish, like other organisms, possess
an antioxidant defence (AD) system. If the balance between
ROS and AD is broken, accumulated ROS could act in the
apoptotic signalling pathway [8]. Some of these antioxidant
components can be molecular bioindicators for contaminant-mediated oxidative stress [9]. One of the most important components of the AD system is the enzyme superoxide dismutase (SOD), which catalyses the dismutation of
the highly reactive superoxide radical (O2 •) into less reactive species [10]. Four types of SOD are known, according
to the metal in their active sites: Cu/Zn-SOD, Mn-SOD,
Fe-SOD and Ni-SOD.
−

In a good number of reports SOD isoforms have been
characterized in several aquatic species, using this enzyme
as an oxidative stress biomarker. However, as far as we
know, no study has been conducted to elucidate the different SOD isoforms in tilapia fish (Oreochromis sp.) until
date. This is an important group of fish species in commercial fisheries, commonly found in brackish water in
estuaries around the world, that respond promptly to environmental changes [11].
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The present study aimed to characterize the diverse active SOD isoforms present in tilapia fish (Oreochromis sp)
tissues (liver, kidney, gills, intestine, muscle and heart)
acutely exposed intraperitoneally to a single dose of a MCcontaining cyanobacteria extract, and also to investigate
how the alteration of total SOD activity by MC exposure
relates to that of specific isoSODs.
MATERIALS AND METHODS
Experimental setup and acclimation of fish

Male Oreochromis sp. (Nile tilapia, Perciformes: Cichlidae), average weight 50 ± 8 g, were obtained from a fish
hatchery in Córdoba (Spain). Exposure to chlorine was
minimized by filling the tanks at least 3 days before the
fish were introduced. Fish were transferred to the laboratory, where they were held in six glass aquaria (5 individuals/ aquarium) with 96 L of fresh water, with continuous
system of water filtration and aeration (Eheim Liberty 150
Bio-Espumador cartridges) (Deizisau, Germany), and a
photoperiod of 12:12 light/dark. Temperature was 21 ± 2°C,
and dissolved oxygen values were maintained between 6.5
and 7.5 mg/L. Mean values for additional parameters of
water quality were: pH 7.6± 0.2, conductivity 292 µS/cm,
0.60 mM Ca2+ and 0.3 mM Mg2+. Fish were fed with
commercial fish food (Dibaq, Segovia, Spain) and were
acclimatized for 15 days before beginning the experiments.
Microcystis aeruginosa culture
and determination of microcystins

essentially (> 90%) the only MC identified in the cyanobacterial extracts analysed. Its concentration in the cyanobacteria biomass used was 522 µg/g.
Exposure

Tilapia fish were exposed intraperitoneally to a single
dose of 725 µg/kg fish of MC-LR in 0.5 mL of 0.9 % w/v
NaCl solution. Another group of fish, used as control, received only the vehicle solution (0.5 mL of 0.9 % w/v
NaCl). Fish were observed daily, and sacrificed after
24 hours and 7 days of MC exposure.
Sample preparation

Fish were anaesthetized by immersion in 50 mg/L
tricaine methane sulphonate (MS-222) solution for 5-10
min before being killed by transection of the spinal cord.
The liver, kidney, gills, heart, intestine and muscle were
re-moved, weighed, rinsed with ice-cold saline, and kept
at -85°C until analysis. The gill filaments of both sides
were trimmed from the gill arches, and the arches were
discarded. For extract preparation, the tissues were homogenized in chilled phosphate buffer (100 mM, pH 7.2;
1:10 w/v) using an Ultra-Turrax® tissue homogenizer. The
phosphate buffer contained: 1 mM EDTA, 2mM sodium
ascorbate, 100 mM PMSF, 1% polyvinylpirrolidone, and a
mixture of protease inhibitors (Sigma, P9599). The homogenate suspensions were centrifuged at 10500 g for 20
min at 4°C, and the supernatant kept for electrophoresis and
enzymatic activity determination.
Protein estimation

Cyanobacteria (M. Aeruginosa, strain KMF) were cultured in medium Jansen [12] until late exponential phase.
Cells were collected by centrifugation, and lyophilized.
MCs contained in the lyophilized biomass were extracted by
the method of Moreno et al. [13]: 50 mg were extracted
three times with 10 mL 0.1 M acetic acid and 20 mL of a
mixture of methanol:chloroform (1:1 v/v). The cell suspension was sonicated in an ultra-sound bath for 15 min,
stirred for 30 min at room temperature, and then centrifuged at 4500 g for 15 minutes. The upper aqueous phases
were combined and concentrated in a rotary evaporator.
The residue was resuspended in 75% methanol and passed
through a GF/C glass filter for MC analysis. Qualitative
and quantitative MC analysis was carried out with a HPLC
system (Alliance 2695 Waters), supplied with a photodiode
array detector (model 996). The column used was Chromolith C18 (5 µm, 250 mm x 4.6 mm ID). The mobile phase
consisted of 2 eluents: A, water with 0.05 % (v/v) trifluoroacetic acid (TFA); and B, acetonitrile with 0.05 % (v/v)
TFA. The mobile phase gradient profile was as follows (t
in min): t0, A = 60%; t2, A = 60%; t12, A = 55%; t22, A =
55%; t32, A= 52%; t45, A = 35%; t50, A = 0%; t55, A = 0%;
t57, A = 60%; t60, A = 60%. The flow rate was 1.0 mL min-1.
The sample volume injected was 50 µL. MCs were identified by their UV-spectra (200-400 nm) and retention time.
Commercial standards, MC-LR, -YR, -RR, -LF and –LW,
were purchased from Calbiochem (Germany). MC-LR was

Protein content in the samples were estimated by the
method of Bradford [14], using bovine γ-globuline as
standard.
Lipid peroxidation

Lipid peroxidation products were quantified by the
thiobarbituric acid (TBA) method [15]. End lipid peroxidation products react with TBA reagent under acidic conditions to generate a pink coloured product. Briefly, the homogenized tissue (0.5 mL), previously treated with 25 µL
of butylhydroxytoluene 1% w/v in glacial acetic, was
mixed with 0.2 mL of sodium laurylsulphate (8%), 1 mL of
acetic acid (20% v/v) and 1 mL of 0.8% thiobarbituric acid.
This mixture was then heated at 95ºC for 30 min. The resulting chromogen was extracted with 3 mL of n-butanol
and, after centrifugation (1500g for 10 min), the absorbance of the organic phase was determined at 532 nm.
1,1,3,3-tetramethoxypropan was used as a standard. Values were presented as nmol thiobarbituric acid reactive substances (TBARS)/g tissue.
Specific SOD activity

Specific superoxide dismutase (SOD, EC 1.15.1.1) activity was determined by the method of McCord and Fridovich [16]. This assay is based on SOD ability to inhibit
cytochrome c reduction mediated by the O2 • generated
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from the xanthine oxidase system. The assay mixture contained: 0.51 mL potassium phosphate-EDTA buffer (pH
7.8), 0.1 mL 50 µM xanthine, 0.1 mL 500 µM cytochrome c, 50 µL homogenized tissue and H2O. The reaction was initiated by the addition of 10 µL xanthine oxidase.
SOD activity was monitored spectrophotometrically at
505 nm. One unit of SOD activity is defined as the amount
of enzyme that inhibits 50% the control rate of cytochrome
c reduction.
Electrophoretic analysis, inhibition test and staining solution

Sample homogenates were thawed and sonicated by
three 20s pulses in a Braun Labsonic 2000 U (Melsungen,
Germany) apparatus at 28 W output. Afterwards, they were
centrifuged at 21500 g for 20 min. The resulting supernatants were used for electrophoresis. All the operations
were carried out below 4º C.
Polyacrylamide (acrylamide/bisacrylamide 19/1) gel
electrophoresis (PAGE) of tissue extracts was carried out
at 4 ºC under non-denatured conditions (Protean III, BioRad Laboratories, Munich, Germany). Proteins were resolved in a linear gradient acrylamide (12-17%) slab gel
(1mm). A stacking gel (6% acrylamide) was also used. The
voltage applied was 100 V during 5 h.
Isoelectric focusing (IEF) under non-equilibrium conditions was performed on polyacrylamide slab gels (6,5 %
acryl-amide; acrylamide/bisacrylamide 19/1) with a nonlinear 3.5-10 pH gradient (Bio-Rad), using the same equipment as for PAGE. Before sample loading, gels were preelectrophorised at 4º C under a voltage of 200 V during 1 h.
After protein loading, IEF was allowed at 200 V for 90 min
at 4 °C, and 400 V for another 4 h. Isoelectric Point (pI)
values of SODs were determined in gels using an isoelectrofocusing calibration kit (17-0471-01, Amersham Biosciences, Upsala, Sweden).
In order to identify the active SOD types, an inhibition
test was carried out using potassium cyanide and hydrogen
peroxide solutions, since these agents inhibit in a distinct
way the activity of each SOD class. Cu/Zn-SOD activity
is inhibited by KCN and H2O2; Fe-SOD is only inhibited
by H2O2; and Mn-SOD is resistant to both compounds [17].
Once electrophoresis was performed, gels were incubated
with 10 mM KCN or 7 mM H2O2.

SOD activity was analysed on gel immediately after
PAGE by inhibition of nitrotetrazolium blue (NBT) reduction [18]. The different active isoforms appeared as colourless bands on a blue background.
Statistical analysis

Lipid peroxidation (LPO) and total SOD activity results
were subjected to one-way analysis of variance (ANOVA),
and represent means ± SE of five animals per group. Differences in mean values between groups were assessed by
the Tukey’s test and were considered statistically significant at P<0.05 level.

RESULTS AND DISCUSSION
Lipid peroxidation and total SOD activity

Lipid peroxidation (LPO) increased in some of the
organs of tilapia fish exposed to MC-extract, evidencing
the induction of oxidative stress (Table1). TBARS levels
augmented significantly in liver and heart after one day of
exposure, being the enhancement more conspicuous after
7 days of exposure. In gills and kidney no alteration in the
TBARS values was observed after 24 hours of exposure,
but a significant increase took place after 7 days. However, in the case of the kidney it should be pointed out that
this enlargement is due to the difference in the control
values within time. In muscle and intestine no appreciable
LPO change was observed.
The increases in TBARS levels induced by MCs-containing cyanobacterial extract are in accordance with the
induction of LPO in liver, kidney and gills reported in
tilapia both upon exposure to this toxin intraperitoneally
[19], and subchronical exposure to MC-containing cyanobacteria biomass [4]. It should be remark the MC-induced
oxidative stress in heart tissue observed herein for the first
time. Recently, we reported histological changes in the heart
of tilapias exposed to pure MCs, such as myopathy, along
with processes of fibrolysis and generalized oedema [20].
Nevertheless, in the present work, fish were exposed to
cyanobacterial cells which not only contain MCs but also
many other compounds which are also responsible of its
toxicity [21]. Pinho et al. [5] and Cazenave et al. [6] also
showed enhanced levels of LPO in hepatopancreas of crab

TABLE 1 - Lipid peroxidation in control fish and fish exposed to MC-LR, sacrificed one day and seven days
after exposure. The values are expressed as mean ± SE (n = 5). Results are expressed in µmol TBARS/g tissue).
The significance levels observed are ∗ P<0.05, ∗∗ P<0.01 and *** P<0.001 in comparison to control group values.
Organ
Liver
Kidney
Gills
Intestine
Muscle
Heart

TBARS (µmol/g tissue ) 1 day

TBARS (µmol/g tissue ) 7 days

Control fish

MC-treated fish

Control fish

MC-treated fish

0,63 ± 0,09
2,71 ± 0,68
0,31 ± 0,06
0,36 ± 0,03
0,01 ± 0,01
2,35 ± 0,21

1,17 ± 0,09***
4,35 ± 0,43
0,37 ± 0,05
0,35 ± 0,02
0,01 ± 0,01
4,80 ± 0,46 **

0,53 ± 0,12
1,58 ± 0,10
0,22 ± 0,03
0,34 ± 0,08
0,01 ± 0,01
3,91 ± 0,06

1,51 ± 0,12***
4,32 ± 0,62 **
0,52 ± 0,04 ***
0,34 ± 0,14
0,01 ± 0,01
5,10 ± 0,12 ***
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TABLE 2 - Specific activity of SOD in control fish and fish exposed to MC-LR (725 µg/Kg), sacrificed one day and
seven days after exposure. The values are expressed as mean ± SE (n = 5). Results are expressed in U/mg protein.
The significance levels observed are ∗ P<0.05, ∗∗ P<0.01 and *** P<0.001 in comparison to control group values.
SOD total activity
Liver
Kidney
Gills
Intestine
Muscle
Heart

1 day

7 days

1 day control fish

1 day treated fish

7 days control fish

7 days treated fish

4,47 ± 0,18
3,33 ± 0,389
3,03 ± 0,01
3,84 ± 0,29
3,69 ± 0,01
6,57 ± 0,50

3,73 ± 0,18*
1,81 ± 0,30*
1,23 ± 0,17 ***
3,94 ± 0,88
2,73 ± 0,40*
4,63 ± 0,03**

4,20 ± 0,14
5,91 ± 0,01
6,02 ± 0,62
5,32 ± 1,03
3,72 ± 0,52
4,83 ± 0,61

3,44 ± 0,14**
2,55 ± 0,23 ***
3,89 ± 0,21*
5,67 ± 0,93
2,96 ± 0,05*
3,42 ± 0,65

pI marker
4,55
5,20
5,85
6,55
6,85

a

b

c

d

e

f

g

FIGURE 1 - IEF characterization of active SOD isoforms from different organs. The loaded protein was in all cases were prepared to
a final loaded protein concentration of 50 µg per gel lane. a: liver, b: kidney, c: intestine, d: gills, e: muscle, f: heart and g: pI markers

and brain of fish after cyanobacterial extract and pure
MC-RR exposure, respectively.
Table 2 summarizes the activity of total SOD in tilapia fish exposed to an acute dose of a MC-LR-containing
extract. After 24 h a significant decrease was observed in
all the organs, except intestine. Curiously enough, after
7 days, no differences were found in the intestine and heart
of treated fish when compared to the control group.
The reduction of SOD activity correlates well with
the enhancement of TBARS values observed in the same
tissues. In this context, the increased LPO levels observed
indicate that the fish defence system was overwhelmed. It
is important to note that this condition was evident also at
the end of the experiment (day 7), when SOD activity
became lower in practically all organs, suggesting that the
antioxidant enzyme system did not help against ROS.
Although Jos et al. [4] showed an increase in the SOD activity in liver, kidney and gills in tilapias exposed orally to
60.0 µg MC-LR/fish/day for 21 days, the decreases re-

ported in this study agree with the results obtained in tilapia
exposed to a single dose of 120 µg MC-LR/fish/day and
sacrificed 21 or 72 h after oral exposure [22]. It seems
that high MC dose impairs SOD activity, possibly by damaging the protein, while a lower dose, given for a longer
period of time, may enhance the activity and/or the protein level of SOD, contributing to a defensive response.
MC-LR also induced a significant decrease in the antioxidant enzyme SOD in rats exposed intraperitoneally [23].
Analysis of active SOD isoforms

We have been able to identify for the first time two
different active isoSODs from several tissues of tilapia fish
(Oreochromis sp.) (Figure 1). The pI of the isoSODs were
5.60 and 4,35; as calculated after IPG using a pI calibration kit. Liver has the greater activity in both isoforms
compared to the other organs, being the most basic isoform qualitatively more evident than in the rest of tissues.
It is also remarkable that the activity of most acidic isoform in muscle is inappreciable.
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In order to identify the type of each SOD isoform, specific SOD inhibitors were used. Upon native electrophoresis, two SOD isoforms of different type were distinguished
by soaking the gels in 10 mM KCN, and 7mM H2O2. As
an example, Figure 2 shows the results of an experiment
with muscle extract from fish injected with a MC-containing cyanobacterial extract, and subjected to non-linear
IPG electrophoresis. The more basic isoform was taken as
Cu/Zn-SODs, since it was severely inhibited by KCN and
H2O, while the more acidic one appeared to be Mn-SOD,
due to its resistance to both inhibitors. Comparing the band
intensity of each isoSOD, it becomes evident that the Cu/
Zn-SOD shows higher activity than the Mn-SOD. In all
organs studied, the same isoforms were observed, although
the relative activity of each one differed.
Cu/Zn-SODs of human red blood cells, chicken liver
and most fish liver have been reported to have two or
three isoforms [24-27]. As said above, there are abundant
reports on the presence of diverse SOD isoforms in aquatic
animals species, having been used this antioxidant enzyme
as an oxidative stress biomarker. In this respect, Manduzio
et al. [28, 29] informed about the detection of three
isoforms of Cu/Zn-SOD in the blue mussel Mytilus edulis,
which suffered increases of the more acidic isoforms of Cu/
Zn-SOD in response to the enhancement of water pollution, although this increase did not correlate with a significant variation of the total SOD activity enzyme. Osatomi
et al. [27] reported the purification of Cu/Zn-SOD in
Japanese flounder (Paralichthys olivaceus) hepato-pancreas.
Pedrajas et al. [30] indicated that the oxidative stress induced
in fish (Sparus aurata) by exposure to model xenobiotics
caused alterations in Cu/Zn-SOD. This research group also
reported that exposure of the same fish to malondialdehyde and 4-hydroxy-2-nonenal resulted in new active isoforms and adducts in Cu/Zn-SOD and Mn-SOD [31]. Later
on, new SOD isoforms were detected in fish under food

restriction, which disappeared when starved fish returned
to the control conditions [32]. However, as far as we know,
until date no study has been conducted to elucidate the
different SOD isoforms in tilapia fish (Oreochromis sp.).
In relation to the pI found for the two components on
an immobilized pH gradient gel (IPG), the values agree
with the acidic pI range of 4.5-5.5 measured for carp [33],
shark [34] and most mammalian Cu/Zn-SODs [35]. However, fish SODs have been reported to exhibit a large variability of the pI value over a wide pH range [26]. It was
reported that the Cu/Zn-SOD isoforms of intermediate pI
from teleost fish can be useful biomarkers for metals or
organic xenobiotics able to generate oxidative stress [31,
36]. In this context, the present work aimed to use the alteration of SOD activity as a helpful tool to study the oxidative stress induced by MCs contained in cyanobacterial
extracts.
When fish were exposed intraperitoneally to a toxic
cyanobacterial extract, a general reduction of SOD isoforms
in the studied organs was observed compared to control
groups. Figure 3 shows the results with muscle extracts
from intoxicated fish sacrificed 1 and 7 days post-exposure.
The reduction of the activity was higher after 7-days (e,f)
than after 1 d exposure (a,b). Similar time-dependent inhibition appeared to occur in other organs (not shown), and
higher affectation of the SOD isoforms could be observed
in fish sacrificed 7 days after exposure compared to the
control fish. The changes observed in SOD activities correlate well with the results obtained in the electrophoretic
study.
Some authors have shown that after exposure of fish
(Sparus aurata) to xenobiotics inducing oxidative stress,
new more acidic SOD bands appeared, that could be taken
as a highly sensitive biomarker of oxidative stress [31, 37].

a

b

c

pI
3,0

MnSOD
Cu/ZnSOD

10,0
Control

KCN

H2O2

FIGURE 2 - Active SOD isoforms inhibition test in control fish. Non-denatured PAGE of muscle extract. Two fish
were loaded in the each gel, (a) corresponds to the control group, (b) gel treated with 10 mM KCN and (c) with
7mM H2O2. The loaded protein was in all cases were prepared to a final loaded protein concentration of 50 µg per gel lane.
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a

b

MC

MC

c

d

C

C C

e

C

1 day

MC

f

C

C

7 days

FIGURE 3 - Effect on muscle SOD activity of time exposure to MC-containing cyanobacteria extract in a PAGE
with linear gradient acrylamide (12-17%) slab gel (1mm) and a stacking gel (6% acrylamide). a-d: 1 day fish samples:
a, b, two fish MC-treated (MC) and c, d, two control fish (C). e- f, 7 day fish samples: e, fish MC-treated and killed
7 days after cyanobacterial exposure; f, control fish. The protein loaded corresponded to the same organ fresh weight.

In contrast, we have not observed the appearance of new
SOD bands in any of the tissues studied from tilapia exposed to MC cyanobacteria extract. Yet, it seems clear that
MCs cause a reduction of specific activity of overall SOD
that could, in turn, be due to a decrease in the activity of
the two SOD isoforms present.
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ABSTRACT
The aim of this work was to analyse the biological effects of man-made activities on Algerian mice (Mus spretus Lataste, 1883) living in Doñana National Park (DNP)
and its surroundings (SW Spain). Biomonitoring was performed, before and after the accident in the Aznalcollar
pyrite mine (April 1998), to investigate the environmental
risk due to the release of chemical waste in the Guadiamar
River, which reaches the DNP marshlands.
Mice (N=420) were collected from different sites, inside and outside the Park, over a period of five years (19951999). The experimental design consists of using different
biomarkers to detect the possible biological effects induced
by xenobiotics in somatic and germ cells. Micronucleus
test, sperm abnormality assay and Comet assay were performed to assess genotoxic damage. In addition, concentrations of some heavy metals (Pb, Cd, Zn, Cu) and arsenic
were measured in animal livers. Data obtained indicate that
the biological damage observed in mice is the effect of the
contaminants released by the flooding and toxic spill after
the accident of the Aznalcollar mine. In particular, micronuclei frequencies were significantly higher in mice collected from the sites outside the Park, directly affected by
the spread of the contaminated mud, compared to those
from areas inside the Park not directly affected. Furthermore, results showed that a chronic contamination was
present also before the mining accident in some areas of
DNP, and this effect was still present one year after the
disaster. Therefore, the study suggests that biomonitoring
had to be carried out in Doñana to determine the long-term
biological effects of environmental pollution and the risk
for the ecosystems in this protected area.
In conclusion, on the basis of the important results
found in this multidisciplinary study, we should conclude
that the collaboration of different competences is desirable
to create a pilot center for territorial monitoring.

KEYWORDS: Doñana National Park, biomonitoring, genotoxicity,
micronuclei, Mus spretus, heavy metals.

INTRODUCTION
The aim of this investigation was to analyse the biological effects of natural events and man-made activities on
wild mice populations living in the Doñana National Park.
In April 1998, a breach in the dam of the Aznalcollar
tailings pond released about 4 million cubic metres of acid
water and 2 million cubic metres of mud containing toxic
metals, aromatic amines and arsenic. The toxic spill reached
the edges of the Doñana National Park, even though a retaining wall with a water purification system was immediately built to limit its entry into the Park.
The Algerian mouse, being a non protected species, was
chosen as a bioindicator.
Among the biological endpoints, genetic material was
chosen to study the effects of contamination as it is an important target for environmental toxins. Genetic biomarkers,
such as the micronucleus test with Giemsa and immunofluorescent antikinetocore staining, the comet assay and a sperm
abnormality test were assayed to assess genotoxic damage.
The micronucleus test in peripheral blood was selected
as an indicator of chronic damage. The same test was carried out also on bone marrow in order to assess recent damage caused by acute exposure to contaminants and/or by
their recent mobilisation in the internal organs of the animals [1]. The analysis of CREST-positive micronuclei was
also applied to the peripheral blood, because the antikinetocore staining of micronuclei allows discrimination
of aneuploidy and clastogenic effects of contaminants [2].
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The alkaline COMET assay, a rapid method to assess DNA single strand breaks and alkali labile site [3],
was carried out on peripheral blood lymphocytes.
The sperm abnormality assay was applied to detect genetic damage in germ cells, because an increase in the frequency of abnormal sperm cells was demonstrated after exposure of laboratory mice to radiation and many chemicals [4].
The concentrations of heavy metals, such as Pb, Cd,
Zn, Cu, and of As was also measured in the livers of some
collected animals [5].
Biomonitoring was carried out from 1995 to 1999 on
mice collected in the marshlands at Reserva Biologica de
Doñana (RBD) and in 5 other sites, located inside and outside the Park to compare environmental quality inside and
outside the park. The importance of this investigation is
above all due to the fact that genotoxic biomonitoring was
carried out on free living mice, both before and after the
accident happened in this area in 1998.
FIGURE 1 - Map of the studied areas.

MATERIALS AND METHODS
The trapping sites were (Fig. 1):
PMO - Punta del Moral, located in the natural Park
“Isla Cristina”, leeward of the Huelva Industrial area (nearly
50 km). In this site animals were collected only in February 1995;
HVB - In February 1995 animals were caught in an
area near Huelva, a petrochemical settlement that includes
phosphoric acid plants for the production of fertilizers and
pesticides in which phosphorite, rich in 238U decay products,
is present;
RBD - During the five years of the campaign, animals
were trapped at Lucio del Bolin, inside the Doñana Biological Reserve (CSIC), near the lower tract of the Guadalquivir
river;
BDT - Located at the right bank of “Brazo de la Torre”,
the lower tract of the Guadiamar River. Animals were collected in this site in 1997, 1998 and 1999. This area occasionally receives metals and pesticides especially after
floods, but elements here, are also periodically washed
away by tidal floods.
AZN - The biggest aquifer site of Doñana National
Park, located 25 Kms downstream from the Aznalcollar
mine on the banks of the Guadiamar river near the Aznalcazar village was chosen as a trapping site in October 1998
and 1999.
CG - This area, chosen as a trapping site in October
1998 and 1999, is located close to the reservoir (Lucio del
Cangrejo Grande) of the water contaminated by the toxic
spill of Aznalcollar mine.
In total 420 Algerian mice were collected, 254 males
and 166 females.

In order to perform the micronucleus test, bone marrow cells from the femur were flushed out with foetal calf
serum with 25 mM EDTA. Cell suspensions were gently
pipetted and centrifuged at 800 rpm for 5 minutes. The
pellet was re-suspended and smeared on clean slides. Blood
was taken by cardiac puncture. Smears were coded, airdried and fixed in methanol for 5 minutes. Conventional
(May Grunwald- Giemsa) and CREST staining were conducted according to the protocols of Schmid [6] and
Degrassi and Tanzarella [7], respectively. The micronuclei frequency was counted in 2000 erythrocytes per each
animal. As the micronuclei frequencies were low and not
normally distributed, all the values were transformed adopting Cox’s formula: xtras = (x+0.5)1/2. The transformed data
were analysed with Student’s t-test to compare micronucleated erythrocyte mean frequencies.
To carry out the comet assay, blood was collected in
heparin by cardiac puncture, placed in vials with DMSO
(0.1%), and immediately frozen at –80°C. The coolers were
transported to the Italian laboratory 20 days after collection. The samples, retrieved as needed and quickly thawed
in a 37°C water bath, were analyzed following the method
described by Singh, counting 100 cells per animal [8].
The sperm abnormalities assay was conducted according to Wyrobek & Bruce [9]. Sperm cells were obtained
from the cauda epididmys and the frequency of abnormalities were counted in 1500 sperm cells per each animal. Data
were analysed with Student’s t-test.
In order to determine the arsenic and heavy metal
contents in the livers, these organs were dried overnight at
105°C, and digested in suprapure nitric acid and hydrogen
peroxide brought to volume with deionized water, filtered
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(0.45 µm) and analyzed by Sequential Inductively Coupled Plasma Spectro-Photometer. The contents of arsenic,
lead, cadmium, zinc and copper were determined at the
emission wavelengths of 188.985 nm, 220.353 nm,
214.438 nm, 231.856 nm and 324.754 respectively, and
the results were corrected for background and eventual
interferences. All instruments used in sample preparations
were rinsed with metal-free, deionized water.

RESULTS
Micronucleus test: The results obtained with the conventional micronucleus test are shown in Table 1. Data indicate that in 1995 micronuclei frequencies in mice from
HVB and RBD were significantly higher (p < 0.001) in
comparison with those from PMO. The same result was
obtained from the analysis of micronuclei in bone marrow
where a MN frequency significantly lower in PMO mice
was observed compared to that observed in mice from the
HVB and RBD sites (p < 0.00001; p < 0.00001 respectively).

lower than that observed the year before (1996), and also
than that observed in BDT mice (p = 0.0003).
In 1998 and 1999, two other sites, CG and AZN, were
chosen to better investigate the consequences of the accident. Results obtained in 1998, six months after the mining disaster, show that the peripheral blood micronuclei
frequencies in mice collected at the CG site were significantly higher in comparison with those observed in mice
from the BDT, RBD and AZN sites (p = 0.00001, p =
0.0006 and p = 0.022, respectively). The bone marrow MN
frequency in CG mice was higher than in mice from the
AZN (p = 0.026) and RBD sites (p = 0.025). In BDT mice,
it was also higher (p < 0.05) than in AZN and RBD mice,
but not different from that observed in CG mice.
In RBD mice, collected in 1998 and 1999, the micronuclei frequencies, both in peripheral blood and bone marrow, were significantly higher than that observed in 1997
(p = 0.001 and p = 0.005, respectively)

In 1996 a significant increase of MN frequencies, both
in RBD and in HVB, was observed compared to 1995 (p =
0.0032 and p = 0.001, respectively).

The results obtained in 1999 show that peripheral blood
micronuclei frequency is still high in all sites, but not significantly different from that observed in 1998, with the
exception of the BDT site where mice show MN frequencies significantly (p < 0.0001) higher than that observed
one year before. Similarly, the bone marrow MN frequency
was almost unchanged, except in mice collected in BDT,
where it was significantly (p = 0.003) higher compared to
that observed in 1997 and 1998. Furthermore this value is
significantly higher than those detected in specimens from
all the other sites (BDT > RBD, p = 0.006; BDT > AZN, p=
0.012; BDT > CG, p = 0,014). Moreover, in CG mice a significant decrease (p = 0,0146) in MN frequency was also
observed compared to that observed the year before (1998).

In 1997, and after the accident (in 1998 and 1999), biomonitoring was performed again in RBD and in one other
site (BDT) located inside the Park at the lower tract of the
Guadiamar River. The results obtained show that the MN
frequency in peripheral blood of mice collected in RBD in
1997 returned to the normal range, significantly (p = 0.005)

To better evaluate genetic damage, CREST staining was
applied only in peripheral blood on a group of mice sampled
in 1998 and 1999, and also in bone marrow in those animals trapped in 1999 (Table 2). The results confirm data
obtained applying the May Grunwald-Giemsa staining. In
particular, it was observed that in mice collected in 1998,

This result may be due to the fact that the protected
areas, Doñana and PMO (Isla Cristina), are located near
(approximately 50 kms) the Huelva industrial area, windward and leeward of the contaminant focus, respectively.
With prevailing WSW winds, wind and sea current patterns generally go from PMO to RBD, moving across HVB.
Therefore, pollution coming from HVB may, in particular,
affect RBD.

TABLE 8 – Frequencies of micronucleated erythrocytes in the different localities and years.
Site

Year

N. of animals

PMO
HVB
RBD
RBD
RBD
BDT
RBD
BDT
AZN
CG
RBD
BDT
AZN
CG

1995
1995
1995
1996
1997
1997
1998
1998
1998
1998
1999
1999
1999
1999

23
41
28
29
21
28
19
23
20
25
23
21
21
20

Mean micronucleated erythrocytes frequencies per 1000 erythrocytes ± Standard Deviation
Peripheral Blood
Bone Marrow
0.11 ± 0.33
0.26 ± 0.37
1.21 ± 1.45
1.35 ± 1.12
1.23 ± 1.48
1.43 ± 1.06
2.34 ± 1.46
1.66 ± 0.83
0.86 ± 0.69
1.02 ± 0.87
1.91 ± 1.08
0.79 ± 0.54
1.84 ± 1.00
1.03 ± 1.09
1.41 ± 0.70
1.72 ± 1.03
2.20 ± 1.40
1.05 ±1.00
2.96 ± 0.93
1.71 ± 0.97
1.85 ± 1.42
0.98 ± 0.73
2.62 ± 1.35
2.43 ± 2.15
2.95 ± 1.28
1.02 ± 0.87
2.08 ± 1.28
1.05 ± 0.74
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TABLE 9 - Frequencies of micronucleated erythrocytes in peripheral blood
and bone marrow in the different localities and years applying CREST staining.
Site

Year

N. of
animals

RBD
RBD
BDT
AZN
CG
RBD
BDT
AZN
CG

1997
1998
1998
1998
1998
1999
1999
1999
1999

16
19
23
20
25
12
12
12
12

Peripheral Blood
CREST+ micronuclei
not available
0.09 ± 0.24
0.12 ± 0.28
0.25 ± 0.32
0.46 ± 0.56
1.17 ± 0.81
2.17 ± 1.35
1.50 ± 0.98
2.42 ± 1.14

Bone Marrow

% of total micronuclei
not available
2.81%
5.91%
6.11%
11.59%
34.62%
35.87%
41.86%
40.57%

CREST+ micronuclei
0.06 ± 0.17
not available
not available
not available
not available
0.58 ± 0.79
1.79 ± 1.14
2.38 ± 1.33
2.71 ± 1.70

% of total micronuclei
2.87%
not available
not available
not available
not available
36.83%
37.40%
46.72%
51.58%

TABLE 3 – Results of the Comet assay in the different localities and years after the Aznalcollar accident.
Site
RBD
BDT
AZN
CG
RBD
BDT
AZN
CG

Year
1998
1998
1998
1998
1999
1999
1999
1999

N. of animals
5
7
11
15
10
17
11
11

Tail Moment
13.88 ± 8.95
38.28 ± 26.30
24.22 ± 17.74
30.37 ± 21.83
21.08 ± 23.21
2.44 ± 2.95
22.24 ± 23.32
16.93 ± 27.15

DNA % in the tails
13.4 ± 6.4
32.8 ± 19.0
25.2 ± 17.6
29.7 ± 19.6
18.8 ± 21.8
6.0 ± 6.7
24.5 ± 21.4
21.2 ± 25.6

the CREST+ MN frequency was significantly higher in
CG mice in comparison to RBD and BDT mice (p = 0.02;
p = 0.04, respectively). It was also observed that in 1999
the CREST-positive micronuclei frequencies in CG, AZN
and BDT mice were significantly higher, compared to RBD
mice (p = 0.00013, p = 0.047, p = 0.0029, respectively).
In addition, Table 2 shows that in peripheral blood the percentages of CREST+ MN, calculated as the ratio between
values of CREST+ micronuclei and total micronuclei in
mice from all sites, were much higher in 1999 than in 1998.
Results obtained in the bone marrow in 1999 show high
values of CREST+ MN frequency in all sites. In addition,
it was observed that CREST-positive micronuclei frequency
and percentage of total micronuclei observed in RBD in
1999 was significantly higher than in 1997.

Considering animals collected in all four sites together,
the TM values were significantly higher (p = 0.04) in females (26 ± 25.7) than in males (16.1 ± 18.4). Nevertheless, this data has to be taken carefully, as this increase
may be due to the fact that in the female group the number
of samples from CG and AZN (more contaminated sites)
was higher (67.5%) than in the male group (48%).

Comet assay: The mean of Tail Moment (TM) and the
DNA percentage in the tails were chosen as parameters to
assess the extent of DNA damage in individual cells (Table 3). These values are high in all sites both in mice collected in 1998 and 1999, except in mice collected in BDT
site, which in 1999 showed a value significantly lower than
in 1998.

Heavy metals and arsenic: Table 5 shows the concentrations of heavy metals and As in the liver of those animals collected in the sites located inside (RBD and BDT)
and outside (AZN and CG) the Park. We found that in
RBD the As mean concentration was significantly higher in
1998 compared to the values revealed the years before the
accident in the same site (RBD95 p = 0.00006; RBD96 p =
0.0002; RBD97 p = 0.00004). Meanwhile the Zn concentration was significantly higher in RBD animals in 1997 and in
1998 compared to 1995 and 1996 (RBD98 > RBD95 p =
0.032; RBD98 > RBD96 p = 0.012; RBD97 > RBD95 p =
0.030; RBD97 > RBD96 p = 0.016). In the BDT site it was
highlighted that As, Pb and Zn concentrations were significantly higher in mice collected in 1998 than in 1997
(As p = 0.023; Pb p = 0.0006; Zn p = 0.023).

In particular, TM values observed in mice collected
in CG and BDT mice in 1998 were significantly higher (p
< 0.05) than those observed in 1999, whereas no significant difference was demonstrated in AZN and RBD mice.
The mean values in AZN, CG and RBD samples for both
parameters were significantly higher than those of BDT
mice collected in the 1999 sampling (for TM values: p =
0.002, p = 0.04, p = 0.003; for DNA%: p = 0.007, p =
0.03, p = 0.04 respectively).

Sperm abnormality assay: The results are shown in Table 4. The mean value of abnormal sperm cells was significant higher only in HVB mice collected in 1995 compared
to PMO and RBD mice (both, p = 0.001). In the following
years (1996-1999) significant differences in sperm abnormality frequencies among the mice collected in the studied sites, was not observed.
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TABLE 4 – Frequencies of abnormal sperm cells in the different localities and years.
Site
PMO
HVB
RBD
RBD
RBD
BDT
RBD
BDT
AZN
CG
RBD
BDT
AZN
CG

Year
1995
1995
1995
1996
1997
1997
1998
1998
1998
1998
1999
1999
1999
1999

N. of animals
18
19
22
14
13
7
11
3
8
11
9
11
9
10

Abnormal sperm cells /1500 sperm cells
2.33 ± 0.54
14.75 ± 4.73
3.41 ± 2.74
8.79 ± 10.36
14.00 ± 4.88
9.43 ± 6.70
6.36 ± 4.08
9.00 ± 5.00
4.75 ± 1.49
6.09 ± 2.26
4.33 ± 4.80
3.36 ± 2.20
5.33 ± 7.28
7.10 ± 8.40

TABLE 5 – Mean concentrations of arsenic and heavy metals in livers of Algerian mice.
N
RBD95
RBD96
RBD97
BDT97
AZN98
CG98
BDT98
RBD98

9
14
6
6
18
23
18
15

As
x
(µg/g) ± SD
4.7 ±2.30
8.09 ± 7.60
6.25 ± 9.00
1.23 ± 2.50
16.51 ± 12.10
20.21 ± 20.60
25.23 ± 23.60
27.19 ± 11.60

Pb
x
(µg/g) ± SD
0.21 ± 0.10
1.07 ± 3.1
0.4 ± 0.4
0.23 ± 0.20
1.72 ± 1.61
0.58 ± 0.40
4.77 ± 5.70
0.75 ± 1.60

Cd
x
(µg/g) ± SD
0.02 ± 0.01
0.02 ± 0.01
0.06 ± 0.02
0.05 ± 0.02
0.01 ± 0.01
0.20 ± 0.12
0.01 ± 0.02
Not available

DISCUSSION
Several interesting results were obtained from the biomonitoring carried out using different methods of analysis,
in RBD and in other sites located inside (BDT) and outside
(AZN and CG) the Doñana National Park.
Some results are summarised in Fig. 2, which shows
the temporal trend for some parameters (micronuclei frequency, % of CREST+ micronuclei and arsenic content in
the liver), applied in RBD mice over five years. These better
reflect the changes that happened before and after the
Aznalcollar accident. In 1995, the MN frequency was significantly higher in RBD mice than in PMO mice, and
quite similar to that detected in mice from HVB (industrial site). In addition, the hepatic levels of arsenic (toxicity
threshold concentration > 3µg/g) found in the same animals indicated chronic contamination prior to the accident.
In 1996, the MN frequency showed a significant increase,
both in peripheral blood and in bone marrow, compared to
1995. This increase in MN frequency may be attributed to
the fact that in this period, due to very heavy and persistent
flooding, the marshlands were covered by a large amount
of water which was rich in fertilisers and pesticides such
as organoarsenicals. These were used in the extensive rice
fields on the left bank of the Guadiamar River, upstream
from the Doñana Park. Therefore, the protected area of
Doñana (RBD) seemed to have already been subjected to
environmental pollutants before the Aznalcollar mine acci-

Zn
x
(µg/g) ± SD
6.87 ± 1.80
6.97 ± 2.10
14.93 ± 2.80
12.59 ± 3.40
36.46 ± 29.90
26.22 ± 63.00
59.24 ± 54.90
16.12 ± 15.80

Cu
x
(µg/g) ± SD
3.47 ± 1.10
3.3 ± 1.10
3.48 ± 2.90
3.52 ± 2.80
2.53 ± 0.80
2.82 ± 1.60
4.31 ± 2.90
5.97 ± 4.00

dent [3; 10]. High EROD and GseHPe and GST activities,
in fact, were observed (both before and after the accident)
suggesting the presence of oxidant and aromatic compounds [11].
In 1997, the MN frequency came back to the normal
value and then increased significantly in 1998 (after the
mine accident), and again in 1999. In addition, the strong
increase of CREST+ micronuclei frequency showed a shifting of aneugenic substances from 1998 to 1999, indicating
genetic damage due to their presence in this area.
Therefore, these data show that chronic contamination
was still present one year after the disaster even in some
areas of RBD. The results obtained using the MN test are in
accordance with the high values of the Comet assay parameters observed in the lymphocytes of the same mice,
which remained high in 1999, except in those mice from
BDT. An increase of genetic damage was also observed in
birds born in these contaminated sites for a period of up to
4 years after the toxic accident [12]. Therefore, the effect of
contaminants released by the collapsed dam in these areas,
characterised by seasonal floods on the marshlands, may
appear in the years to come. Moreover, it was observed that
the trend of MN frequency corresponds to the trend of
Arsenic content in the liver of these same animals.
In conclusion, the genotoxic effect observed in mice
collected in the two sites located outside the park (AZN
and CG), but also, to a lesser extent, in the RBD and BDT
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FIGURE 2 – Micronuclei frequencies and hepatic concentrations of As in RBD (Reserva Biologica de Doñana, CSIC)
ME: Micronucleated Erythrocytes; E: Erythrocytes; mnpb: micronuclei in peripheral blood; mnbm: micronuclei in bone
marrow; c+mnpb: crest-positive micronuclei in peripheral blood.

sites located inside the park immediately following the
Aznalcollar accident (1998), shows that these sites had
also been affected by the spread of the contaminated mud.
This was pointed out overall from data obtained applying
the peripheral blood micronucleus test which allows the
estimation of genetic damage due to chronic exposure,
while the bone marrow micronucleus test detects damage
due to acute exposure.
In addition, it was observed that the concentrations of
arsenic and zinc sharply increased in the liver of Algerian
mice from all sites as a consequence of the spill. Furthermore, a study of cell-cycle protein modifications in the
kidney of Algerian mice collected in 1999 indicated a
metal-induced insult higher at the CG, AZN and BDT
sites in comparison to RBD [13]. In fact it has to be underlined that the AZN and CG sites, geographically nearest to the Aznalcollar mine, could have suffered a major
degree of contamination (than RBD) from genotoxic substances due to the synergic effects of mixtures coming from
both the mining and agricultural activities.

primary alteration of the genetic program. The protection
of man is a matter of primary importance, however not
much has been undertaken as of yet, in that the determination of contaminants has not been studied in domestic animals. Moreover, whereas endangered species have to be
protected, other species with high population density and
vagility may be used as bio-indicators for risk prevention.
The mutagenicity level in natural populations living in the
protected areas should be monitored, and wild mice have
to be used as key organisms in bio-monitoring. Through the
use of bio-indicators, in fact, it is possible to detect xenobiotics in the target organs and total body of animals to monitor the trend of their concentration over time (eco-toxicological monitoring).
Considering the different competencies involved in
this study and the important results found, we should conclude that the collaboration of multidisciplinary competences, collected in an informative network, suitably connected at the European level, is desirable. To this end, we
propose the creation of a pilot center for territorial monitoring, aiming at recording and divulging data on the environmental impact, particularly on protected areas.

CONCLUSIONS
Biological effects can be evaluated using different types
of bio-markers (biochemical, genetic, morphological) already evaluated in the laboratory. Of the genetic ones,
micronuclei are suitable parameters for identifying potential exposure, even to low levels of chemical agents from
contaminated areas. Among the biological endpoints, genetic material is an important target for environmental toxins. In fact, the estimated damage may be related to the
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ABSTRACT

INTRODUCTION

In the framework of climate change, it has been predicted that the Mediterranean Basin will experience the
greatest loss of biodiversity, because it will be heavily affected by several drivers of change. In particular, Italy is an
important geographical area because it represents a key hotspot of biodiversity. The aim of this study was to evaluate
the effects of global climate change on terrestrial small
mammals (Rodents and Soricomorphs) in Italy. Barn owl
(Tyto alba) pellet analysis was applied to study the temporal variations of microteriocoenoses structure. We revisited 21 roosting sites which had been previously studied
by other authors and we carried out a similar study in order
to analyse possible changes in small mammal communities. Analyses covered a period of about 30 years and the
gap between the first and second sampling ranges from 11
to 33 years. Collecting localities were grouped according
to the Bioclimatic Map of Italy. Several ecological indexes were applied and their changes through time were analysed for each Bioclimatic Region. Results show a significant in-crease in thermoxerophilic species in the last thirty
years, particularly in the Mediterranean Region. This observed rise is likely due to global and local warming. In
fact, higher temperatures, lower precipitation and increasing xerothermic conditions could have facilitated the spread
of thermoxerophilic species. The persistence of such a trend
could lead to a series of serious ecological consequences in
the future, including a possible reduction in biodiversity.

KEYWORDS: global warming, small mammal communities, Barn
owl pellet analysis, Italy.

In the last 150 years, the mean global surface temperature has increased by 0.76°C and the observed warming
has been greater in the Northern Hemisphere than in the
Southern one [1]. An increasing number of studies have
shown that this rise in temperature (mean, maximum and
minimum temperatures) and the alteration of hydrological
cycles (droughts vs. heavy rains) are affecting many aspects
of animal life, such as physiology, ecology and ethology.
Shorter hibernations, advanced spring migrations, delayed
autumnal migrations, weight reductions, earlier breeding,
loss of biodiversity and range shifts are being detected more
and more frequently [2]. Therefore, a considerable alteration
of environmental balances is taking place. In this framework, the long-term monitoring of biological phenomena is
very important in order to be able to make short- and longterm predictions and consequently adopt suitable measures
for biodiversity conservation and natural resource management. Climate changes are making the Mediterranean environment particularly vulnerable because several factors (e.g.
land use, atmospheric concentration of carbon dioxide, biotic
exchanges, etc.) can affect biodiversity conservation [3]. The
Mediterranean Basin represents an hotspot of biodiversity
[4, 5]. Therefore, an urgent development and application of
management measures is required. Nonetheless, few researches regarding the effects of global climate change on
animal and plants have been carried out in Italy [6-14].
Small mammals were chosen as useful bioindicators of
ongoing climate change due to their key roles in terrestrial
ecosystems (large biomass, primary and secondary consumers, trophic base for several predators, wood renewers and
pathology spreaders) and due to their successful employment
in quantitative and qualitative palaeoclimatic reconstructions thanks to their bioclimate discriminant capacity [15].
The main purpose of this research was to detect the
possible effects of global and local climate change on terrestrial small mammal coenoses in Italy.
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MATERIAL AND METHODS
Barn owl (Tyto alba Scopoli, 1769) pellet analysis was
applied in order to study the structure of microteriocoenoses living in several localities of Italy. Pellets contain the
undigested remains (bones and fur) of preys which are regurgitated by the Barn owl. Therefore, pellet analysis allows researchers to identify the preyed species and evaluate densities of small mammals living in the hunting area
[16]. Pellets were dry dissected and the bones (skull and
mandibles) were identified at specific level [17-19]. The
occurrence frequencies of preyed species were estimated
according to known methods [20].

ITX1= (Suncus etruscus-Sorex sp.)/Soricidae
ITX2= {(Suncus etruscus/Soricidae)+[(Mus domesticus+
Rattus rattus)/Murinae]}/2
ITX3 = (Mus domesticus+Rattus rattus)/Murinae

Literature and unpublished data (named as “first sampling”) were used and the mentioned roosting sites from
these past studies were revisited over the last few years
(named as “second sampling”), mainly in 2006. Analyses
carried out from Barn owl pellets cover a period of about
30 years and the gap between the first and the second sampling ranges from 11 to 33 years. The roosts are located in
several continental, peninsular and insular areas of Italy
(Fig. 1 and Tab. 1).
Data from 21 sites were used. The collecting sites were
grouped into two main Bioclimatic Regions (Mediterranean
and Temperate) according to the Bioclimatic Map of Italy
[21]. Six ecological indexes were applied and their changes
through time were analysed for each Bioclimatic Region:
1) Thermoxerophily Indexes [22], which indicate the thermoxerophilic degree of an area. They consider the presence
and the frequency of both thermoxerophilic (e.g. Suncus
etruscus, Mus domesticus and Rattus rattus) and mesophilic
(i.e. Sorex sp.) species.

FIGURE 1 - Distribution of pellet collecting sites
(grey: Mediterranean Region; black: Temperate Region).

ITX= Crocidurinae/Soricidae

TABLE 1 - Pellet collecting sites.
Collecting site

Region (Province)

Altitude
(m a.s.l.)

1 - Pisana
2 - Gorino Veneto
3 - Canneviè di Volano
4 - Marozzo
5 - Le Gallare
6 - Elba Island: Patresi
7 - Grotte
8 - Torre Bassa
9 - Monte Rufeno
10 - Farnesiana
11- Bufalareccia
12 - Mole del Mignone
13 - Monte Lungo
14 - Castel di Guido
15 - Collalto
16 - Masseria Zagarella
17 - Torre Accio
18 - Castel S. Basilio
19 - Masseria Angelini
20 - Luzzi
21 - Monte Volturino

Veneto (RO)
Veneto (RO)
Emilia-Rom. (FE)
Emilia-Rom. (FE)
Emilia-Rom. (FE)
Tuscany (LI)
Tuscany (GR)
Tuscany (GR)
Latium (VT)
Latium (RM)
Latium (RM)
Latium (RM)
Latium (RM)
Latium (RM)
Abruzzi (PE)
Lucania (MT)
Lucania (MT)
Lucania (MT)
Apulia (BR)
Calabria (CS)
Calabria (CS)

1
1
2
2
2
150
5
78
399
150
100
100
198
62
400
148.
40
59
58
400
41

Distance
from coast
(Km)
9.5
1.5
6
10.5
8
0.6
2
2.5
54
12
13
6
5
11
25
34
18
6.5
11
24.5
3
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Bioclimate

Latitude N

Longitude E

T
T
T
T
T
M
M
M
T
T
T
M
M
M
T
M
M
M
M
M
M

44°56’11.67”
44°48’01.56”
44°49’14.05”
44°46’51.62”
44°46’10.08”
42°47’25.49”
42°39’21.62”
42°36’32.29”
42°44’07.13”
42°11’46.28”
42°12’26.29”
42°10’06.22”
42°02’50.49”
41°54’19.97”
42°26’23.05”
40°37’20.86”
40°24’18.69”
40°19’28.72”
40°31’05.77”
39°26’58.81”
38°52’18.93”

12°17’35.79”
12°23’05.08”
12°11’12.27”
12°07’08.84”
12°05’09.41”
10°07’11.52”
11°03’35.48”
11°07’50.29”
11°55’54.32”
11°52’42.22”
11°53’22.76”
11°48’40.46”
12°00’05.31”
12°18’19.12”
13°51’25.56”
16°34’55.59”
16°37’01.77”
16°42’38.52”
17°55’16.96”
16°17’31.60”
16°39’52.68”
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2) Trophic Level [23], which defines environmental quality
T.L. = Soricomorphs/Rodents
3) Species Richness according to Margalef [24]
S.R. = (S-1)/log10 N
where
S = number of preyed species
N = number of specimens
4) Diversity Index according to Simpson [25]
G.S. = 1-Σ p2
where
p = frequency of the species in the sample

ties for the Mediterranean Region and two for the Temperate Region), and all the analyses were repeated. Several climate parameters (mean maximum and minimum
temperatures, cumulated yearly rainfall) were considered
for the period 1970-2006. These were obtained from web
(www.scia.sinanet.apat.it) and literature sources. Finally,
statistical analyses were applied (Student’s t-test and MannWhitney U test).
RESULTS AND DISCUSSION

5) Diversity Index according to Shannon-Weaver [26]
S.W. = - Σ p log10 p
where
p = frequency of the species in the sample

Results show a widespread and significant increase of
all Thermoxerophily Indexes between the first and the second samplings in the Mediterranean Region (Figure 2):
ITX (W = 64; p = 0.032), ITX1 (t = 2.79; p = 0.019),
ITX2 (t = 4.43; p = 0.001) and ITX3 (t = 3.35; p = 0.007).

In order to verify if land use changes took place and
could have affected the abundance of small mammals, we
analyzed all available land cover surveys. These surveys
were carried out in the Sixties, the Nineties, and a few
years ago ([27] and www.clc2000.sinanet.apat.it). The roost
site of a Barn owl is the prearranged centre of a circular
area of 2.5 km radius [28]: this area represents the hunting
territory of the raptor, where the great majority of nesting
and roosting activity takes place. Circumferences of 2.5 km
of radius were drawn for all collecting sites and occurred
land use change was quantified by program ArcView GIS
3.2. In particular, surface percentage variations occurring
during the time for each land use class were calculated.
The collecting localities characterized by unchanged environment (no occurred percentage variations) and characterized by sampling years which correspond to the same land
cover survey time period were chosen (six collecting locali-

In the Temperate Region, a global increase of these indexes can also be observed, but the increases are only partially significant (Fig. 3): ITX (t = 2.43; p = 0.040) and
ITX1 (t = 3.99; p = 0.004).
The other ecological indexes (Trophic Level, Species
Richness according to Margalef, Diversity Indexes according to Simpson and Shannon-Weaver) are characterized by
a widespread decrease, but only the reduction of Trophic
Level in the Temperate Region is statistically significant
(t = 2.864; p = 0.021). This could be due to the pesticides
widely used in collecting localities where intensive agriculture is carried out.
Even when analysing only the collecting localities characterized by unchanged environment and characterized by
sampling years which correspond to the same land cover
surveys time period, the results show a significant increase in

Index value

Mediterranean Region
1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0
IT X

IT X1

IT X2

IT X3

T hermoxerophily index
first sampling

second sampling

FIGURE 2 - Mean values and standard error (s.e.) of the
Thermoxerophily Indexes (ITX, ITX1, ITX2, ITX3) for the Mediterranean Region.
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FIGURE 3 - Mean values and standard error (s.e.) of the
Thermoxerophily Indexes (ITX, ITX1, ITX2, ITX3) for the Temperate Region.
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FIGURE 4 - Mediterranean Region: mean values and standard error (s.e.) of the Thermoxerophily
Indexes (ITX, ITX1, ITX2, ITX3), considering only the sites characterized by unchanged environment.

thermoxerophilic species (Fig. 4): ITX (W = 19; p = 0.05),
ITX1 (t = 3.60; p = 0.016), ITX2 (t = 4.37; p = 0.007),
ITX3 (t = 3.03; p = 0.029). Moreover, the decrease of the
other ecological indexes is not significant.
What is the possible common driving factor that caused
this increase in thermoxerophilic species in most of the
collecting localities (70% at least) considering that each
locality is ecologically and environmentally different from
one another (e.g. latitude, altitude, distance from the coast
and land use)?

A plausible driving factor related to the rise of thermoxerophilic populations may be climate warming. In the
same period of time as the pellet samplings, mean maximum and minimum temperatures significantly increased
(Figs. 5-8), while the number of rainy days significantly
decreased [29].
In the same way, more pronounced xerothermic habitat conditions, due to the higher temperatures and lower
precipitation, could have facilitated the spread of thermoxerophilic species, such as S. etruscus and R. rattus.
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FIGURE 5 - Mediterranean Region: mean maximum annual temperatures during the period 1970-2006.
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FIGURE 6 - Mediterranean Region: mean minimum annual temperatures during the period 1970-2006.
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FIGURE 7 - Temperate Region: mean maximum annual temperatures during the period 1970-2006.
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FIGURE 8 - Temperate Region: mean minimum annual temperatures during the period 1970-2006.

The same results (i.e. increase in abundance of thermophilic species) have been obtained by some authors studying different coenoses (e.g. fishes, invertebrates) [30-32]
and other small mammal species [33]: the authors always
linked these observed increases to global warming.
Why are there differences between the two Bioclimatic
Regions? In Mediterranean areas, the temperature increase,
even if very small, leads to a rise of thermoxerophilic
species abundance, because they are already widespread in
these areas. Another correlated parameter that may enhance
thermoxerophilic populations may be found in the prolonged dry season, frequently observed in recent years. In
Temperate Bioclimate, on the other hand, where thermoxerophilic species are absent or very rare, a drastic reduction of mesophilic species (i.e. Sorex sp.) can be
mainly ob-served. In these areas, in fact, a larger increase in temperature values is necessary in order to provoke the appearance and the settlement of thermoxerophilic species, also because this would mean a longlasting uphill shift.

Owing to the key-role played by several small mammals species in terrestrial ecosystems, a coordination between European researchers is necessary in order to:
- create a network of pilot centres for the long-term monitoring of natural populations in Europe and in the Mediterranean Basin, to determine the aspects of environmental quality, as well as other risk co-factors, and to
take suitable environment management measures;
-

correlate data from the monitoring of small mammals
with the elaboration of global models, considering the
direct proportionality between CO2 tropospheric concentration and temperature increase;

-

correlate well known case studies concerning habitat
changes observed in other animal communities, in invertebrates and in plants to compare historical and current data, e.g. in areas of recent deglaciation [35].
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