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ABSTRACT

Habitat modelling results are extremely sensitive to the habitat suitability criteria (HSC) used in the simulations. HSCs are
usually expressed as univariate habitat suitability curves, although such univariate approach has been long questioned, since
overlooking interactions between hydraulic variables may misrepresent the complexity of fish behaviour in habitat selection. It
could lead to adopt erroneous flow management decisions based on misleading results. Furthermore, the interactive effects of
hydraulic variables on habitat selection may be driven by the structural features of the channel, which determine cover
availability. Therefore, we compared brown trout habitat selection patterns through multivariate resource selection functions
(RSFs) in structurally contrasting rivers to unveil the interactive effects of hydraulics and cover elements and their consequences
in univariate HSC results. Microhabitat preferences of young-of-the-year (0þ) trout were similar across fast and slow waters,
meanwhile juvenile (1þ) and adult (>1þ) preferences significantly changed. RSFs for young-of-the-year trout were consistent
with univariate results and did not differ among water types. However, RSFs for older trout varied among water types and
revealed complex interactions among hydraulic variables and between hydraulics and structural elements, which were not
described accurately by univariate curves. Therefore, results suggest that interactions between water depth and current velocity
have a significant effect on habitat selection patterns in juvenile and adult brown trout, this effect being controlled by cover
availability. Copyright # 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Habitat-induced population limitations are related to the amount and quality of habitat available to fish at critical

stages in their life cycle (Bovee et al., 1998). Therefore, long-term decreases in habitat availability due to human-

induced flow reductions or habitat degradation may cause a decline in population density. Consequently, the

knowledge of the habitat requirements of species is essential for assessing different impacts from human activities

on fish communities. This is especially relevant in salmonid wild populations of south European countries which

are currently threatened by habitat destruction, pollution, introduction of exotic especies, overfishing and

introgression of foreign genes as a result of artificial stocking (Almodóvar and Nicola, 1998, 1999, 2004;

Almodóvar et al., 2001, 2002, 2006a,b; Elvira and Almodóvar, 2001).

Habitat selection in salmonids is based on their competitive abilities and the profitability of territories in terms of

both potential net energy intake rate and predation risk (Grand and Dill, 1997; Railsback and Harvey, 2002). The

trade-off between energy gain and risk is much determined by the characteristics of the physical habitat, which is, in

turn, determined by the interaction of the structural features of the channel and the hydrological regime (Maddock,

1999). Changes in physical habitat quality and quantity related to flow variations or modifications in the channel

structure can be assessed with physical habitat simulation models. These models usually couple a hydraulic model

with a biological model of habitat selection, the habitat suitability criteria (HSC). The HSC is an analytical tool

used to represent preferences of different aquatic species for various instream habitat variables at different life
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stages (Bovee et al., 1998) and this information is usually expressed as univariate habitat suitability curves. Habitat

simulation models can include a wide range of variables, provided that they are related to the hydraulics or the

structural characteristics of the stream. However, depth, velocity and substrate size are usually considered the only

driving physical attributes (Parasiewicz and Walker, 2007). Quantification of available cover is less widespread

regardless of its importance in defining the distribution of individuals in the stream. In many cases, substrate

granulometry is not enough to quantify cover, so other elements such as woody debris or overhanging and aquatic

vegetation should be considered.

The univariate approach in developing HSCs has been always criticized on the basis that fish do not select

physical habitat features independently. This is likely to be true as long as functional habitats have been shown to be

associated with distinct combinations of depth and velocity, rather than with depth and velocity separately (Kemp

et al., 1999). For this reason, several authors (e.g. Orth and Maughan, 1982; Vismara et al., 2001) have suggested

that ignoring possible interactions between the hydraulic variables could introduce a bias and lead to a

misinterpretation of habitat modelling results. Consequently, different multivariate methods have been used in

habitat modelling studies to consider the interactions between habitat variables (Ahmadi-Nedushan et al., 2006).

Within such multivariate approaches, generalized linear models (GLMs) and generalized additive models (GAMs)

have been recently employed to model resource selection functions (RSFs) in different fish species (e.g. Labonne

et al., 2003; Fore et al., 2007), including salmonids (e.g. Jones and Tonn, 2004; Jowett and Davey, 2007).

Brown trout Salmo trutta physical habitat requirements are in general well established (Armstrong et al., 2003

and references therein). However, habitat selection in the wild represents habitat preference under the prevailing

biotic and abiotic conditions in any particular stream and may differ greatly among streams (Rosenfeld, 2003), so

models developed for one stream type rarely work in other stream types or in other regions (Armstrong et al., 2003).

As a result, the use of regional or site-specific HSCs in habitat modelling is often more accurate than generic curves

(Heggenes and Saltveit, 1990; Greenberg et al., 1996). Surprisingly, the number of studies in the literature

describing brown trout habitat selection patterns, either HSCs or RSFs, in rivers characterized by a Mediterranean

hydrological regime is scarce (e.g. Vismara et al., 2001), and inexistent in the Iberian Peninsula (but see Teixeira

et al., 2006 for Iberian Atlantic rivers).

Habitat modelling results may best be viewed as an indicator of population potential in systems where the

analysed physical habitat conditions are known to be major population constraints (Bovee et al., 1998). For that

reason, habitat simulation models have been increasingly applied in many Iberian salmonid rivers to determine

ecological flow regimes in the last decades. However, most of these studies have been based on either suitability

curves developed elsewhere or modifications from them, despite the consistency of the results from habitat

simulation models relies primarily on the accuracy of the HSC (Heggenes et al., 1996). Then, the proliferation of

habitat modelling studies in Iberian mountain salmonid rivers presenting a Mediterranean flow regime is not

justified according to the existing gap in the knowledge about brown trout habitat selection patterns in such

environments.

The objectives of this study were twofold. Firstly, we developed HSC for brown trout to be applied in habitat

modelling studies in small and medium sized mountain Mediterranean rivers. Secondly, we examined through a

multivariate approach (RSFs) the role of the structural characteristics of the channel and their interaction with

hydraulic variables in defining brown trout habitat selection patterns and their consequences in HSC results. For this

aim, we compared habitat selection patterns and the corresponding univariate preference curves and multivariate

RSFs among four selected study sites in a mountain Mediterranean river, which exhibit contrasting hydraulics (fast

vs. slow waters) and structural features. We expected depth and current velocity preferences within age-class to

change when the interaction between variables was considered. We also expected habitat selection patterns to

change across rivers with varying channel structure.
STUDY AREA

Two selected sites in the river Eska and one site at each of its headwater tributaries, rivers Belagua and Uztarroz,

were sampled in summer of 2004. The river Eska is a mountain stream located in the Pyrenees (Northern Spain),

and is the main tributary of the river Aragón (Ebro River basin), a Mediterranean drainage (Figure 1). The river
Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)
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Figure 1. Map of the study area showing the sampling sites at Eska River basin

BROWN TROUT HABITAT SELECTION PATTERNS 1053
Eska has hard waters from limestone catchments at elevations ranging between 460 and 2300 m above sea level.

The river Eska has a pluvio-nival hydrological regime with maximum mean discharge in winter (11.1 m3 s�1) and a

second flow peak in spring (7.6 m3 s�1) after the snowmelt, and minimum flows occurring in summer (0.8 m3 s�1).

The daily average water temperature is close to 0–18C in winter and 16–178C in summer.
MATERIALS AND METHODS

Data collection

Fish were sampled in each site by electrofishing using a 2200-W DC generator to estimate habitat use. Captured

trout were measured (fork length, to the nearest millimetre) and weighed (to the nearest gram). Scales were taken

for age determination so that each individual could be assigned to one of three age-classes, young-of-the-year (0þ),

juvenile (1þ) or adult (>1þ). The fish were placed in holding boxes to recover and then returned back to the stream.

Numbered tags were dropped wherever a trout was captured, and depth, current velocity, substrate and cover were

measured afterwards in a 1 m2 quadrat. The Froude number (FR) of each occupied position was calculated later

according to the following equation (Kemp et al., 2000): FR¼V/(gD)0.5, where V is the mean column velocity, g the

acceleration due to gravity and D the water depth.

Physical habitat availability data were collected concurrently with fish sampling at each site. Habitat availability

was estimated every 1 m along transects placed perpendicular to the flow. Transects were selected to best describe

the longitudinal distribution of all types of mesohabitats present within the site and were weighted by the proportion

of site length they represented. For this purpose, at least two transects were located at each mesohabitat type.

Sample length at study sites was five to seven times the average channel width, in accordance with the general
Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)
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precepts of alluvial river morphology on the spacing of successive riffles (Leopold et al., 1964). Average length of

study site was 67.8� 21.1 m, and average assessed area of study sites was 739.2� 404.7 m2.

Total depth (cm), current velocity (m s�1), substrate composition and cover were measured. The proportion (%)

of substrate and cover were visually estimated in a 1 m2 quadrat. Substrate was classified according to modified

categories from classification by Platts et al. (1983) as silt (particle size less than 0.8 mm), sand (0.8–4.7 mm),

gravel (4.8–76.0 mm), cobble (76.1–304.0 mm), boulder (more than 304.0 mm) and bedrock. We defined cover as

any element other than substrate that can provide protection to fish against predators or adverse environmental

conditions. The type of cover was noted as vegetation (aquatic or overhanging), woody debris, undercut bank,

combined (combination of vegetation and woody debris) and pools.
Data analyses

The site average Froude number (SFR; ratio sensitive to the proportion of riffles vs. pools in reaches) and

Reynolds number (RE; indicator of the level of turbulence), the width to depth ratio (descriptor of channel shape)

and the slow (pool) to fast (turbulent and flat) waters (Flosi and Reynolds, 1994) ratio were used to compare the

channel morphology and hydraulic geometry among study sites. The site average FR and RE were calculated

following Lamouroux and Capra (2002): SFR¼Q/(g0.5D1.5W), where Q is the site discharge, g the acceleration due

to gravity, D the site average water depth and W the channel width; RE¼Q/(gW), where g is the water kinematic

viscosity, and Q and W as noted before.

We compared habitat availability between sites, and habitat use between age-classes within a site and between

sites by age-classes. We also compared habitat availability and use to test for the existence of habitat selection.

Comparisons were made using a Kolmogorov–Smirnov test (KS one- or two-sample test) for continuous frequency

distributions and the log-likelihood ratio test (G test) for discrete frequency distributions. We also performed a

principal component analysis (PCA) to explore differences in habitat use patterns between age-classes and sites

from a multivariate perspective, and to determine the habitat variables driving such variations.

Univariate preference curves for water depth, current velocity and channel index were developed. The channel

index is a categorical variable used in habitat simulation models to describe the structural characteristics of the

stream channel (see Bovee et al., 1998). In the present study, the channel index was established as a combination of

substrate and cover features. It was classified in 11 categories according to the substrate and cover classes

previously defined. Whenever an element providing cover was present, it was considered the main structural

element of the quadrat, whereas dominant substrate represented channel index when no cover elements were

available in the quadrat. Preference curves were developed by age-classes according to standard procedures

(Bovee, 1986; Mallet et al., 2001; Vismara et al., 2001). Habitat variables were divided into classes, and histograms

of frequencies of use and availability were elaborated. The optimal size interval of depth and velocity frequency

distributions was chosen by means of the modified Sturges rule (Cheslak and Garcı́a, 1988). Preference index was

calculated as the ratio between proportional use and availability and then normalized, dividing by the maximum

preference value. Polynomial regression functions (from 2nd up to 5th order) were fitted to preference data to derive

the suitability curves, so that the best-fit models were selected based on the significance level of the regression

coefficients (Student’s t-test, p< 0.05) and on the coefficient of determination (r2). Finally, preference curves were

normalized so that the minimum value was 0 and the maximum was 1.

A RSF was developed for each age-class to describe the relationship between microhabitat characteristics and

the relative probability of habitat use. Functions were developed by means of multiple logistic regressions,

following the procedures described by Hosmer and Lemeshow (2000). Depth, current velocity, FR and percentage

of each substrate and cover class were used as continuous independent variables, and water type (fast vs. slow

waters) was input as a categorical variable. Prior to logistic regression, Pearson correlations among independent

variables were examined and highly correlated variables (r> 0.7) were excluded. A univariate analysis of each

variable was performed afterwards to test for individual significance and to assess nonlinear effects. Meaningful

interactions between microhabitat variables were also tested. Finally, competing models were compared by means

of the Akaike’s information criterion adjusted for small samples for final model selection (Burnham and Anderson,

2002). Area under the receiver operating characteristic (ROC) curve and cross-validated classification accuracy
Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)
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BROWN TROUT HABITAT SELECTION PATTERNS 1055
were used to evaluate final models, the prediction threshold being chosen as the value where model sensitivity

equalled specificity. Significance level was set at a¼ 0.1.
RESULTS

Physical characteristics of study sites

Average hydraulic and morphological values showed clear differences of sites at river Eska in comparison to

those at rivers Belagua and Uztarroz (Table I). Selected sites at river Eska (fast water-dominated sites, hereafter fast

waters) were dominated by fast-flowing habitats (rapids and riffles), so they present shallower and faster conditions

than rivers Belagua and Uztarroz (slow water-dominated sites, hereafter slow waters), mainly characterized by the

presence of pools. Such variations in reach-scale hydraulic and morphology features would predict differences in

fish habitat quality and hence changes in fish habitat selection patterns. Therefore, data were pooled by water type.

Habitat availability and use

No significant differences were detected in univariate water depth and velocity availability between fast and slow

waters (KS one-sample test, p> 0.05). However, depth–velocity bivariate distributions varied significantly between

water types (G test, p< 0.001), and maximum depth and proportion of deep-slow habitats were higher in the slow

waters. Likewise, the structural characteristics of the channel differed significantly between water types (G test,

p< 0.001). Despite boulders predominated in both fast and slow waters, the percentage of medium-sized substrate,

primarily cobble, was much higher in the fast waters. In the slow waters, cover protection was provided by pool

habitats and undercut banks, meanwhile overhanging vegetation, woody debris and a combination of both

predominated in the fast waters, elements that were almost inexistent in the slow ones.

The PCA revealed three main axes accounting for 59.5% of the total variance of habitat use between age-classes

and streams (Table II). The first factor was highly correlated with cover variables (visual vs. velocity shelters). The

second factor encompassed the hydraulic variables and a related one, pool microhabitat. Finally, the third factor

reflected substrate use, loading heavily on percentage of boulders, bedrock and gravels. Therefore, hydraulic

variables as well as cover and substrate features were determinants of brown trout habitat use patterns. Visual

inspection of the plots of the first and second components differentiated four groups of used microhabitats

(Figure 2). The first factor defined a first group (1) of visually protected positions used by juvenile and especially

adult trout in the fast waters. The second factor clearly separated a second group (2) comprising microhabitats

characterized by shallow depths and intermediate-fast current velocities, and hence high FRs (in riffle habitats),

from a third set (3) of positions showing a low FR, placed at pool habitats in the slow waters. Finally, a fourth group

(4) presenting intermediate depths, moderate velocities and presence of undercut banks could be distinguished.
Table I. Physical (mean� SD) characteristics of study sites in the Eska River basin

Study site Belagua Uztarroz Isaba Roncal

Altitude (m) 870 775 760 655
Width (m) 6.5 8.9 20 18.5
Depth (cm) 33.05� 17.75 31.01� 13.80 25.98� 10.30 24.17� 9.11
Max depth (cm) 77 58 48 45
Velocity (m s�1) 0.36� 0.39 0.44� 0.42 0.56� 0.44 0.72� 0.58
Dominant substrate element (%) Boulder (46) Boulder (57) Boulder (40) Boulder (37)
Dominant cover element (%) Pool (19) Undercut bank (13) Vegetation (5) Woody debris (8)
Froude number 0.09 0.17 0.27 0.39
Reynolds number 0.5 10�5 0.9 10�5 1.1 10�5 1.4 10�5

Width/depth ratio 19.7 28.7 75.0 77.1
Slow/fast waters ratio 0.8 0.5 0.1 0.0

Belagua and Uztarroz were classified as slow waters, while Isaba and Roncal were as fast waters.

Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)

DOI: 10.1002/rra



Table II. Factor loadings (unrotated) for the first three principal components (PCs) from principal components analysis of
variation in microhabitat use of brown trout in the study sites

Variable PC1 PC2 PC3

Depth 0.228 S0.779 �0.101
Velocity �0.466 0.707 �0.130
Froude number �0.404 0.775 �0.070
Silt �0.429 �0.338 �0.203
Sand �0.053 �0.079 0.298
Gravel 0.175 0.084 0.586
Cobble 0.057 0.505 0.282
Boulder 0.522 0.235 S0.763
Bedrock �0.469 �0.463 0.580
Vegetation S0.874 �0.177 �0.258
Woody debris S0.898 �0.259 �0.146
Undercut bank 0.298 �0.408 �0.251
Combined S0.826 �0.251 �0.193
Pool 0.322 S0.645 0.002

Variance explained (%) 26.05 22.15 11.32

Loadings in bold italics were significant (p< 0.05).

Figure 2. Plot of the factor scores for microhabitat use observations of brown trout individuals on the first two principal components for study
sites. Drawn ellipses encompass individuals with similar microhabitat use

Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)
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PCA results were consistent with statistical comparisons. Almost all observations of 0þ trout were included in

the second PCA group and, therefore, analyses did not reveal differences between water types in the use of water

depth and velocity (KS two-sample test, p> 0.05) or structural elements (G test, p> 0.05). As observed in the PCA,

juveniles and adult trout used deeper and slower habitats in the slow waters (KS two-sample test, p< 0.05), and the

use of substrate and cover elements also changed significantly between water types (G test, p< 0.05). When

comparisons were made between age-classes, young-of-the-year and adult trout displayed quite different habitat

use patterns in both fast and slow waters, while juveniles presented a more plastic behaviour (Figure 2). In the slow

waters, 1þ and >1þ trout used similar structural elements (G test, p> 0.05), water depths and velocities (KS two-

sample test, p> 0.05), although only adults occurred at depths over 40 cm (Figure 3). These observations differed

significantly from 0þ habitat use (KS two-sample test, G test, p< 0.05). In contrast, juveniles and younger

individuals used similar structural features (G test, p> 0.05) and current velocities (KS two-sample test, p> 0.05)

in the fast waters.

Habitat preference

Comparisons of used and available habitat (Figures 3 and 4) showed that all age-classes were selective with

regard to velocity and water depth (KS one-sample test, p< 0.05) and channel index (G test, p< 0.05). However, no

differences (i.e. no preference) were found between water depths used by 0þ trout and its availability in the fast

waters.

Water depth preference curves differed between age-classes (Table III, Figure 3) with optimum depth increasing

with age. Young-of-the-year trout showed a strong preference for shallow areas (optimum depth was 25 cm in both

rivers) while older trout preferred deeper habitats (maximum preference between 35 and 50 cm for 1þ and 40 and

60 cm for >1þ). Nevertheless, the shape of the curves varied between 1þ and >1þ age-classes, since the

corresponding preference curves for 1þ displayed a bell shape. Preference curves for 0þ age-class were similar

between water types, but somewhat different for 1þ and >1þ, as most preferred depth increased with maximum

available depth. However, the larger-trout/deeper-water pattern was maintained across water types.

Older trout selected slower habitats than younger ones in both fast and slow waters, although some differences

between water types were observed (Table III, Figure 3). The most preferred current velocities of all age-classes in

the fast waters (ranging from 0.8 m s�1 for 0þ to 0.5 m s�1 for >1þ) were higher than in the slow waters (ranging

from 0.4 m s�1 for 0þ to 0.2 m s�1 for >1þ), even though 0þ trout also showed a high preference for fast current

velocities in the slow waters.

Young-of-the-year were highly selective for boulders, used as velocity shelters, in both water types (Figure 4),

thus explaining their greater preference for high to moderate current velocities. Juvenile and adult preferences were

similar, although they changed between water types due to habitat availability. Therefore, 1þ individuals showed a

moderate preference for boulders in spite of they exhibited a greater preference for the combination of vegetation

and woody debris at the fast waters, and pools and undercut banks at the slow waters (Figure 4). A similar pattern

was observed in adults, although they showed a lower selectivity for boulders. Larger trout mainly selected pool

habitats in the slow waters, where the availability of pools was much higher, and this fact was reflected in the

velocity preference curves, which presented the optimum value at low current velocities. In contrast, the presence

of deep pools was almost negligible in the fast waters, wherein the deepest zones were located at the channel banks

where the overhanging vegetation and tree roots provided velocity and visual protection (Figure 4).

Resource selection models revealed that all age-classes selected specific microhabitats when compared to

availability. Habitat selection patterns of juveniles and adults differed between fast and slow waters (p< 0.01), as

expected from univariate results. Consequently, separate RSFs were developed for each water type. According to

the Hosmer–Lemeshow test, all regression models presented a high goodness-of-fit (p> 0.76). In the same fashion,

the area under the ROC curve suggested a very good discrimination between habitat use and availability for all

obtained models (c> 0.841).

The regression model for 0þ trout indicated that water depth and current velocity had significant nonlinear

effects (p< 0.005, Table IV). Young-of-the-year trout also positively selected positions dominated by boulders

(p< 0.001), meanwhile avoided undercut banks (p< 0.1). Sensitivity equalled specificity at approximately 0.21,

where the correct classification rate (CCR) of the model was 79%.
Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)
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Figure 3. Frequency distributions of used (grey bars) and available (stripped bars) water depths and velocities at fast and slow waters for 0þ, 1þ
and >1þ age-classes. The black lines are the normalized preference curves
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Figure 4. Frequency distributions of use (grey bars), availability (stripped bars) and preference index (black bars) of channel index categories:
silt (Sil), sand (San), gravel (Gra), cobble (Cob), boulder (Bou), bedrock (Bed), vegetation (Veg), woody debris (Wod), undecut bank (Und),

combined (Com) and pool (Poo), at fast and slow waters for 0þ, 1þ and >1þ age-classes

Table III. Normalized water depth and current velocity preference functions for brown trout at different water types for 0þ, 1þ
and >1þ age-classes

Water type Variable Age-class Function r2 p

Slow waters
Depth (d)

0þ PI¼ 6E-5d3þ 0.0065d2þ 0.2005d –�0.88782 0.97 <0.05
1þ PI¼�3E� 5d3þ 0.0029d2� 0.0448dþ 0.1247 0.97 <0.05
>1þ PI¼�8E� 6d3þ 0.0008d2� 0.0013d� 0.0535 0.98 <0.01

Velocity (v)
0þ PI¼ 2.2421v3� 6.3454v2þ 4.4194vþ 0.0913 0.96 <0.05
1þ PI¼ 8.1888v3� 15.115v2þ 6.9236vþ 0.0547 0.89 <0.05
>1þ PI¼ 15.679v5� 60.236v4þ 84.78v3� 52.223v2þ 12.116vþ 0.0789 0.99 <0.05

Fast waters
Depth (d)

0þ PI¼�8E� 6d3� 0.0018d2þ 0.1086d� 0.4585 0.88 <0.05
1þ PI¼�0.0001d3þ 0.0074d2� 0.1164dþ 0.5354 0.98 <0.01
>1þ PI¼�7E� 5d3þ 0.0054d2� 0.0951dþ 0.3997 0.98 <0.01

Velocity (v)
0þ PI¼�1.1297v2þ 1.763721v� 0.04535 0.68 <0.05
1þ PI¼ 0.275v3� 2.7074v2þ 3.2053vþ 0.0557 0.91 <0.05
>1þ PI¼�1.8814v3� 5.7687v2þ 4.3859vþ 0.014 0.83 <0.05

PI represents the normalized preference index. Coefficient of determination (r2) and p-values (p) are also shown.

Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)
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Similarly, linear and quadratic terms of water depth (p< 0.05), and percentage of boulders (p< 0.05) were

included in the model developed for 1þ trout in the slow waters (Table IV). The interaction between depth and

velocity described by the FR was also included in the model (p< 0.05). In contrast, RSF for juvenile trout in the fast

waters depended on water depth in a nonlinear way (p< 0.05), percentage of boulders and combined cover

(p< 0.1), but not on water velocity. Sensitivity and specificity were equal at approximately 0.26 and 0.13,

respectively. Cross-validated CCRs were 81.7 and 88.6%.

Since adult trout selected depth and velocity in opposite direction, the FR was an excellent predictor of their

microhabitat selection patterns (Table IV). In both models, selectivity increased linearly with depth (p< 0.05) and

nonlinearly with the FR (p< 0.05). The value at which the FR optimized selectivity was lower in the slow waters,

where adults highly inhabited pool habitats. Adult trout selected boulders in the fast waters, while avoided them in

the slow ones (p< 0.05). However, the model developed in the slow waters showed that adults selected substrate of

boulders when occupying positions of higher FR (i.e. in riffles; p< 0.1). Finally,>1þ fish in the fast waters selected

microhabitats connected to undercut banks (p< 0.05), as well as vegetation and woody debris but only when the

FR increased (p< 0.1). Sensitivity and specificity curves crossed at 0.51 (slow waters) and 0.15 (fast waters). CCRs

at optimum thresholds were 78.1 and 87.7%, respectively.
DISCUSSION

We observed a spatial segregation of age-classes in the depth gradient, a behaviour previously described in brown

trout populations (e.g. Greenberg et al., 1996; Mäki-Petäys et al., 1997; Roussel and Bardonnet, 1997; Teixeira

et al., 2006). Despite physical habitat is the major determinant of spatial variations in the abundance and

distribution of most salmonid populations (Milner et al., 2003), the distribution of younger individuals at a reach

scale is affected by older fish through intercohort competition or predation (Bult et al., 1999; Vehanen et al., 1999;

Nordwall et al., 2001; Vik et al., 2001). This results in deeper areas being occupied by larger trout and younger

individuals living in shallow habitats. In fact, in our studied rivers the use of pool habitats by juvenile and especially

adult brown trout grew disproportionately when the availability of these habitats increased. We could also observe

that juveniles were excluded from the deepest areas probably as a result of habitat competition with older

individuals.

Most preferred territories for young-of-the-year trout were those with water depths between 20 and 35 cm,

current velocities between 0.5 and 0.8 m s�1 and dominance of boulders. It contrasts with the majority of previous

studies, which described the highest velocity preferences at low velocity values. However, it has been shown that

for 0þ trout feeding on drift, habitats with fast currents close to velocity shelters where fish can rest after feeding are

the most suitable, since they are the most profitable in terms of energy gain (Fausch and White, 1981; Fausch, 1984;

Hughes and Dill, 1990). Further, Greenberg et al. (1996) also reported a preferred velocity for stone sheltered 0þ
trout of 0.5–0.8 m s�1, much higher values than those selected by similar sized trout in the open water. Young-of-

the-year trout have a high motivation for foraging in summer (Vehanen et al., 2000) as a result of the necessity of

reaching a size large enough to survive the first winter. In consequence, they would select the most energetically

profitable positions in order to maximize growth. Therefore, according to our findings, current velocity would be

the driving hydraulic variable provided that velocity shelters were abundant. Nevertheless, since most of used

physical habitat models are still not capable of simulating such interaction, simulations based on curves presenting

optimum preferences values at low current velocity are prone to predict biased maximum WUA values at very low

flows (Railsback, 1999). This bias could be roughly overcome by using velocity curves as presented here

conditioned by velocity shelter criteria.

Multivariate criteria can be used to deal with the fact that fish select suitable combinations of the hydraulic

variables rather than in an independent way. Yet HSC bivariate models have not proved to be more realistic than

univariate models in some cases (e.g. Lambert and Hanson, 1989), as it happened in our study for 0þ age-class. On

the other hand, microhabitat selection patterns of juvenile and adult trout were best described by depth–velocity

interactions, measured through the FR. Bivariate models suggest that depth could be the controlling factor between

the hydraulic variables (Vismara et al., 2001) and our multivariate results confirmed that point. Contrarily to young-

of-the-year trout, which would prefer to maximize energy intake, juvenile and adult trout would tend to diminish
Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)
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size-dependent predation risk and minimize energy expenditure by selecting deep slow-flowing habitats.

Swimming performance increases with body size so larger trout can forage at larger distances to offset the possible

reduction in food availability in these habitats. Consequently, the relative influence of current velocity in habitat

selection may decrease as trout grow and depth may become the main limiting factor.

RSFs suggested that the interaction between depth and velocity was, however, somewhat driven by the structural

features of the stream channel. Whenever present, adult trout mainly selected deep pools, partly as a form of

overhead cover. In the slow waters, the largest proportion of adults was found in pool habitats with water depths

over 45 cm and low FRs (<0.2). In contrast, when this habitat is absent, adult trout may use shallower water areas

provided that overhead cover is present. This was illustrated in the fast waters, wherein the largest proportion of

>1þ individuals occupied positions with water depths ranging 30–40 cm associated with undercut banks or a

combination of overhanging vegetation and tree roots, avoiding the more exposed shallow pools. In water depths

below 30 cm, adult trout were observed in fast-flowing riffles, selecting positions connected to velocity shelters

such as large boulders and woody debris, which also act as visual shelters by creating surface turbulence (Smith and

Brannon, 2007) and increasing habitat complexity and thus visual isolation (Dolinsek et al., 2007). These complex

patterns were well described by the resource selection models developed in the present study through interaction

terms between the FR and cover and substrate variables. It revealed a plastic behaviour where adults would use

shallower and faster conditions than expected as long as cover elements are provided. In addition, we observed a

visible shift in the habitat selection pattern of juveniles among water types, which was evidenced by the

multivariate analyses (both PCA and RSFs), as a consequence of differences in cover availability and typology. In

the fast waters, juvenile trout displayed a similar behaviour to young-of-the year trout while they behaved more

alike to adult trout in the slow waters. This context-dependent pattern suggests that 1þ trout would select deep,

slow-flowing habitats providing visual protection against predators whenever either its availability is high or adult

density is low. In contrast, juveniles would use shallower and less covered positions whenever they are scarce or

competition with adults is high. Thus the influence of cover on habitat selection remains along the whole life cycle

of brown trout, being probably the most important single site attribute determining salmonid abundance

(Armstrong et al., 2003).

Salmonids are quite plastic in their habitat use so that generalizations of HSC can be spread at most at a regional

spatial scale (Mäki-Petäys et al., 1997). This has resulted in quite different HSC developed for brown trout in

diverse locations (see Vismara et al., 2001, and HSC reviewed therein). While the larger fish-deeper habitat pattern

is widely recognized, defined patterns for the rest of microhabitat variables remains elusive, especially for current

velocity. This may be the consequence of the interactive nature of hydraulics and channel structure in creating

suitable microhabitats. Our results suggest that in mountain Mediterranean streams structural features are at least as

determinant in habitat selection as hydraulic conditions, since the presence or absence of visual and velocity

shelters modified the preference of brown trout for depth and velocity conditions. Mediterranean hydrological

regime is characterized by a winter and spring wet seasons followed by a marked dry season in summer,

concurrently with the highest air temperatures. These adverse environmental conditions make pools and visually

isolated areas increasingly preferred as trout age, the selection of protected areas at river margins increasing with

growing river width, and younger individuals selecting boulder sheltered positions. This pattern matches with

observations from other southern brown trout populations (Vismara et al., 2001; Teixeira et al., 2006), although not

with northern populations where adult trout select pool habitats but avoid river margins, and younger individuals

prefer instream vegetation at river margins over boulder sheltered positions (e.g. Greenberg et al., 1996; Mäki-

Petäys et al., 1997; Heggenes, 2002).

The RSFs presented in this study are the first developed for brown trout in Mediterranean rivers, so comparisons

with previous models were not possible. In addition, they are hardly comparable to the GAMs (including only

hydraulic variables) developed by Jowett and Davey (2007) from one of New Zealand’s largest rivers, where brown

trout is besides an exotic species. However, our findings are consistent with previous studies describing abundance

and distribution of brown trout in mountain streams. Our results suggest a high preference of young-of-the-year

trout for positions in riffles, and despite juveniles and adults displayed a high plasticity in habitat selection, both

age-classes selected deep slow-flowing habitats over fast-flowing habitats when the possibility of choice did exist.

These models are in accordance to abundance patterns in mesohabitat types described by Baran et al. (1997) in

Pyrenean Atlantic streams, which showed a high variability in juveniles, probably resulting from their high
Copyright # 2008 John Wiley & Sons, Ltd. River. Res. Applic. 25: 1051–1065 (2009)
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adaptability in habitat selection. Moreover, trout abundance in Pyrenean mountain streams is enhanced by water

depth and habitat diversity, density in deep habitats being increased with the proportion of rapids and riffles in the

reach as a consequence of habitat partitioning between 0þ and older trout (Baran et al., 1997). Our results for 1þ
and >1þ trout are also consistent with Lamouroux and Capra’s (2002) regional models, which predict increasing

reach habitat quality and quantity for juveniles and adults at decreasing average reach SFR. Though, their results for

0þ trout contrast with ours, since we observed this age-class as a riffle-dweller (i.e. high SFR) and not a pool-dweller.

The use of joint frequency distributions of depth and velocity leads to a more realistic description of hydraulic

conditions in stream reaches (Schweizer et al., 2007). It renders possible to best describe habitat preferences and to

understand how fish change habitat selection patterns consistently to spatial variations in bivariate depth and

velocity distributions, as we observed in juvenile and adult brown trout. However, our multivariate RSFs highlight

that distribution of fish cannot be only defined by hydraulic patterns, depicting a scenario where position choice is

driven by biologically important interactions among microhabitat variables. Consequently, as Smith and Brannon

(2007) pointed out, models that simulate complex flow patterns in streams resulting from the interaction of cover

and flow (Leclerc et al., 1995; Ghanem et al., 1996; Crowder and Diplas, 2000, 2002) may improve our ability to

predict distribution and abundance of fish. Moreover, other important components of cover such as surface

turbulence (Smith et al., 2005) should be also included in habitat models by using the FR (Bovee et al., 1998) which

has been proved to be ecologically meaningful (Kemp et al., 2000; present study). Overlooking the interactive

effects of the hydraulic variables and structural elements, which may play a key role on habitat selection in

salmonids, could derive in unreliable habitat simulation results in relation to the shape, position and amount of

habitat predicted by the WUA-discharge curves. It could lead to adopt erroneous management decisions concerning

instream flows, since recommended flow regimes may influence habitat or aquatic populations in a negative way.

Therefore, the application of RSF models coupled with GIS and complex two-dimensional flow models would be

an effective tool for fish habitat assessment and management.
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