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ABSTRACT

The recognition of deleterious effects of the destruction and loss of habitats (e.g. regularization of rivers, dredging, water
diversion), chemical pollution, eutrophication, and climatic alterations on the aquatic organisms, as a result of human activi-
ties, combined with an urgent need of a more environmentally sensitive and ecologically sustainable management of
Portuguese river systems , made us seek methods that assess the ecological condition of these systems. This article tries to
make a revision of the concept of ecological integrity and the methods commonly used to assess it. Different approaches to
establish the reference condition for bio-assessment are also indicated. Finally it shows the new methodologies that have been
developed in Portugal for assessing the ecological condition of streams and new directions in the evaluation processes based on
a better understanding of the entire aquatic ecosystem are also pointed out. An enormous challenge consists in the integration
of various measurements of riverine attributes founded on key ecological processes, and in the development of more dynamic
approaches that might together establish river condition and their dependence along multiple temporal and spatial scales.

Key words: Ecological integrity, basins, biomonitoring, reference sites, multivariate analysis, multimetric techniques, stochas-
tic-dynamic models

RESUMEN

El reconocimiento de los efectos deletéreos de la destruccion y pérdida de habitat (por ejemplo la regularizacion de rios, el
dragado o la extraccion de agua), la polucion quimica, eutrofizacion y alteraciones climdticas en los organismos acudticos,
como resultado de las actividades humanas, combinados con una necesidad urgente de una gestion ambientalmente mds sen-
sible y ecologicamente sustentable de los sistemas loticos portugueses, nos incito a buscar métodos que evalien la condicion
ecologica de estos sistemas.

Este articulo intenta hacer una revision del concepto de integridad ecologica y los métodos usados para evaluarlo. También
son abordadas maneras diferentes de establecer la condicion de referencia para la evaluacion biolégica. Finalmente muestra
las nuevas metodologias que se han desarrollado en Portugal para evaluar la condicion ecolégica de los rios y también son
indicadas las nuevas direcciones en los procesos de evaluacion basados en un mejor entendimiento de todo el ecosistema
acudtico. Un desafio enorme consiste en la integracion de varias dimensiones de atributos fluviales fundamentada en los pro-
cesos ecologicos importantes y en el desarrollo de métodos mas dindmicos que juntos podran establecer la condicion de los
rios y su dependencia a lo largo de multiplas escalas temporales y espaciales.

Palabras clave: Integridad ecoldgica, cuencas, biomonitorizacion, localidades de referencia, analisis multivariado, técnicas
multimétricas, modelos estocastico-dinamicos

ECOLOGICAL INTEGRITY

The term “ecological integrity”, which Anglo-
Saxon authors also define as “river health” or
“ecological condition”, is frequently used in
monitoring studies of water resources as a measu-
re of the global condition of aquatic ecosystems.

Although the first attempts to define the “health”
of aquatic ecosystems have not reached consen-
sus, Karr (1992) uses these three expressions
interchangeably given the similitude of the com-
ponents. Nevertheless, Suter (1993) insists that
“health” is an inappropriate metaphor in an ecolo-
gical context since it is a property only observable
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in organisms. Campbell (2000) agrees with Suter
that the use of these concepts is useless, and that
operational definitions of these terms are neces-
sary (ecological integrity and ecosystem health).
Consequently, Campbell concludes that ecologi-
cal integrity is an ecosystem property that reaches
the highest level when its structure is complete
and when all processes inside it work perfectly.

Schofield & Davies (1996), following Karr &
Dudley (1981) and Angermeier & Karr (1994),
defined ecological integrity as the ability of
aquatic ecosystems to support and maintain key
ecological processes and an adaptive community
of organisms having a species composition,
diversity, and functional organization comparable
to that of natural habitats of the same region.
Edwards & Ryder (1990) recently used the
expression “harmonic community” in a similar
context to describe the goal of restoration of the
ecological integrity of North American lakes.
According to Rapport et al. (1998), the health of
an ecosystem has been defined not only in terms
of system organization, vigor, and resilience, but
also by the absence of environmental stress. Karr
et al. (1986) points out that healthy ecological
systems have a high capacity to resist the distur-
bances imposed by natural environmental pheno-
menon’s and many alterations induced by society,
therefore they require a low external intervention.
However, nowadays, it is almost impossible to
find an area completely unaltered (pristine) by
human activities, the term “minimally” disturbed
becoming more appropriate to describe the
expected conditions in sites that exhibit high bio-
logical integrity. EPA (1998) agrees with this
concept of integrity, considering that it represents
a system that is balanced, adaptable and that
reflects the natural evolutionary processes.

In addition to the definitions introduced above,
many others could be mentioned without, how-
ever, objectively add much more to what it has
been already referred to. It means that, in spite of
the vast group of definitions and designations
used for the term ecological integrity (considered
synonyms of river health or ecological condi-
tion), it will be convenient that all these concepts
converge into an unique one, that can be transla-
ted as being the natural state of the ecosystems
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Figure 1. Ecological integrity and its three elements: physical,
chemical and biological integrity (from Barbour et al., 2000).
Integridad ecoldgica y sus tres elementos: integridad fisica,
quimica y biologica (de Barbour et al., 2000).

where the changes that can arise are due to the
evolutionary dynamics without human influence.

The designation of integrity appeared for the
first time associated with the aquatic ecosys-
tems in the United States of America, in “U.S.
1972 Water Pollution Control Act Amendments”
now called the “Clean Water Act”. Through this
act, the importance of this concept was recogni-
zed as being fundamental for the whole hydro-
biological systems and, as a consequence, they
were imposed as objectives for the restoration
and maintenance of the physical, chemical, and
biological integrity of the USA’s waters (Fig.1).

The Water Framework Directive (WFD),
Directive 2000/60/CE of 23 October 2000, cons-
titutes an innovating framework for community
action in the field of water policy, since it asserts
that the definition of water quality depends on
its “ecological status”, independently of the
actual or potential uses of those waters. The eco-
logical status results from the assessment of sur-
face water bodies, and it is defined by the global
expression of the structure and functioning of
biological communities, taking into account
physiographic, geographical, and climatic fac-
tors as well as the physical and chemical descrip-
tors, including the ones that are the result of
human activities. This type of approach to the
ecological integrity must consider the concept
presented by Yoder (1995), which shows that the
overlapping influence of the three key compo-
nents (physical, chemical and biological inte-
grity) is unequal and dynamic (Fig. 2).
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Assessment of the ecological integrity

Traditionally, stream quality evaluation has been
based almost exclusively on the measurement of
physical and chemical characteristics and it has
been disdainful to biological ones. However, the
confirmation that the commonly used techni-
ques do not cover the whole interval of biogeo-
chemical factors, and the recognition of the
existence of interactions between anthropogenic
pressures and its cumulative impacts, is empha-
sized by the need to search for new and more
appropriate means of an ecological condition
assessment of water resources for an embraced
management of the watersheds.

The recent world trend is the introduction of
the biological assessment in the monitoring and
evaluation of aquatic resources due to the incre-
asing recognition of its importance in providing
a measure of the global integrity, since the aqua-
tic organisms embrace and reflect the cumulati-
ve effects of the environmental disturbance and
stream pollution (De Pauw & Vanhoren, 1983;
Karr, 1991; Yoder & Rakin, 1998; Karr & Chu,
2000) (Fig. 3). Biological indicators can, for
that reason, reflect disturbances that would not
be detected in another way or that would be
otherwise underestimated (e.g. habitat degrada-
tion, highly variable pollution levels due to
point and non-point pollution).

Due to their capacity to assess aquatic eco-
systems integrity, biological evaluations can

Biological
Integrity

Figure 2. Dynamic model of biological integrity. Pattern esta-
blished after Yoder (1995) (from Barbour et al., 2000). Modelo
dinamico de integridad bioldgica, patron establecido siguien-
do a Yoder (1995) (de Barbour et al., 2000).

complement the chemical and toxicological
methods that are necessary for risk prediction
(particularly for human health and wild life
assessment). They can also be used to diagno-
se and monitor problems when they are detec-
ted (OEPA, 1990; Hyland et al., 1998). In
agreement with Karr (1999), from the whole
sets of data that describe the condition of
rivers and their adjacent landscapes and from
the diagnosis of the causes of degradation, we
can develop restoration plans to calculate the
ecological risks associated with land use plans
in a basin, or to find alternative options to
minimize the verified deterioration.

Biological monitoring programs have been
developed with different purposes, such as: (a)
general ecological status surveillance of aquatic
ecosystems; (b) setting up protection and resto-
ration goals; (c) diagnosis of specific environ-
mental problems; (d) evaluation of impacts
(before and after a pollutant source or upstream
and downstream of a disturbance focus); (e)
assessment of the agreement between applied
management procedures with the ecological
goals or quality standards; (f) long term trends
detection as a result of different impacts, and (g)
effective analysis of rehabilitation measures.

The biological composition of rivers is
strongly influenced by the physical habitat,
since it provides the support of ecological orga-
nization and lotic ecosystems dynamics
(Minshall, 1988; Poff & Ward, 1989; Townsend
& Hildrew, 1994; Maddock, 1999). Therefore
many assessing programs have been incorpora-
ted in habitat evaluations (e.g. Plafkin et al.,
1989; Wright, 1995; NRA, 1996).

Given the importance of the evaluation of the
different ecosystem components following an
ecological condition assessment approach, we
have been developing in Portugal methods that
comprise, in some way, the several components
of the fluvial ecosystem (physical, chemical
and biological). The goal is consequently to
obtain the mentioned integrated comprehension
of the lotic ecosystems, and at the same time to
assess the interactions among the fluvial chan-
nel, riparian corridor and drainage basin, as
well as their temporal dynamics.
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Figure 3. Schematic representation of the five principal factors that influence the aquatic resources’ integrity and that are usually
altered by human activities (adapted from Karr and Chu, 2000). Representacion esquemdatica de los cinco factores principales que
influyen en la integridad de los recursos acudticos y que normalmente se alteran por las actividades humanas (adaptado de Karr y

Chu, 2000).

Ecological integrity evaluation methods

Nowadays, a great number of methods, which
range from relatively simple algorithms or bio-
tic indices, to combinations of multiple commu-
nity descriptors (multimetric approach) and
complex algorithms (multivariate methods), are
available to assess the ecological condition of
running waters. These last two broad systems,
developed independently in the United States
and in Europe, emerged in the last 25 years and
today are widely used in biological monitoring.
The underlying principle of these two techni-
ques is that the organisms are the final integra-
tors of all human actions.

The first model, the multimetric indices (like
the Index of Biotic Integrity — IBI; Karr, 1981),

was developed in order to measure the biotic inte-
grity based on fish communities. The concept was
adopted quickly and similar indices, based on
modifications to the original IBI concept, have
been developed. These indices have been applied
in various animal communities (e.g. macroinver-
tebrates, fishes, riparian birds and amphibians),
vegetable communities (e.g. phytoplankton,
periphyton, macrophytes, riparian vegetation), in
floodplains, rivers and estuary zones, and they
have also been adapted to terrestrial ecosystems
(Bradford et al., 1998; Karr & Chu, 1999).
According to Klemm et al. (2003), the logical
reason that supports all these techniques, inde-
pendently of the biotic community used, is that
the set of representative community structure
metrics or attributes (species richness, relative
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abundance, dominance, composition and ecosys-
tem functioning) must offer robust and sensitive
tools to measure the anthropogenic disturbance
factors in those communities. Effective multime-
tric indices imply explicit rules such as: a) an
appropriate classification system; b) a metric
selection that supplies safe signs of river condi-
tion; ¢) systematic sampling protocols that stan-
dardize the field procedures; d) statistical techni-
ques that can extract important biological
patterns (Karr, 1999). Barbour et al. (1996)
claims that the multimetric model, since it invol-
ves several aspects of the community structure
and function, can still be considered as a power-
ful tool to assess non-point pollution effects in
aquatic organisms. According to Karr & Chu
(2000) the biological monitoring carried out
through the multimetric methods, such as the
index of biotic integrity, supplies one of the most
robust tools available to diagnose, minimize and
prevent the degradation of aquatic systems.
Rapid Bio-assessment Protocols (RBPs) based
on multimetric approaches, developed in the
USA in the mid-1980s by Plafkin et al. (1989),
are also much used nowadays in this country and
elsewhere. These protocols advocate an integra-
ted assessment of aquatic resources, comparing
biological communities (fish, invertebrates, and
periphyton), habitats (e.g. physical structure, flow
regime), and water quality with empirically defi-
ned reference conditions (Barbour et al. 1999).
The second system relies on multivariate sta-
tistical methods to discern patterns in commu-
nity composition. Some examples include RIV-
PACS (River Invertebrate Prediction And
Classification System - Wright, 1995), develo-
ped and applied in the United Kingdom, and its
derivatives such as AusRivAS, (Parsons &
Norris, 1996) adapted for Australia. RIVPACS
is a predictive model that compares the “obser-
ved” macroinvertebrate fauna composition at a
given site with the “expected” fauna (which
represents the reference condition) for the same
site in the absence of environmental stress. The
expected fauna is predicted from a small suite of
environmental variables of the site (geographic
variables, geology and habitat descriptors),
which are considered as relatively stable

through time and “minimally” impaired. With
regard to AusRivAS (Australian River Assess-
ment Scheme), some innovative modifications
concerning the sampling strategy, geographical
covering, taxa selected, model building, softwa-
re, support information and outputs were intro-
duced to the original model RIVPACS (Davies,
2000). Thus, as examples, we can say that, unli-
ke RIVPACS, different models were developed
for distinct geographical areas; the habitats were
sampled separately allowing both single and
multiple habitat assessments and only the selec-
tion of those taxa having =50 % probability of
occurrence. Some of these differences took
advantage of the progresses in computational
techniques and statistics, while another necessa-
rily appeared due to the singular environment of
Australia (Simpson & Norris, 2000). Actually,
AusRivAS can be accessed and run via the
Internet by authorized users.

Another multivariate procedure is the predic-
tive model BEAST (BEnthic Assessment of
SedimenT - (Reynoldson et al., 1995)), develo-
ped initially for the Laurentian Great Lakes and,
in a second phase, for the basin of one of the
largest Canadian rivers (Fraser River). It com-
prises a set of reference sites that characterize
the pristine biological condition (macroinverte-
brate communities) of a region and test sites,
which are then compared to the appropriate sub-
set of reference sites Rosenberg er al. (2000).
For the Great Lakes, the reference sites were
chosen using ecodistricts to stratify sample sites
located in shallow, non-impacted or clean areas
near the shore, with fine-grained sediments and.
For the river Fraser, ecoregions and stream
orders were used within ecoregions. In the final
stage (test site assessment), the BEAST techni-
que uses a probability model based on taxa ordi-
nation space and the “best fit” of the test site(s)
to the probability ellipses constructed around
the reference site classes (Reynoldson et al,
1995). Because this model does not consider the
probability of a test site to be incorrectly placed
in another reference group, Reynoldson et al.
(1997) recommends the use of the three models
previously described (RIVPACS, AusRivAS and
BEAST) since they are complementary.
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Although both approaches (multivariate and mul-
timetric) are largely used, they have not been
applied without criticism. For instance, Suter
(1993) explains that indices such as IBI “are justi-
fied in a base of field works and not in any theory
of ecosystem health or any social or ecological
index value or of its components”. Furthermore,
Suter outlined that these indices can present a
series of potential faults such as ambiguity, arbi-
trary combining functions, arbitrary variances,
nonsensical results, and unreal or improper ana-
logy to other indices. Also Reynoldson et al.
(1997) points out that multimetric methods, des-
pite that they can be attractive because they pro-
vide a global indication of ecological status
at a site, incorporate metrics that are fre-
quently redundant, while not all the obtained
information is used. In opposition to this idea,
Karr & Chu (1999) stress that, notwithstanding
that the metrics are not independent, because they
are calculated from the same group of organisms,
it does not mean that they are necessarily biologi-
cally redundant, even if metrics are statistically
correlated. Moreover, there is less uncertainty
when more than one metric (multiple measures)
point simultaneously to a degradation symptom
(Smith, 1994; Karr & Chu 1999).

With regard to multivariate methods, Fore &
Karr (1996) claim that these are more appro-
priate for exploratory analyses when the investi-
gator has a limited knowledge of an ecological
system and wants to create hypotheses that can
be tested. These authors also argue that a
method that incorporates ecological informa-
tion, like, for instance, a good multimetric
index, is more appropriate for biomonitoring
than mere statistical algorithms.

Karr & Chu (1999) emphasize that multiva-
riate analyses were developed for finding pat-
terns and not for assessing impacts, and that
wrong interpretations of results are more com-
mon by using these techniques than through the
multimetric approaches. De Pauw (2000) says,
in relation to RIVPACS, that although it is one
of the best available methods for assessing the
biological quality of rivers, it becomes inade-
quate when the method does not consider the
dynamism of biotic communities (i.e. the envi-

ronmental variables selected are resilient to
change - Johnson, 2000).

Norris & Thoms (1999), outline that the men-
tioned techniques, if based in indices, allow for
rapid biological assessments (e.g. IBI, RIV-
PACS, AusRivAS), offering reductions in costs
compared to traditional methods. They still
supply a clear form to present and summarize
the results of site surveys, which are expressed
into a score that can be understood by non-spe-
cialists. Regarding the mentioned advantages,
the use of these methods allows for monitoring
to acquire, more and more, an extensive charac-
ter in a regional plan instead of intensive biolo-
gical assessments at the local scale. However
according to Jackson et al. (2000), when the
selection of an indicator and its implementation
in a monitoring program depends significantly
on the chosen model, the best strategy is to
make use of several models and to give priority
to those indicators that emerge repeatedly
during that exercise. Fairweather (1999) points
out that the next stage should be the develop-
ment of indicators with a dynamic perspective,
based on more direct measures of ecological
processes. De Pauw (2000) reinforces the idea
by adding that to develop a predictive dynamic
system information of temporal variability
should be collected and introduced in an intelli-
gent system as decision trees, based on the use
of neural networks or other artificial intelligen-
ce (Al) techniques. Despite the criticisms, and
in agreement with Johnson (2000), that coordi-
nated the compilation of the discussions during
an international meeting, we believe that the
combination of multivariate and multimetric
methods may synergistically improve the value
of these two approaches in biomonitoring. They
should be looked on as complementary instead
of competing approaches.

DEFINITION AND SELECTION OF
REFERENCE SITES

The pressure of increasing human population
accompanied by intensified agriculture and the
urban and industrial development has led to the
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extensive degradation of water quality and habi-
tat leaving very few river segments unaffected by
human activities. The recognition, inside the
European Union (EU), of the limited number of
high quality sites has led to a larger interest in its
identification, assessment, protection, preserva-
tion, and, ultimately, restoration (REFCOND
guidance, 2003). The conservation of these rea-
ches is important because they represent a histo-
rical value of ecological conditions closer to the
natural ones. Reference conditions (RC) may
range from “pristine” to “best available” ones,
and are usually based on the status of the com-
munities in reference sites, which are relatively
unaltered and homogeneous with regard to the
morphological, hydrological, physico-chemical,
and biological conditions. These conditions can
be defined by only one biological element, just
as the invertebrate fauna, or for the combination
of several taxonomic groups (e.g. fish,
macrophytes) or functional attributes (e.g.
growth rates, functional groups). In deeply modi-
fied rivers, to resort to the best available sites
seems to be one of the solutions for assessing the
maximum ecological potential. Therefore, the
establishment of reference conditions serves as
control for the monitoring/conservation pro-
grams that intend to assess the ecological status
of rivers and the degree of deviation to relatively
natural conditions in similar environments.

Although a lot of definitions exist for the
reference condition, we are in agreement with
Johnson (2001), in that the multiplicity of
results, nearly always ends in misinterpretations
and disagreements. Johnson also stresses that
much of the ambiguity involving the definition
and use of reference conditions is due, in great
part, to the way we perceive our surroundings
and the study’s objectives.

Biotic communities comparisons among relati-
vely undisturbed reference reaches and disturbed
sites have become the recommended method of
water quality monitoring (Wright et al., 1994;
OEPA, 1987, 1989; Plafkin et al., 1989; Karr,
1991; Rosenberg & Resh, 1993; Davis & Simon,
1995; Barbour et al., 1996, 1999). They also
serve to establish restoration goals and for moni-
toring progress in achieving those goals (Hughes

et al., 1986; Hughes, 1995). Due to recognized
importance of this concept, the document “REF-
COND guidance (2003)”, produced by the
European Commission for the implementation of
WED for its member states, proposes definitions,
methods, principles, and criteria that can be used
in the establishment of reference conditions and
classes of ecological quality for lakes and water
courses. This document states that each type of
surface water body sites with high ecological sta-
tus should be identified namely by the hydro-
morphological, physico-chemical, and biological
conditions that characterize such reference sites.

Methodologies for the establishment of
reference conditions

According to Norris & Thoms (1999), a previous
classification of river types is essential for the
establishment of the reference sites in order to
reduce biological wvariability within different
water bodies. Classification schemes of rivers
include those based exclusively on geo-morpho-
logical features of the drainage basins (Rosgen
1994, 1996), in ecoregions (areas with the same
climate, physiography, geology, soils and native
vegetation - e.g. Hughes & Larsen, 1987; Plafkin
et al., 1989, Omernik, 1987, 1995), and those that
use multivariate analyses (or predictive models)
of biological attributes (Wright er al., 1984;
Parsons & Norris, 1996). In relation to these last
methods, it has been pointed out that they are
more appropriate in the basins’ medium and supe-
rior segments, once in lowland areas the systems
are more intensely transformed (e.g. Petts, 1989;
Thoms ef al., 1999; Norris & Thoms, 1999).

Methods for the recognition of reference
sites, or minimally disturbed ones, have been
proposed by several authors. Thus, the reference
biological conditions for each type can be defi-
ned from existing reference sites, or from histo-
rical, paleo-ecological and experimental data,
which can be obtained in the laboratory, or
through modeling, extrapolation and based in
expert judgment. A brief description of the
methods above mentioned, based essentially on
the articles of Johnson (2001) and Economou et
al. (2002) is presented below.
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a) Expert judgment and/or historical data
The success of the use of these two methodolo-
gies in the monitoring and environmental
assessment is limited. While the evaluation of
the reference condition for experts has the
potential of combining a broad range of impor-
tant information (historical data and/or actuali-
zed opinions and concepts), this approach can
introduce subjectivity and an incapacity to reach
quantitative and standardized procedures.
Nevertheless, even if other methods have been
used to define the reference condition, an expert
opinion is always necessary, at least, in data
quality evaluation when monitoring objectives
and methods have changed along the time.
Historical data provides not only the knowled-
ge of past conditions, but it becomes essential to
estimate the current ecological potential. For the
reconstruction of past periods various sources of
data can be used such as: old maps, photos,
scientific records, oral histories, etc. These
methods are particularly important in degraded
systems. Despite the fact of being less subjective
than those based on expert opinion, they have
the disadvantage of not allow knowing with
accuracy the past environmental conditions. In
fact, reference conditions do not stay static in
time; therefore alterations of the ecosystem com-
ponents should be examined within the current
climate period. One of the largest disadvantages
ascribed to the use of these two methods is not
including the dynamic and inherent variability
often associated with natural ecosystems.

b) Extensive surveys (spatial distribution)

Data from the reference sites can be grouped a
priori or a posteriori into homogeneous strata,
representative of the area and water bodies in
analysis, and used to estimate the natural amplitu-
des of biological variability and establishing refe-
rence condition. The common practice is to define
sites a priori rule-based and/or quantitative exclu-
sion criteria concerning specific types of impacts
(e.g. absence of canalization or dredging, lack of
dams and water extraction, lack of point pollution
sources, unaffected land-use patterns, absence of
exotic species, etc.). Sites that do not satisfy the
pre-defined criteria are then excluded. This
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methodology, also designated as a priori, nowa-
days is applied in most of the USA (multimetric
approaches) and uses independent geophysical
and chemical data to group pristine or “mini-
mally” disturbed sites. However, if the selection is
made a posteriori (the exclusion is decided after
monitoring), it is important not to exclude sites
with low natural variability and caution should
be taken not to introduce circularity by using
variables that will be used subsequently in the
classification of the ecological status. Analysts
who use multivariate approaches (e.g. RIVPACS,
AusRivAS and BEAST models) tend to use the a
posteriori classification of sites. This approach, in
contrast with the a priori method, uses the species
composition in reference sites, based on cluste-
ring methods, to define the reference condition
(Wright et al., 2000). The ecological status of a
river is later estimated by comparing metric
values of a population of test sites with metric
values of the reference population, for the same
river type in the same geographical area.
According to Barbour et al. (1999) there is no rea-
son a priori classification could not be used with
multivariate assessments, and vice-versa.

As advantages of this kind of procedures
Economou et al. (2002) highlights the fact that
reference conditions could be measured
directly in the field and could accommodate
the natural variability. They also refer to disad-
vantages, essentially due to the high sampling
cost, especially when we intend to take variabi-
lity into account by increasing the number of
surveyed reference sites. According to the
same authors, both a priori and a posteriori
delineation processes are of extreme importan-
ce in the establishment of methodologies and
criteria for reference site selection.

An intermediate between these two approaches
was used for reference site selection in the study
developed by Oliveira & Cortes (2006a), with the
aim of take into account the advantages of both
methods, and to show that their relation depends
on the information available for the studied region.

¢) Paleo-reconstruction and/or modeling
These type of techniques are particularly impor-
tant when the ecosystems are heavily disturbed,
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Table 1. Strengths and weaknesses of methods normally used to establish the reference condition (from Johnson, 2001). Ventajas y desventa-
Jjas de los métodos normalmente usados para establecer la condicion de referencia (de Johnson, 2001).

Approach

Strengths

Weaknesses

Expert opinion or best judgement

May incorporate both historical data/

Bias may be present

opinion and present-day concepts

Historical data

Often inexpensive to obtain

Incorporate both physico-chemical

Variable data, few metrics and data
quality may be poor or unknown,
static measure

Basically limited to lentic systems,
high initial costs
Not many metrics

Calibration models currently available

for modelling a number of stressor
variables; pH, Total phosphorous,

Paleoreconstruction
and biological data
Direct Site-specific
Indirect
temperature
reconstruction
Modelling Site-specific
Survey Region-specific

Requires data, calibration and
validation

Expensive to initiate

not being possible to find reference sites (mini-
mally impaired), and/or when the available
information is very scarce also for artificial
water bodies like reservoirs or canalized rivers.
Paleo-reconstruction seeks to obtain records of
the geo-morphological, physico-chemical or
biological modifications that happened through-
out time in a water body. This procedure is
applied essentially to lakes and only very rarely
to rivers. Also in this case the past reference
conditions cannot be representative of the
current conditions, the opinion of experts being
important to integrate all the information along
relatively vast temporal periods.

The expected reference conditions to a given
site can also be predicted by modeling. The two
more used methods are: i) extrapolation of a
cause-effect relationship (stress-response). It
allows to predict, for the same area, the expec-
ted value of a metric in the absence of human
disturbance; ii) estimation of the pristine condi-
tion outside the area to which the reference con-
dition was established. This approach establi-
shes relationships (e.g. through regressions)
between individual metrics and environmental
or geographical independent variables in the

absence of anthropogenic impacts, i.e., from
reference sites in other geographical regions.
This method requires good quality ecological
data and knowledge of the mechanisms that
structure natural communities. Although being
less direct than the spatial methods, under very
specific conditions this process allows for the
application of the reference data to an imper-
vious area. If none of the existing sites in the
watershed satisfies the criterion of “minimally
impacted”, the establishment of reference con-
ditions by extrapolating measurements from
other similar basins is still possible.

In spite of the variety of available methods for
determining reference conditions, little knowled-
ge and experience exists in most countries about
the inherent positive and negative aspects, or
about the potential problems associated to the use
of each of them. In Table 1 Johnson (2001) sum-
marizes the advantages and disadvantages of the
different approaches. Where a single method
does not produce a completely satisfactory vision
of the undisturbed condition, we must compile all
the available information into an integrated pictu-
re to obtain and calibrate reference conditions,
just as is pointed out by Schmutz et al. (2000).
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Figure 4. Theoretical influence exerted by the terrestrial vegetation, at the regional and local scale, on the structure and functio-
ning of aquatic ecosystems (adapted from Allan et al., 1997). Influencia tedrica ejercida por la vegetacion terrestre, a la escala
regional y local, en la estructura y funcionamiento de los ecosistemas acudticos (adaptado de Allan et al., 1997).

SPATIAL AND TEMPORAL SCALES OF
ANALYSIS

The study of stream ecology is based on patterns
dependent on the interactions among multiple
spatial and temporal scales, both involving rivers
and the landscape through which they flow
(Townsend, 1996). Authors like Maddock & Bird
(1996), Townsend & Riley (1999), and Wiens
(2002) point out that these links, important to the
structure and functioning of rivers, operate in
three spatial dimensions: (i) longitudinal links
along the length of the river system (e.g. river
continuum, nutrient spiraling, hyporheic corridor,
and migration barriers along the river); (ii) lateral
links with the adjacent terrestrial system (e.g.
riparian influence); and (iii) vertical links with
and through the river bed (e.g. organisms associa-
ted to the hyporheic zone, parafluvial processes).
There is also a temporal dimension (e.g. daily,
seasonal and annual variations, climatic cycles).
Rivers are hierarchically organized systems,
whose higher scale characteristics influence the
elements of smaller scales of the water courses,
such as the habitat or microhabitat (Schumm
1977, Frissel et al., 1986; Sedell et al., 1990;
Hildrew & Giller, 1994). The works of Noss
(1990) and Maddock (1999) emphasize the need
to invest in a better understanding of the way the
spatial and temporal dynamics of physical habi-

tat determines river health. The landscape eco-
logy that examines the interactions between spa-
tial patterns and ecological processes in the con-
text of spatial heterogeneity across a succession
of scales may offer an interesting approach for
linking the environmental descriptors along the
riverine corridors (Ward et al., 2001). Indeed,
there is a need of efficient tools that measure
stream integrity at different scales, in other
words, that are able to detect alterations, both at
the watershed scale, which is used for manage-
ment works (Walker & Reuter, 1996), and at the
segment scale and other lower spatial scales
(Harris & Silveira, 1999).

The relationships between environmental
characteristics for multiple scales and the way
they influence the aquatic organisms remain lit-
tle tested and understood. Nevertheless, some
skillful studies have provided evidence of the
dependence of certain processes, such as orga-
nic matter inputs and channel structure, on very
specific scales: the first processes seem to be
controlled primarily by local factors, while the
last ones are more influenced by superior scales
(Allan et al., 1997) (Fig. 4). Also Osborne &
Wiley (1988) concluded that land use in the
river’s neighborhood was the main explanation
for nutrient concentration in stream reaches.
Roth et al. (1996) showed important links bet-
ween landscape indicators in river integrity.
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Their works showed that riparian vegetation
exercised a decisive role in the structuring of the
habitats for fish with obvious consequences in
these communities’ composition. However,
there are numerous other studies showing that
variables that operate at larger spatial scales
(e.g. geology, land use, and vegetation type) can
be more important in influencing or controlling
aquatic habitats and organisms than local ones
(Parsons & Norris, 1996; Richards et al., 1996;
Marchant et al., 1997; Roth et al., 1996).
Sutherland et al. (2002) consider that large-
scale patterns are usually better indicators (pre-
dictors) for monitoring ecosystem health since
they exhibit lower temporal dynamism and resi-
lience compared to habitat descriptors.

Ecological models that have been used for pre-
dicting macroinvertebrate species’ responses to
environmental stresses and habitat characteristics
tend to neglect the temporal scales (most of the
models are static) compared to their treatment of
the spatial scales, because the underlying
assumption is that the monitored communities
present a high temporal persistence (Bunn &
Davies, 2000). However, when a time factor is
present, it has been demonstrated that some com-
munities show evidence of low persistence,
which, in some cases (e.g. Faith ef al., 1995), can
be the result of inter-annual variation in environ-
mental conditions. Low stability in the commu-
nity structure has the potential of turning the
construction of predictive models, like RIVPACS
and AusRivAS, quite difficult, reducing its sensi-
bility in terms of biomonitoring (Bunn & Davies,
2000). More recent ecological integrity studies
have, however, been greatly improved by the
development of dynamic models that simultane-
ously capture the structure and the composition
in systems affected by medium to long-term
directional environmental disturbances (Cabral et
al., 2001; Voinov et al., 2001). A rapid stochastic
dynamic methodology (SDM) that links landsca-
pe patterns with the aquatic organisms has
recently been developed and successfully applied
in several types of basins in Portugal (Santos &
Cabral, 2003; Cabecinha et al., 2004).

The recognition of the importance of spatial
scales for water resource management led us to
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develop a methodology for assessing the rivers in
northern Portugal, relating the conditions that
operate at the scale of drainage basin with the
local conditions at the habitat level (physical and
biological) — (Oliveira & Cortes, 2005). The inte-
gration of the temporal dynamics of invertebrate
communities in the establishment of the referen-
ce conditions is present in the work of Oliveira &
Cortes (2006b). This, according to the same
authors, avoids false interpretation resulting from
peculiar environmental conditions, consequently
turning the analysis more robust.

THE CASE STUDIES

A few case studies developed for North Portugal
to demonstrate the use of innovative methodolo-
gies (through the conjugation of multimetric
and multivariate statistical approaches, stochas-
tic-dynamic models and/or making use of geo-
graphical information systems) in assessing the
conservation status of water courses are summa-
rized here. They represent an attempt to design
integrated approaches to capture the aquatic
ecosystems’ complexity. Therefore, they incor-
porate several ecosystem components (e.g.
physical, chemical, biological, and habitat) and
several disturbance factors are assessed (e.g.
clearance of riverine vegetation, sediment
inputs in the river bed, destruction of habitat,
diffuse and point-source pollution, etc.).
Moreover, they incorporate different spatial and
temporal scales of analysis and formulate proce-
dures for establishing reference conditions.
These studies intend to provide methods that
can be further refined for application in other
regions and that provide the development of new
assessment protocols contributing to an improve-
ment of the management strategies of aquatic
ecosystems. At a national scale, the methodolo-
gies proposed and the indexes produced aim to
supply tools that can contribute to the implemen-
tation of the Water Framework Directive (WFD)
in the next stage of the monitoring program defi-
nition. Figure 5 relates this research with the
complexity of factors and techniques involved in
biomonitoring that were previously described.
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1. Different scales of analysis in classifying
streams: from a multimetric towards an
integrate system approach (Cortes et al., 2002)

Two different approaches to define the ecologi-
cal status of several basins in NW, Portugal are
compared. At the coarser scale, whole stream
networks were classified using GIS according to
variables related to: a) biotic indicators (native
and exotic fish species, benthic biotic index,
and characteristics of the riparian corridor);
b) chemical indicators of contamination (indus-
trial and urban organic loads, and water qua-
lity). This methodology was preceded by a typo-
logical classification, so that the ecological
status could be determined separately for each
of the physical units within a watercourse. At a
finer scale, sites were categorized on the basis
of the invertebrate fauna and the most relevant
metrics were selected through multivariate pro-
cedures. These two methods can be seen as
complementary and they produced similar indi-
cations of disturbance levels in spite of different
assessment techniques and different space sca-
les of analysis. By using the first method (assis-
ted by GIS), we were able to identify the main
typological gradients and the location of the
most pristine segments. Relying on the classifi-
cation displayed by this method at the basin
scale, the second method enabled us to define
with accuracy the sampling sites and the most
convenient metrics for river health assessment.

2. Performance of a stochastic-dynamic
modeling methodology for ecological
assessment of running waters (Cabecinha
et al., 2004)

A holistic stochastic-dynamic modeling me-
thodology has been developed in order to pre-
dict the ecological status of lotic systems in
Northeast Portugal. These procedures focus on
the interactions between conceptually isolated
key-components, such as some relevant ben-
thic macroinvertebrate metrics and changes in
local habitat conditions. The proposed model
was preceded by a conventional multivariate
statistical treatment performed to discriminate

the significant relationships between prevai-
ling biological and environmental variables.
Since this statistical analysis is static, the data-
set recorded from the field included true gra-
dients of habitat changes. In this way, the time
and space factors are implicit in the respective
treatment. Such a procedure gives credibility
to the parameters included in the construction
of the dynamic model. In order to enhance the
importance of monitoring in aquatic systems
based on ecological integrity indicators, diffe-
rent biotic metrics were selected from the stu-
died benthic macroinvertebrate communities.
The model validation was based on indepen-
dent data from another watershed not included
in the construction of the model. Thereafter,
the model behaviour was tested facing a “new”
scenario, namely ongoing organic pollution
disturbances in the region. The results are
encouraging since, after validation, the reliabi-
lity of the model was demonstrated: (1) to
assess the ecological status of running waters
from the studied watersheds, and (2) to predict
the behaviour of key macroinvertebrate
metrics, along disturbance gradients described
by physical and chemical parameters.

3. A biologically relevant habitat condition
index for streams in northern Portugal
(Oliveira & Cortes, 2005)

This work describes the development of an
index for assessing stream habitats at a variety
of spatial scales and levels of perturbation. A
large set of environmental variables (86) was
used, including regional and local ones, reflec-
ting the geo-morphological characteristics and
human activities occurring in each basin as well
as variables describing the riverine habitat.

Collections of benthic invertebrates were
made at each sample site. To reflect the obser-
ved variation in assemblages the streams were
separated into basin groups.

Multivariate analysis techniques applied to the
physical and biological data sets allowed the deter-
mination of the relative importance of local and
regional environmental descriptors responsible for
the discrimination of the invertebrate assemblages.
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Successive statistical refinement procedures
yielded ten variables as a final selection of all
of them representing local scale factors. The
analysis of their variation along disturbance
gradients allowed the development of the habi-
tat index through scoring criteria that separated
reference from stressed sites.

The results indicate the reduced contribution
of basin factors due to a buffering influence
probably resulting from a riparian corridor,
which made the index developed to be related to
in-stream and surrounding habitat descriptors.

4. Combining logistic models with multivariate
methods for the rapid biological assessment of
rivers using macroinvertebrates (Oliveira &
Cortes, 2006a)

The technique developed in this study is based
on a predictive model that allows the classifica-
tion of the relative degree of disturbance of test
sites in lotic systems, on the basis of a compari-
son of their faunistic composition with referen-
ce sites. Two ecotypes were selected where ben-
thic invertebrates were sampled in reaches with
different levels of contamination.

As a first stage, previous GIS information was
used to define the reference sites in each ecotype.
Afterwards, multivariate techniques and non-
linear estimation models were combined to
assess biological quality. This method allowed us
to classify sites according to increasing levels of
contamination, after the probabilities of occu-
rrence of taxa along a gradient of contamination
taking into account the reference condition.

The results suggest that this method is sensitive
to organic pollution, easy to interpret by ranking
species according to their tolerance, and could be a
good framework for monitoring in areas where
there is a lack of relevant ecological information.

5. Searching biological metrics of
macroinvertebrates for biocriteria and
assessment (Oliveira & Cortes, 2006b)

From a large set of 184 metrics describing the
benthic community, grouped into 16 biological
categories selected from literature, a procedure

Table 2. Major features of biomarkers and bioindicators for use in
bio-assessment studies (from Adams, 2002). Principales caracteris-
ticas de los biomarcadores y bioindicadores para el uso en estudios
de evaluacion biolégica (de Adams, 2002)

Major features Biomarkers Bioindicators

Types of response Subcellular, cellular Individual trough

community
Primary indicators of ~ Exposure Effects
Sensitivity to stressors ~ High Low
Relationship to cause ~ High Low

Response variability High Low-moderate

Specificity to stressors  Moderate-high Low
Time scale of response ~ Short Long
Ecological relevance Low High

was defined to select the most relevant ones in
assessing the ecological condition.

The data consisted of 54 sites from 31 rivers of
the Douro Basin, covering the whole range of envi-
ronmental conditions and collected in two different
years (1997 and 2000) during the summer period.

Multivariate analyses (n-MDS with SIMPER
test and CCA) were carried out to identify the
main patterns of macroinvertebrate data, to select
reference versus impaired sites, to avoid multi-
co-linearity between metrics, and to achieve
independence from the natural stream typology.
The chosen metrics proved to be the most effecti-
ve, that is, they exhibited a response across a
range of human influence. We believe that these
attributes are ecologically sound and therefore, in
the future, can be used in the assessment and
monitoring of aquatic ecosystems in Portugal and
may also provide information relevant to the
Water Framework Directive (WFD).

FURTHER DEVELOPMENTS IN
BIOMONITORING: INTEGRATING
DIFFERENT LEVELS OF BIOLOGICAL
ORGANIZATION

Complete bio-monitoring must be achieved
along different levels of biological organization,
from the sub-cellular and cellular observation,
following increasing scales like tissue and organ
analysis to the population and community level.
The organism-level response provides an inter-
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mediate and pivotal point that links the mecha-
nistic basis (related to lower levels) with the eco-
logical significance (specific to higher levels,
like community structure and composition).

Bio-criteria includes biomarkers and bioindi-
cators. The first ones are used at the lowest levels
of biological organization and are considered to
be functional measures of exposure to environ-
mental stress. Biomarkers such as molecular, bio-
chemical, or physiological endpoints are applied
primarily to indicate that an organism was expo-
sed to a stressor, such as a xenobiotic chemical.
For instance, molecular biomarkers are based on
the alteration of macromolecules (nucleic pro-
teins, lipids, or carbohydrates). Their structural
and functional alteration can be used as an indi-
cation of xenobiotic exposure, effect and suscep-
tibility to toxicant-induced diseases (Wirgin &
Theodorakis, 2002). Physiological responses to
stressors include primary effects, such as neuro-
endocrine response like the release of cathecola-
mines, or secondary ones, measured by changes
in plasma and tissue ions, metabolite levels, and
haematological features (Mommsen ef al., 1999).

Biomarkers and bioindicators have advanta-
ges and limitations (Table 2). In general bio-
markers are stressor sensitive and of rapid res-
ponse, helping to establish the cause-effect
link; bioindicators, on the contrary, do not
allow for the understanding of the underlying
causal mechanisms, but rather integrate the
effects of multiple stressors over large spatial
and temporal scales (Adams, 2002).

However, biomonitoring is divided in diffe-
rent compartments and there is no integration of
the different levels of analysis. For instance,
biomarkers that that have been calibrated and
correlated with higher-level effects, such as
population or community attributes, can indeed
serve as valid bioindicators (Adams, 2000). The
main challenge for the future must be to group
information from the different scales of biologi-
cal organization, for instance by including
metrics at the different levels and trying their
integration into several types of indices for
practical use. We must recognize that nowadays,
in the assessment of river health, there are alrea-
dy a few attempts (but still very scarce) to

incorporate various levels of analysis in the
biota. For instance, some metrics include histo-
pathological observations: the detection of
lesions represents an integration of cumulative
effects of biochemical and physiological chan-
ges in specific cells and organs (Myers &
Fournie, 2002), which may be combined with
metrics at higher levels like species richness or
characteristics of food chain.
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