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ABSTRACT

1. This study describes the development of an index for assessing stream habitats in northern
Portugal at a variety of spatial scales and levels of perturbation. In developing the index, 86
environmental variables, including regional and local ones, were used to reflect the geomorpholo-
gical characteristics, riverine habitat, and human activities occurring in each basin.
2. Collections of benthic invertebrates were made at each sample site. To reflect the observed

variation in assemblages, the streams were separated into two categories: the North-west catchments
and the Douro catchments.
3. Multivariate analysis techniques applied to the physical and biological data sets allowed the

determination of the relative importance of local and regional environmental descriptors in the
discrimination of the invertebrate assemblages.
4. Successive statistical refinement procedures yielded 10 variables, all at the local scale. Variation

along disturbance gradients allowed the development of a habitat index through scoring criteria that
separated reference sites from stressed sites.
5. The results indicate the reduced impact of catchment factors by a buffering influence probably

resulting from the presence of a riparian corridor.
Copyright # 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Evaluation of river health often involves assessments that make a link between biota and the environment.
For rivers, two main procedures are used. The first uses models that predict the occurrence of invertebrate
or fish taxa at a wide range of impacted sites based on their association with environmental variables (e.g.
Wright, 1995; Reynoldson et al., 1997; Oberdorff et al., 2001). The second, using multimetric systems based
on ecologically relevant attributes of the status of assemblages (metrics) that are sensitive to stressors,
provides a response that can be separated from natural variation (Barbour et al., 1999). Both of these
approaches provide a way of comparing new sites with a reference situation characterized by the natural or
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near-natural condition of water quality and habitat features. Development of biological indices that reflect
river conditions can be used to compare scores between impacted sites and those not under stress (Scott and
Hall, 1997; Oberdorff et al., 2002). However, it is often more practical to describe the condition of river
systems using habitat indices, since they indirectly reflect changes in the aquatic communities in response to
human pressures.

Several river habitat indices have been developed in order to incorporate comparisons with reference or
target conditions, including River Habitat Survey (Raven et al., 1997), the United States Environment
Protection Agency Rapid Bioassessment Protocols (Plafkin et al., 1989; Barbour et al., 1999), and the index
of Davis et al. (2000) used to predict local habitat features from catchment variables. There are models that
use biologically relevant habitat parameters which can usefully measure the dependence of aquatic
populations on these variables. These models are generally based on micro-habitat assessment for target
species and are not directed at a whole community. For example, PHABSIM (Physical Habitat Simulation
System}Milhous et al., 1984) involves measurements of channel shape, water depth, velocity, substrate
and cover to describe micro-habitat availability for a defined species list. Bowlby and Roff (1986) developed
the Habitat Quality Index (HQI) which relates habitat variables representing food, shelter, stream flow and
temperature for trout populations. HABSCORE (Milner et al., 1985, 1998) is a similar method, designed to
predict salmonid abundance from habitat parameters.

The habitat index presented in this paper adopts the principles of reference conditions and their
relationship with aquatic organisms. However, a framework of multimetric methods was adopted for the
calibration and aggregation of the selected environmental variables into an index. The reference status was
also defined in conjunction with the pristine communities of benthic assemblages. This results in a broader
application, since it is not created only for target species.

Patterns and processes observed in aquatic communities are determined not only by local mechanisms,
but also by processes operating at a larger scale, such as hydrological units (Oberdorff et al., 2001), geology
(Corkum, 1989), geomorphology (Downs and Brooks, 1994), climate (Hughes et al., 1994) and land use
(Imhof et al., 1996). Because these large-scale factors interact with local factors, a river needs to be
examined at different scales ordered into a hierarchy, from the micro-habitat to the catchment level, each
with a different degree of sensitivity and recovery time (Frissell et al., 1986). The index presented here
attempts to incorporate instream features together with variables from beyond the main river channel. A
hierarchy of variables potentially influencing benthic assemblages were considered as possible cause–
response linkages for both physical and water-quality parameters.

Stream managers often require information about the physical features of a river in need of improvement
in order to define passive or active strategies for restoration (McIver and Starr, 2001) and to evaluate the
success of such strategies in enhancing the biota (Reeves et al., 1997). The Portuguese river
authority}National Water Institute (INAG)}is taking the first steps in stream rehabilitation and
requires tools to assess the effectiveness of schemes before and after work has taken place. The index
described here is designed to support and satisfy that requirement by establishing clear links between the
aquatic biota and physical features.

METHODS

Study area

The study was conducted in northern Portugal (Figure 1). It included the catchments of the rivers Lima,
C!aavado and Ave, here described as North-west (NW), and the Portuguese part of the Douro catchment.
Each catchment corresponds to distinct river basin districts (RBDs), which have their own catchment plans.
The main characteristics of the two RBDs are summarized in Table 1 and show that there is intensive
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Figure 1. Location of the North-west and Douro catchments in Portugal, showing sampled sites used in the development of the habitat
index. Reference (+) and impaired sites (*) are illustrated.

Table 1. Main characteristics of the Douro and NW catchments in northern Portugal

Characteristics Douro NW

Geology Granite and schist Granite

Valley shape Steep valleys in the upland areas Narrow, high-gradient valleys along the entire
river network

Rainfall >1400mmyr�1 in the mountainous northern
areas and 5500mmyr�1 in semi-arid central part

Average >1900mmyr�1; ca 2800mmyr�1 in the
headwaters

Land use Areas dominated by agro-forestry Dominated by agriculture in the flatter western
areas and forest in the highest zones. Higher
population density than the Douro

Low population density, except near the river
mouth

Main impacts Low human influence except in the coastal strip
where urban pressures create environmental
problems with impacts on running waters

The coastal area has the largest human population
density in Portugal. Domestic sewage treatment
hardly reaches a level of 50% of all settlements

River Douro is highly regulated Ave basin has relatively high concentration of
industry (mainly textile factories)
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human impact in the downstream areas of both catchments, whereas river regulation (due to impoundment
structures for hydropower purposes) is more widespread. Flow conditions are relatively higher and less
variable in the NW RBD due to the Atlantic influence, which, in conjunction with the steep gradients,
creates fast-flowing streams. Urban development and intensive agriculture are less represented in the Douro
catchment.

Data collection

The data set consisted of 90 samples (one per site), 36 and 54 respectively in the NW and in the Douro
catchments, taken from 47 streams (Figure 1) covering the whole range of environmental conditions.
Ecological information included benthic biota, physical habitat and water quality assessment. Surveys were
carried out during the spring/summer of 1999 in the NW catchments and in 1997 in the Douro basin.
Benthic invertebrates were collected using a kick net (350 mm mesh aperture) with a constant effort of 5min
(CPUE). Each habitat (e.g. riffle, pool, edge) was sampled in proportion to its representation at the site.
Wherever possible, the organisms were identified to species level, with the exceptions of Hydracarina
(order), Diptera (family, or sub-family for Chironomidae) and Oligochaeta (family). All organisms were
counted.

Environmental variables at different spatial scales, including those associated with human activities, were
recorded to develop a method for assessing the stream habitats of all the catchments in northern Portugal.
The data represent 85 environmental variables, which can be divided into 36 regional and 49 local
categories, the latter comprising reach and valley variables. Names and abbreviations of each variable, units
and expected response to increasing perturbation are presented in Table 2. This table shows that there is a
higher level of human impact in the NW RBD, at the two spatial scales, in spite of its relative hydrological
stability.

Disturbance in the catchment was assessed in relation to the removal and destruction of habitat,
clearance of stream-bank vegetation, alien plant species, forestry and road building, regulation of rivers,
sedimentation from land clearance, diffuse pollution, and point-source pollution from industry, urban
development and mining. Measurements of local environmental variables took place along the same 100m
stretch used for biological data collection. Valley-scale variables were based on a standard 2 km length,
comprising the area that directly influences the river channel. Regional environmental variables were
measured for the whole catchment upstream of the sample site.

Reach and valley variables describing local conditions were evaluated in the context of instream and
surrounding habitat features, water quality, flow regime, aquatic and riparian vegetation, energy sources,
land use, artificial modifications of the channel, banks and valley, location and climate. The regional
variables were expressed in terms of geomorphological characteristics, land cover, chemical contamination
from diffuse sources, impoundment effects, and urban and industrial impacts.

Data analysis

Selecting and testing environmental variables

Since the aim of this study was to create an index that accurately measures and diagnoses the cumulative
impacts of multiple stressors through a small group of variables, the first step was to select those variables
representative of the various scales that explained most of the variance in species composition. For this
purpose, a canonical correspondence analysis (CCA) was performed using CANOCO (ter Braak and
Smilauer, 1998). CCA is a method of direct gradient analysis, where the ordination of objects (sites) is based
simultaneously on species data and on associated environmental information (Jongman et al., 1987; ter
Braak and Prentice, 1988). Only those variables with a variation inflation factor (VIF) less than 20 were
included, to avoid multicollinearity (ter Braak, 1986). Multiple CCAs were necessary to obtain a restricted
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Table 2. Environmental variables at regional and local scale measured at 90 sites in northern Portugal and used in the construction of
the HCIa. Variables marked with an asterisk are least likely to be affected by human activities

Environmental variables Douro NW Expected response
to increasing per-
turbation

Mean SD Mean SD

Local variables
Instream and surrounding topographical features
*Mean water depth, h (cm) 55.8 35.5 63.2 27.7
*Maximum water depth, hmax (cm) 101.8 55.6 132.6 58.8
Mean water velocity, v (m s�1) 9.22 11.52 35.56 40.67 Decrease
Maximum water velocity, vmax (m s�1) 32.77 30.02 70.50 63.56 Decrease
*Mean wetted channel width, w (m) 13.06 12.36 24.05 31.90
*Stream width:depth ratio, w/h 24.41 17.65 39.15 60.33
Substratum size class (%) Decrease
bedrock, %rock 17.8 22.5 11.7 21.2
boulder, %bould 20.1 15.4 22.8 22.9
cobble, %cob 22.0 16.8 13.3 14.7
gravel, %gravel 16.8 14.4 7.8 9.6
sand, %sand 15.7 15.6 30.0 28.7
slime, %slime 0.2 1.4 0.7 4.2
clay, %clay 7.4 12.4 13.8 29.9

Percentage of dominant substrate, %domS 45.3 13.4 59.4 20.3 Increase
Channel quality, GQC 28.8 4.6 25.8 5.6 Decrease
Habitat modification score, HMS 6.3 4.1 6.6 4.4 Increase
Morphological condition, MC (categories 1–5) 1 – 1 – Increase
*Mean stream slope, Ss (mkm�1) 20.6 11.6 63.1 60.0
Sediment load segment, SLS (categories 1–5) 2 – 2 – Increase
*Predominant form of the valley, PFV (cate-
gories 1–7)

2 – 1 –

Water quality parameters
pH 6.90 0.76 6.61 0.66 Variable
Dissolved oxygen, O2 (mgL�1) 9.76 2.08 8.81 1.59 Decrease
Percentage of dissolved oxygen, %O2 99.2 23.0 91.0 13.7 Decrease
Water temperature, temp (8C) 20.53 2.98 17.41 3.75 Increase
Turbidity, turb (categories 1–4) 3 – 3 – Increase
Conductivity, cond (mS cm�1) 118.54 77.65 81.52 123.63 Increase

Flow regime
Hydrological regime, HR (categories 1–5) 1 – 1 – Increase
Stream flow, F (mm) 356.48 240.88 1170.83 426.68 Variable

Aquatic vegetation
Aquatic vegetation covering, %aquC 23.8 28.0 12.5 19.6 Increase

Riparian vegetation
Riparian canopy cover, %ripC 35.4 32.8 22.2 28.1 Decrease
Herbaceous covering, %herbC 33.4 25.2 44.0 33.1 Variable
Structure of arboreal vegetation, SAV 16.0 8.1 14.5 7.8 Decrease
Riparian vegetative zone width, RW 4.1 3.0 2.5 2.1 Decrease
Influence of riparian vegetation structure, IRS 6.2 3.6 6.6 4.3 Decrease
Riparian vegetation richness, RR 2.5 1.1 3.4 1.7 Variable
Integrity of riparian vegetation, IR 12.6 5.6 11.6 6.3 Decrease
Riparian habitat quality, QBR 70.2 22.0 56.1 26.5 Decrease
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Table 2 continued

Environmental variables Douro NW Expected response
to increasing per-
turbation

Mean SD Mean SD

Riparian zone segment, RZS (categories 1–5) 3 – 2 – Increase

Energy sources
Organic particulate matter, Debris (categories

1–5)
1 – 5 – Decrease

Land use
Marginal land-use, MLU 14.9 5.5 18.5 5.8 Decrease
Land-use segment, LUS (categories 1–5) 2 – 2 – Increase
Urbanization segment, US (categories 1–5) 2 1 Increase

Artificial modifications to the channel, banks and
valley
Anthropogenic perturbation, anthP 4.6 3.6 6.4 4.7 Increase
Bank alterations, Bank alt (categories 1–5) 1 – 1 – Increase

Location
*Altitude, Altitude (m) 373.3 224.8 222.7 276.0
*Longitude, Long (m) 265759 44436 182600 18692
*Latitude, Lat (m) 480325 41797 528623 18621

Climate
*Mean daily air temperature, Tair (8C) 13.5 1.8 13.0 1.9
*Mean annual precipitation, Prec (mm) 874.1 295.5 1894.4 432.2

Regional variables
Geomorphological characteristics
*Distance from source, distS (km) 44.6 34.7 25.1 21.1
*Stream order, SO 3.3 1.0 2.8 1.1
*Zonation, Z (categories 1–6) 2 – 1 –
*Catchment area, A (km2) 568.2 798.3 355.0 557.3
*Catchment area class, A (cat) (categories 1–4) 3 – 2 –
*Relief ratio, Rr 27.6 15.8 73.3 78.4
*Total stream length, totL (km) 303.4 483.5 162.8 241.7
*Catchment length, L (km) 33.7 22.6 23.5 22,2
*Form ratio, Fr 0.42 0.22 0.67 0.82
*Elongation ratio, Er 0.71 0.18 0.84 0.39
*Drainage density, Dd (kmkm�2) 0.49 0.12 0.44 0.17
*Mean catchment slope, Sb 0.50 0.26 0.74 0.34

Land cover
Relative proportions of catchment land-use
Forest, %Forest 30.4 10.6 30.4 7.6 Decrease
Uncultivated land, %Uncult 31.3 8.5 33.9 14.3 Decrease
Unproductive, %Unprod 3.2 3.4 8.3 8.0 Variable
Agriculture, %Ag 33.2 9.4 22.8 9.2 Increase
Social area, %Soc 1.5 2.0 3.4 2.6 Increase
Hardwood:Softwood ratio, Hard/Soft 4.8 21.7 3.3 4.6 Variable
Kilometres of roads, Road 322.9 389.2 320.9 480.1 Increase
Percentage of burned area, %Ba 0.6 0.5 1.2 0.7 Increase
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set of statistically independent environmental variables related to the benthic assemblages. Data were
standardized for environmental variables and by a non-linear procedure for taxa (log x+1).

The remaining environmental variables were analysed in order to determine their relationship with
geographical patterns. For this purpose, seven alternative a priori site classifications (clusters of sites) based
on altitude, catchment area, mean catchment slope, latitude, stream order, mean daily air temperature and
catchments were tested by discriminant function analysis (DA). Thus, the classification that presented the
fewest cases misclassified was selected for further tests, a technique used by Barbour et al. (1996). The
package STATISTICA 5.6 # (Statsoft, 2001) was used to achieve this selection.

Non-metric multidimensional scaling (n-MDS) analysis, an ordination method based on a rank order of
Bray–Curtis similarities of benthic data between sites, allowed comparison between the previous
classification of sites produced by the environmental variables with the zonation patterns displayed by
this fauna. This analysis clarifies the data when species composition is determined by factors other than
position along a specific gradient (De’ath, 1999). The n-MDS was computed from transformed (log x+1)
species abundances using the package PRIMER 5 (Clarke and Gorley, 2001). Such a classification allowed
an independent treatment of each group of sites so that the selection of variables could be made within
them by performing new CCAs. Variables that were not consistent in explaining the variance of taxa among
those groups were discarded.

Table 2 continued

Environmental variables Douro NW Expected response
to increasing per-
turbation

Mean SD Mean SD

Chemical contamination from non-point sources Increase
Nitrogen, N (kg yr�1 ha�1) 1.94 0.96 3.56 1.11
Phosphorus, P (kg yr�1 ha�1) 2.85 1.25 2.69 1.49
Number of heads of cattle Increase
Bovine, Bov 3997.5 5119.7 4056.6 6269.5
Swine, Sw 3613.2 5026.9 2118.0 3449.7
Ovine, Ov 11956.9 21167.4 2478.7 3331.4
Caprine, Cap 2798.2 4134.7 1807.5 3157.5

Impoundment effects
Upstream dam site, UDS (categories 1–5) 1 – 1 – Increase

Municipal and industrial impacts
Effluent load generated by human population Increase
Biochemical oxygen demand, BOD5 (t yr

�1) 376.7 543.7 532.1 1382.4
Total suspended solids, TSS (t yr�1) 537.1 775.3 779.0 2022.3
Total nitrogen, Ntot (t yr�1) 75.2 108.5 104.8 276.0
Total phosphorus, Ptot (t yr�1) 22.9 33.1 31.8 84.0

Effluent load generated by industrial activities Increase
Total suspended solids, indTSS (t yr�1) 1.02 0.14 1.17 0.38
Chemical oxygen demand, indCQO, (t yr�1) 1.02 0.14 1.22 0.54
Number of wine-cellars, Wcel 1.8 3.3 1.4 3.5 Increase
Number of mines, Min 0.6 1.6 0.2 0.5 Increase
Number of inert matter extraction industries,
Inert

6.5 11.1 0.8 1.7 Increase

aModal values (bold numbers) are shown for the group of categorical variables.
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To ensure that only those variables that are good indicators of human impacts were chosen and,
consequently, to obtain an index independent of stream typology, Pearson correlations were made between
distance from source of all sites (n=90) and the preselected environmental variables.

A set of undisturbed sites is required to establish regional reference conditions for comparisons of metrics
(Barbour et al., 1996). Using an n-MDS for each group of sites on the basis of their macroinvertebrate
composition, an a posteriori approach to classifying sites along a gradient of human disturbance can be
made by identifying groups of reference and modified sites. Refinement and confirmation of the site classes
were accomplished through comparisons of physical and chemical data collected in each location with the
norm of the INAG that defines the use of water for multiple purposes in different classes. This norm is
based in 27 parameters that describe the principal nutrients and micropollutants. Thus, a site was
considered unimpaired if it belonged to class A and impaired if it belonged to classes D or E.

Once the reference sites and most of the modified sites had been clearly defined, they were used to test the
sensitivity of the final variables within catchments. The ability of each environmental variable to
discriminate between stressed and unstressed conditions was evaluated according to the method described
by Barbour et al. (1996), which is based on the degree of interquartile overlap in ‘box-and-whisker’ plots. If
there is minimal or no overlap between the distributions then the variable can be considered to have a
strong discriminatory power, but if the overlap is considerable then the variable is discarded.

Index development

After restricting the number of variables, the structure of the Habitat Condition Index (HCI) required two
further steps:

1. Definition of the scoring criteria for each variable within each catchment via standardization to unitless
scores to guarantee that each variable has the same value and importance even though they have
different scales. Five scores were considered by using the appropriate quartile of the reference
distribution (25th or 75th percentile if variables decrease or increase with impairment respectively}see
Table 2). Thus, using the appropriate percentile as the threshold, values that are closest to this percentile
receive higher scores (4 and 5), and those having a greater deviation receive lower scores (1 to 3). The
final value of HCI resulted from the sum of core variable scores for each separate catchment.

2. Definition of the HCI categories related to the various levels of impairment. The threshold to delimit
impaired versus unimpaired conditions was that for the moderate versus good status, which corresponds
to the 25th quartile. The other condition classes resulted from equidistant sectioning of the remaining
index amplitude.

The flow chart of the main steps involved in the construction of the HCI is shown in Figure 2.

RESULTS

Selection of variables and sensitivity analysis

CCA, together with the examination of individual VIFs, suggests that 40 candidate variables make a
statistically significant contribution to the variability of invertebrate assemblage (Table 3). Seven belong to
the group of regional variables. Six (three at a regional scale (SO, A(cat) and Sb) and three at a lower local
scale (Altitude, Lat and Tair)) are typological descriptors consequently eliminated from the group of the
remaining 40 variables. These six typological variables were used together with the catchment to classify
sites into discrete groups to detect major geographical patterns. The remaining 34 variables were used to
formulate the habitat index.
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The two RBDs considered (NW and Douro catchments) gave the most appropriate classification of the
stream networks. This partition resulted in a 0% misclassification rate of sites, enhancing the
discriminatory power of the geographical patterns of the streams (Table 4).

Definition of sampling sites 
within a selected region 

Characterization of invertebrate 
assemblages: 

composition and abundance 

Environmental information at 
different spatial scales (regional 

and local)

MDS sites 
ordination  

First variables selection  
CCAs

Typological classification 
DA

Selection of the 
typological 
variables 

Sites division by 
catchment 

Second variables selection  
CCAs for each catchment 

Selection of 
reference and 

impaired sites for 
each catchment 

MDS Selection of non-          
-typological variables 
Pearson correlation 

Sensitivity test of variables within groups 

Interquartile overlap (Barbour et al., 1996)  

Variables standardization 
Scoring 

HCI Index

Figure 2. Main steps in the development of the HCI to assess the environmental disturbance of river sites.
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The n-MDS ordination of invertebrate species composition displayed a similar separation into two basin
groups, overlapping the RBD division (Figure 3) and confirming that the benthic communities display
different assemblages in each region.

A further refinement of variables took place for each catchment through another CCA and resulted in
the elimination of nine environmental variables (hmax, w, Ss, turb, RR, RZS, Hard/Soft, Ptot, Inert).
Table 5 shows the Pearson correlation coefficients for the remaining 25 variables. Environmental variables
that exhibited a high correlation with the longitudinal gradient expressed by distS (p50.01) (h, w/h, temp,
%ripC and IRS) were eliminated because they are sensitive to natural variation and hide the effects of
perturbation.

Once the catchments were made evident, n-MDS ordinations were made separately for each one (Figures
4 and 5). It appeared that in both catchments it was possible to define a disturbance gradient, suggesting
that the two groups of sites support different invertebrate communities; consequently, this allowed the
selection of a group of reference and impaired stations for scoring the candidate variables. Thus, the
reference sites, in both catchments, were characterized by a high diversity of species intolerant to
disturbance and organic pollution belonging mainly to the Ephemeroptera, Plecoptera, Trichoptera and
Coleoptera. In contrast, impaired sites were dominated by Oligochaeta, Gastropoda and Hirudinea, and
totally lacked species of Trichoptera, Plecoptera and Odonata.

To assess the discriminatory power of the 20 variables retained from the previous procedures, box-
and-whisker plots (Figure 6) were constructed for each catchment. This analysis showed that

Table 3. Preselected variables after the accomplishment of CCAs. Variables marked with an asterisk are
descriptors of natural variability of the rivers (ecotypological variables). Regional variables are in bold type

h SLS IRS Altitude*
hmax pH RR Lat*
v O2 QBR Tair*
vmax temp RZS SO*
w turb Debris A (cat)*

w/h cond MLU Sb*

%domS %aquC LUS Hard/Soft

HMS %ripC US %Ba
MC %herbC anthP Ptot

Ss SAV Bank alt Inert

Table 4. Results of discriminant analysis of ecotypological variables (alternative classifications) for
candidate environmental variables

Classification model Multivariate
p-value

Discriminant
misclassification
rate (%)

Altitude (4200m/>200m) 0.0190 10
Altitude (4400m/>400m) 0.0009 7
Altitude (4500m/>500m) 0.0202 13
Catchment area (51000 km2/51000 km2) 0.0001 2
Catchment area (5100 km2/100–1000 km2/>1000 km2) 0.0000 12
Mean catchment slope (40.5/>0.5) 0.2022 18
Latitude (5500 000m/5500 000m) 0.0011 10
Stream order (1–3/4–6) 0.0005 6
Mean daily air temperature (412.58C/5158C) 0.1053 24
RBD (NW/Douro) 0.0000 0
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only 10 candidate variables were identified as being consistent among catchments. Variables that showed
little or no discriminatory ability were eliminated (v, %domS, HMS, MC, pH, O2, %aquC, %herbC,
US, %Ba).

Northwest 

Douro 

Rabaçal 2 

Figure 3. n-MDS ordination plot of all sampled sites showing the separation among catchments (final classification). Rabaçal2, an
outlier, was not reclassified because it had a reduced number of organisms, possibly due to difficulty in sampling.

Table 5. Pearson correlations between distance from source and
preselected environmental variables ðn ¼ 90Þ. Correlations marked

with an asterisk are significant at p50.01

Variable r

h 0.4312*

v �0.2535
vmax �0.2606
w/h 0.2856*

%domS 0.0176
HMS �0.2142
MC �0.1637
SLS 0.0666
pH 0.2261
O2 0.1991
temp 0.3963*

cond 0.1770
%aquC �0.1127
%ripC �0.4486*

%herbC �0.1756
SAV �0.1444
IRS �0.2810*

QBR �0.0377
Debris �0.2650
MLU �0.2612
LUS 0.1206
US 0.1169
anthP 0.0292
Bank alt 0.0493
%Ba �0.1908
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Development of the HCI

The standardization of the core environmental variables was accomplished by dividing them into five
categories. Given that the environmental variables, such as Bank alt, Debris, LUS, SLS and QBR, were
originally assessed by five ordinal rating categories, the same ‘pentasection’ was used to score the range of
all variables.

Scores for the retained variables were obtained by their descriptive statistics (min value, max value and
25th, 50th and 75th percentiles) and appear in Table 6. Through these data it was possible to compute for

Reference
sites 

Impaired
sites 

Figure 4. n-MDS ordination plot of sampled sites in the NW catchment. The curved lines are imaginary lines that separate the
reference and impaired sites from the remaining ones.

Reference
sites 

Impaired
sites 

Figure 5. n-MDS ordination plot of sampled sites in the Douro catchment. The curved lines are imaginary lines that separate the
reference and impaired sites from the remaining ones.
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the NW and Douro catchments the potential maximum and minimum index scores, which were 50 and 10
respectively. By comparing the index scores of the reference and modified sites within each catchment
(Figure 7), the ability of the HCI to separate these groups becomes clear.

Appendix 1 illustrates the field data sheet derived for HCI, which consists of the 10 final variables, six for
the reach scale and four for the valley scale, with five conditions for each one. A score of 5 indicates a
reference condition, whereas a score of 1 indicates the most disturbed condition. The habitat condition of
the stream is calculated by the sum of the scores for all variables.
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Figure 6. Discriminatory power analysis of the environmental variables for reference and impaired streams. Boxes are
interquartile ranges (25%ile to 75%ile), range bars represent maximum and minimum of non-outliers, small squares are medians,

and dots are outliers.
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DISCUSSION

The HCI attempts to combine the different levels of the habitat descriptors in order to quantify human
impacts on river systems. This objective helps to fulfil a growing need to evaluate ecological integrity at
individual sites up to the level of the whole catchment. It also includes the quantification of cumulative
effects in order to develop management strategies and establish procedures for conservation and restoration
according to the level of observation and management boundaries (Moyle and Marchetti, 1999; Ward et al.,
2001; V�lstad et al., 2003).
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Figure 6. (continued).
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Three factors for assessing physical habitat in large catchments need to be addressed: (a) the survey time
that is required, especially when habitat assessment is done across a range of spatial scales (Maddock,
1999); (b) knowledge of the relationship between the biota and measured variables; and (c) the character of
the variables. These aspects were considered during HCI development: the environmental variables do not
require extensive field work; their selection was made by crossing biological and environmental data
matrices through CCA (Table 3); and the scores derived reflected the disturbance character of sites
(established by the n-MDS; Figure 4). Moreover, the HCI eliminated the redundant variables through the
successive CCAs and adopted exclusively those that exhibited an independence from the natural variation
(Table 5). In addition, it took into account the environmental characteristics of the two main catchments by
a differential scoring of variables, although it must be recognized that this separation could be the result of
the different years in which these areas were sampled. The end product was a simple index that avoids the
high costs of surveying two spatial scales (habitat and river corridor) and which exhibits a clear separation
of sites according to the degree of human impact (Figure 6). The philosophy of the HCI, integrating the
biotic and abiotic components, also led to the development of indices such as ISC (Index of Stream
Condition}Ladson et al., 1998). This index was produced by a research group with expertise in stream
ecology, geomorphology, water quality and hydrology, including members from river management bodies
and government departments. It comprises an empirical set of indicators that can be used and understood
by river managers, with the objective of assessing environmental degradation. Five components are
included in the ISC: hydrology, physical form, streamside zone, water quality and aquatic life (benthic
fauna), which are scored and weighted, based on the pragmatic judgements of the research group.

Table 6. Descriptive statistics and scores for the core environmental variables for the HCI for northern Portugal

Environmental variable Statistics Score

Min 25%ile 50%ile 75%ile Max 5 4 3 2 1

NW (n=9)
vmax 70.5 94.6 137.2 162.8 195.3 5146 145–95 94–63 62–31 531
SLSa 1.0 1.0 1.0 1.0 2.0 1 2 3 4 5
cond 18.6 19.5 25.7 30.6 41.2 415 16–31 32–187 187–343 >343
SAV 0.0 12.5 20.0 22.5 22.5 518 17–12 11–8 7–4 54
QBRa 40.0 45.0 70.0 85.0 100.0 595 75–90 55–70 30–50 0–25
Debrisa 4.0 5.0 5.0 5.0 5.0 5 4 3 2 1
MLU 12.2 19.4 20.3 22.5 26.3 525 24–19 18–14 13–9 8–5
LUSa 1.0 1.0 1.0 2.0 2.0 1 2 3 4 5
anthP 0.0 2.0 3.0 6.0 9.0 43 4–6 7–9 10–12 >12
Bank alta 1.0 1.0 1.5 2.0 2.0 1 2 3 4 5

Douro (n=10)
vmax 0.0 32.6 66.4 69.8 104.1 569 68–33 32–22 21–11 511
SLSa 1.0 1.0 1.0 1.0 2.0 1 2 3 4 5
cond 21.2 38.0 49.5 70.0 129.9 435 36–70 71–168 169–266 >266
SAV 10.0 20.0 22.5 22.5 25.0 523 22–20 19–14 13–7 57
QBRa 60.0 75.0 85.0 100.0 100.0 595 75–90 55–70 30–50 0–25
Debrisa 3.0 4.0 4.5 5.0 5.0 5 4 3 2 1
MLU 11.8 15.0 18.8 23.3 27.5 522 21–15 14–12 11–9 8–5
LUSa 1.0 2.0 2.0 2.0 4.0 1 2 3 4 5
anthP 0.0 1.0 2.5 4.0 8.0 42 3–4 5–8 9–12 >12
Bank alta 1.0 1.0 1.3 1.5 2.0 1 2 3 4 5

aVariables originally ‘pentasectioned’ according to a gradient of perturbation.
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Because the number of potential environmental variables to evaluate is vast (from land-use patterns to
the micro-habitats within different catchments), the need for such extensive habitat evaluations, instead of
relying only on biological assessments, must be questioned. Habitat methods generally display a much
lower variability when compared with biological assessments (e.g. macroinvertebrates), making
modification thresholds simpler to define and calibrate (Hannaford and Resh, 1995). Biological metrics
used to measure stream health, such as IBI or ICI, are generally applied at a reach scale and not at a
catchment level. One exception is the W-IBI, developed by Moyle and Randall (1998) and applied by Moyle
and Marchetti (1999), that evaluates catchments using metrics based exclusively on native amphibian and
fish populations. Increasing the spatial scale of observation may decrease the temporal frequency of the
observations, since the variables do not exhibit the intense temporal dynamism linked to short-term impacts
and the associated specific resilience of the habitat and micro-habitat (Frissell et al., 1986). However, the
fact that the HCI also displays a weak relationship between catchment or regional variables and biota when
compared with local variables that characterize the reach or the fluvial habitat cannot be ignored. One
explanation is that the effects of perturbation occurring at a catchment level may be reduced by the time
they reach the river. Such a buffering influence is probably amplified by a riparian corridor. This is
supported by the fact that the HCI includes variables such as structure of arboreal vegetation (SAV) and
riparian habitat quality (QBR), which are directly linked to local riparian conditions. Moreover, other
variables included in the index are also related to the integrity of this vegetation, such as debris or even
conductivity. In reality, the biological integrity of rivers is, to a great extent, dependent on riparian
vegetation, both through its influence on stream nutrients, sediment inputs and water temperature,
and on the energy sources and flow regime (Naiman, 1992; Sweeney, 1992; Roth et al., 1996). Riparian
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ecotones indeed have the ability to mitigate human impacts at larger scales, since they contribute to the
retention of sediments and nutrients (Jaworski, 1993). Removal of riparian vegetation leads to stream-bank
erosion, increases the accumulation of fine sediment in the channel, and reduces the recruitment of large
woody debris, which plays an important role in retarding sediment transport and providing habitat for
aquatic organisms (Jaworski, 1993; Bisson and Bilby, 1998). Thus, it is natural that restoring buffer strips
represents an essential tool in river rehabilitation, as they reduce siltation and improve fisheries (mainly
herbivore and insectivore populations and also litophilous spawners) (Rabeni and Smale, 1995).

Because the way in which large-scale factors operate may be complex and may interact with local factors
(Frissell et al., 1986), there is a considerable skill involved in defining landscape metrics for monitoring
landscape change aided by the rapid development of remote sensing and geographic information systems.
However, Gergel et al. (2002) remain sceptical and question whether it is worthwhile integrating large-scale
variables in monitoring programmes, since it is often difficult to establish cause–effect relationships with
biotic communities. The fear is that unnecessary additional costs may accrue, since the process reduces the
speed in obtaining data. Broad-scale sampling involves trade-offs between time, effort, and level of detail and
can often lead to confusing and contradictory results. For instance, McMahon and Harned (1998) found
that land use was a strong predictor of nutrient concentrations in streams at the catchment scale. Johnson
et al. (1997) and Cresser et al. (2000) also discovered the same relationship between nutrient loads and land
use, but they concluded that these effects are limited to the immediate neighbourhood of an aquatic system.
Similarly, Sliva andWilliams (2001) concluded that landscape factors do not reflect nutrient variability in the
rivers, since local factors (such as point-source pollution) are often better predictors. Snyder et al. (1999) also
managed to obtain linear relationships between biological integrity and micro-habitat or riparian structure
simply by scoring these descriptors visually. However, these influences depend on the nature of each
variable. Sponseller et al. (2001) verified that whereas water chemistry was related to land cover at the scale
of the catchment, stream temperature and substratum were related to land cover at the scale of the riparian
corridor in the same catchments. V�lstad et al. (2003) found that the risk of local impairment in non-tidal
streams increases rapidly with increased urban land-use in the catchment area.

To accommodate the demands of the Water Framework Directive (WFD), which guides river management
at the catchment scale, additional research will be necessary to include variables at this level in the HCI with
obvious linkages to the aquatic biota. At present, the HCI is being used as a screening method for selecting
WFD reference sites at an affordable cost. Its application will permit validation of the results and will help to
make the index more accurate by showing whether there is a significant spatial variation of the parameters
included in the HCI between the main catchments. This aspect was possibly confounded in the present work
due to the different yearly sampling periods (i.e. Douro in 1997 and NW in 1999).
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