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SUMMARY

Defining the optimal configuration of all habitats required during a life cycle, called vital habitat, is a necessary step
for effective management of riverine fishes and restoration of river habitats. Landscape ecology provides many
metrics and methods to study the composition and configuration of habitats, but they need to be adapted for fishes
in river environments or riverscapes. For example, hydrographic distance seems more appropriate than Euclidean
distance for measuring distances between vital habitats in riverscapes. We adapted some metrics to assess habitats
patterns of a threatened cyprinid species (Barbus barbus) for natural and artificial riverscapes of the Seine river,
France. Composition metrics provided essential quantification of the relative abundance of the vital habitats,
whereas configuration metrics were relevant to quantify their spatial arrangement and spatial relationships.
Nearest-neighbor hydrographic distance was useful to evaluate the influence of flow variability in the natural
riverscape, but was not relevant to discriminate the artificial riverscape from the natural one. Conversely, a
proximity index revealed high fragmentation in the artificial riverscape. Spatial habitat relationships between
feeding and resting habitats, evaluated with a moving window analysis, provided a map of daily activity patches
and emphasized the gaps in the biological continuity of the riverscape. The spatial metrics and methods we adapted
to the particularities of the Seine river allowed us to detect natural and artificial variability in fish habitat patterns.
They should help in evaluating impacts of habitat alteration and isolation and prioritize preservation and
restoration policies in human-impacted rivers. Copyright © 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Most of the largest river systems in the northern hemisphere are affected by longitudinal and lateral
fragmentation and by water regulation (Dynesius and Nilsson, 1994). This is particularly true for
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European rivers (Petts, 1989) and one of the most severely impaired is the Seine river, which is
intimately linked with the megalopolis of Paris (Boét et al., 1999). In such a human-impacted riverine
ecosystem, fragmentation and the homogenization of aquatic habitats are major threats to stream fish
assemblages, which often exhibit declining species richness and low population and recruitment
densities (Schiemer and Spindler, 1989; Jurajda, 1995; Belliard et al., 1999). These alterations induce a
loss of structural complexity and have drastic effects on availability, size, and spatial distribution of
vital habitats required for different life stages and activities (Fischer and Kummer, 2000; Lonzarich
et al., 2000).

Because stream fishes use different patches of vital habitats during daily movements and
seasonal migrations, spatial habitat relationships, such as complementation (spatial proximity of non-
substitutable resources, also called complementarity), are important to maintain viable
populations (Dunning et al., 1992). Dams and weirs not only have blocked longitudinal migratory
pathways of many well-known diadromous species (sturgeons and salmons) but also have
impacted non-diadromous species with long-distance spawning migrations such as rheophilic
cyprinids (preference for fast moving water) (Baras, 1994; Ovidio and Philippart, 2002).
Fragmentation increases the risk of extinction because it reduces (i) patch colonization, as fish
recolonization rates are influenced by the distance from source populations (Detenbeck et al., 1992;
Lonzarich et al., 1998) and (ii) local fish population size (Morita and Yamamoto, 2002). In addition,
water regulation disrupts the natural range, timing, and duration of low and high flow events, and the
geomorphic processes that create the ever-changing mosaic of aquatic habitats (Junk er al., 1989;
Richards et al., 2002).

For stream fishes, guidelines based on landscape ecology have been proposed for more
effective management and conservation (Fausch et al., 2002; Rabeni and Sowa, 2002), although
there are few practical applications. The use of geographic information systems (GIS)-based
approaches is now relatively common for mapping essential fish habitats (Booth, 2001) and has
increased the capacity for spatial analysis of freshwater ecosystems (Fisher and Rahel, 2004). However
there is still a lack of quantitative measures to compare the spatial structure and connectivity of habitats
in different lotic systems (Cooper et al., 1997). Connectivity allows for individuals of a species to move
from one habitat patch to another habitat patch. Connectivity is a highly studied concept in terrestrial
landscape ecology because it plays a crucial role in population persistence (Fahrig and Merriam, 1994).
Because it is difficult to evaluate animal movements with empirical movement data, they are often
inferred from landscape pattern, which is a surrogate for biological connectivity. Distance-based and
area-based metrics, matrix permeability, and species behavior are the main approaches to model
connectivity of an entire landscape or habitat patches (Tischendorf and Fahrig, 2000; Moilanen and
Hanski, 2001). In aquatic landscapes or riverscapes (Ward, 1998), classical spatial analysis using
Euclidean distance is not appropriate and alternative distance measures are needed (Rathbun, 1998;
Jensen et al., 2006).

In this context, metrics and spatial analysis methods have been adapted to the particularities of
rivers: linear and irregularly shaped and dominated by unidirectional water flow. The main objective of
our approach was to quantify spatial patterns of fish habitat patches and fish movement at nested scales
(patch of vital habitat, daily activity area, sub-population area) (Le Pichon et al., 2006a).

This paper examines (i) the use of spatial metrics and methods to quantify the composition and
configuration of riverscapes for riverine fish and (ii) the capacity of these metrics to detect the effects of
flow variability and human alterations on fish habitat patterns. The metrics were calculated for the vital
habitats of a cyprinid species (Barbus barbus), affected by habitat alteration and flow regulation in two
reaches of the river Seine.
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2. MATERIAL AND METHODS

2.1. Study area

The 5th order (Strahler, 1957) alluvial floodplain La Bassée of the Seine river is 100 km upriver from
Paris (Figure 1 A). Our study was conducted on two reaches of this 50 m-wide river, each limited
upstream and downstream by navigation weirs. The 12 km-long artificial reach (AR) resulted from re-
sectioning of the meandering channel in the lower part of the floodplain, followed by rectification in the
1970’s. Artificial water bodies connected with the main channel were formed by cut-off meanders and
abandoned gravel pits (Figure 1 D). The 22 km-long natural reach (NR) is situated 30 km upstream
from the AR. It has few engineering modifications because it was bypassed with a shipping canal. Many
natural backwaters occur along the river course, but their connection to the main channel depends on
discharge (Figure 1 B, C).

2.2. GIS-based vital habitats mapping

Two GIS maps of the NR were made for discharges near the median (70 m*/s) and the dry 5-year
average flows (38 m*/s) and covering the spawning period (April-June, gauging station of Pont-sur-
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Figure 1. (A) Geographical location of the Seine river basin, France and the 1La Basséei alluvial floodplain. (B) natural reach at
38 m3/s; (C) natural reach at 70 m3/s; (D) artificial reach at 80 m3/s. (B—D) Illustration of the moving window analysis using a
120 m squared window to identify complementation between feeding and resting habitats for the different riverscapes
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Seine, 1979-2004) (Figure 1). Channel, lateral backwaters boundaries, and environmental variables
were located to within 1 m accuracy, with Trimble Pathfinder ProXRS GPS receiver, during a 6 day
period in June 2001 for the discharge 70 m>/s. Channel boundaries, lateral backwaters, depth < 1 m,
and current velocities were modified for the discharge 38 m*/s using field surveys (1996, 2004) and
digital orthophotographs (2000) available at this discharge. Few variations in the river morphology
were observed between 1996 and 2004 allowing their complementary use for creating the vital habitats
maps. One map of the AR was made for the median discharge 80 m*/s (gauging station of Bazoches-
les-Bray, 1999-2005) because embankments and constant water level for navigation slightly affect the
flooded areas and current velocities. For this reach, channel, artificial water bodies’ boundaries, and
environmental variables were mapped during a 4-day period in June 2001 and a 3-day period in
September 2001. We used the GIS program ArcInfo™ to intersect data layers according to species
habitat preferences in order to create three vital habitat maps (Table 1) (Le Pichon et al., 2006a).

2.3. Computing 2-D oriented hydrographic distance

Calculation of non-Euclidean distance in river networks and estuaries is mainly computed using a
network of line segments (Little et al., 1997; Torgersen and Close, 2004; Ganio et al., 2005; Isaak et al.,
2007). This approach is difficult to apply to large rivers with connected waterbodies and for riverine
fishes moving longitudinally and laterally. An alternative approach, used by Jensen et al. (2006) for
estuaries, calculates distance in irregularly shaped and heterogeneous environments with the presence
of barriers. It uses a cost-weighted distance function, originally proposed by Knaapen et al. (1992),
known as least-cost modeling (Adriaensen et al., 2003). This raster function is based on an eight-
neighbor-cell algorithm which allows for movements along the diagonals with a multiplication by the
square root of two. The total distance is the minimal sum of the cell size multiplied by the cost assigned
to the cell. To calculate hydrographic distance, aquatic habitats were given a cost of one while
terrestrial environment (barriers for riverine fishes) is given an infinite cost. We used this approach and
added the capability to compute upstream and/or downstream hydrographic distance based on the
orientation of the river (Le Pichon et al., 2006a). For our approach, we developed a specific program
ANAQUALAND 2.0 (Le Pichon et al., 2006b) that uses a sparse approximation technique (Saad and
Sosonkina, 1999) on large raster data maps in which only a small portion represents the river (1-2% of

Table 1. Selected features of each GIS layer used to build the maps of vital habitat for barbel and nase

GIS layers in vector data structure (polygons) Resting Feeding Spawning
Current velocity®: selected classes Vi, Vo, V3 V3, V4, Vs V3, V4, Vs
Channel, cut-off meander, gravel-pit depth < 1 m: sand, gravel, gravel,
selected bottom substrate sand/gravel sand/gravel
Banks of channel, cut-off meander, gravel-pit depth <1 m, block sand, gravel, gravel,
slope<45°: selected bottom substrate sand/gravel, block  sand/gravel
Banks of channel, cut-off meander, gravel-pit depth <1m,  block gravel,
slope > 45°: selected bottom substrate sand/gravel
Woody debris and Log jam all

Riparian cover: roots as shelters 2m wide

Natural water bodies connected to main channel all

“Current velocity in five classes.
Vi: no current velocity; Vo: V<0.2m/s; V3: 0.2m/s <V<0.5m/s; V4 0.5m/s <V<lm/s; Vs: V> 1m/s.
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total cells). We chose a 1 m cell size to preserve the sharpness and connectedness, especially narrow
resting habitats such as shelters (woody debris or rooted bank), of the initial vector data structure.

2.4. Composition and configuration metrics

For river features and patches of vital habitat, we calculated the total and median areas, and the number
of patches. Each patch of vital habitat was located in the reach by its hydrographic distance from the
upstream edge of the patch to the upstream weir using ANAQUALAND 2.0. The fragmentation of each vital
habitat was evaluated with the median nearest-neighbor hydrographic distance and a modified
proximity index (Le Pichon et al., 2006a). The nearest-neighbor hydrographic distance for a patch of
vital habitat was calculated as the edge-to-edge distance along the 2-D river course between a patch and
its nearest upstream neighbor. We calculated the proximity index Px (Equation 1), modified from
Gustafson and Parker (1994), in which the Euclidean distance is replaced by the hydrographic distance
and the search radius is replaced by the search distance:

“~ Area(Hjy)
Px(ujjm = ) 0. )2" o))
JS

s=1
where 7 is the number of vital habitat patches s whose edges were within a search distance of the patch
Hj;, Area(Hj,) is the area of patch Hj,, and Dj; is the hydrographic distance between patch Hj; and H;. The
search distance varied from 1 to 2 400 m to take into account movements at the scale of home range size
(2002400 m) (Baras, 1997). A search distance of 100 m meant that all the patches located within
100 m upstream of the upstream edge of the focal patch and 100 m downstream of the downstream edge
of the focal patch are taken into account in the index. This dimensionless index increases as patches of
the corresponding vital habitat become less isolated and the vital habitat becomes less fragmented in
distribution (Gustafson and Parker, 1994).

2.5. Habitat spatial relationships

Adult barbel shows diel activity patterns; using mainly resting habitat during the day and feeding
habitats at dusk and dawn (Baras, 1997). The distances between these two complementary habitats vary
around 60-300 m according to the season and the habitat structure (Baras, 1992). We used two methods
to evaluate spatial habitat relationships and tested them with the complementation between feeding and
resting habitats. The proximity of resting habitat from each patch of feeding habitat was evaluated with
amodified proximity index Px (F/R) (Equation 2), where n is the number of resting patches s, the edges
of which are within a search distance of the patch F;, Area(R;,) is the area of patch Rj, and Dj, the
distance between patch R;; and F;. Using the minimum range of distance moved by barbel in a residence
area (Baras, 1997), we selected the search distance of 60 m to calculate the proximity of the resting
habitat from each patch of feeding habitat. This index allowed the detection of an isolated feeding
habitat patch from a complex of resting habitat patches.

" Area(Rj,)
Px(rjfr) = 27( o )z” @)
s=1 Js

In addition to the proximity index, we developed global maps of complementation patches. We
applied a moving-window method derived from image processing that characterizes the landscape
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structure in a squared window around each pixel (Schermann and Baudry, 2002). In practice, a spatial
index is computed in a square window and its value is allocated to the central pixel. The window is moved
systematically through all pixels of the river and a new map of the spatial index is produced. The
proportion of feeding (and resting) habitats in a square window of 120 m (60 m from the central pixel)
were computed using the cHLOE 3.1 software developed by Baudry et al. (2005). Complementation areas
were defined by the presence of at least 280 m? of feeding habitat and 140 m? of resting habitat in the
120 m square window; these thresholds were based on expert advice in the absence of data on the ratio
between these two vital habitats. We converted these thresholds into percentages according to the window
size, and a complementation map was created by overlaying the >2% proportion feeding habitat map on
the >1% proportion resting habitat map (Le Pichon et al., 2006a).

2.6. Statistical analysis

We assumed that comparisons between the three riverscapes were valid because their extent and cell
size were similar (Hargis et al., 1998). Composition and isolation metrics between reaches were
compared with the Wilcoxon rank sum (Mann—Whitney) Test for two independent samples using a
pairwise procedure (R-Package). We calculated pairwise comparisons between habitats and reaches
with corrections for multiple tests using the adjustment methods of Benjamini and Yekutieli, based on
the false discovery rate. The null hypothesis that the two distributions were the same was rejected at
p-value < 0.05. Comparisons between the proximity indexes of three riverscapes were possible for
similar search distances (Hargis et al., 1998).

3. RESULTS

3.1. Riverscape structure

The quantification of riverscape features: floodplain, channel, natural backwaters, and artificial water
bodies provided an estimation of the relative importance of lotic versus lentic habitats. The floodplain
length and channel width of the two reaches were quite similar, however the channel length of the AR was
half the length of the NR (12 km and 22 km, respectively) emphasizing the rectification of the former
(Figure 1). Total area of the channel in the NR represented from 88.5 to 95.7%, depending on discharge,
of the river’s flooded area, but only 44.7% of the flooded area in the AR (Table 2). The percent of
backwater area increased with increasing discharge from 4.3 to 11.5% of flooded area in the NR; mainly
due to a doubling of the number of connected backwaters (Table 2). The ratio between backwater area at
the two discharges showed that backwaters which became connected at 70 m*/s (i.e., permanence of 0%)
were observed over the entire reach, whereas those which areas are the same at the two discharges (i.e.,
permanence of 100%) were in the downstream part of the reach (Figure 2). In the AR, water bodies
represented the main part of the flooded area and were dominated by large gravel pits and cut-off
meanders, as indicated by a very high median area compared to the median area of natural backwaters
(Table 2). These results illustrate the shifting nature of the NR with its varying number of connected
backwaters, depending on discharge, and the lentic nature of the AR with its large artificial water bodies.

3.2. Vital habitats

Because feeding and spawning habitats of the barbel and the nase were located in the main channel, we
calculated their total area as a percentage of the channel area (Table 2). The total area of feeding habitat
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Table 2. Comparison of composition and fragmentation metrics calculated for river features and vital habitats for
barbel and nase. In the same column, the vital habitats sharing at least one common superscript are not significantly
different at p < 0.05 (Wilcoxon rank sum test)

Riverscape Features and Total area Total area Median Number of Median nearest
vital habitat (m?) (% channel area)! area (m?) patches neighbor
(% flooded are:a)2 distance (m)
Natural reach Channel 1 295 360 95.7% — — —
38m?/s Backwaters 58 290 4.3 795 29 —
Resting habitat 140 616 10.32 170° 187 31¢
Feeding habitat 226 620 17.5! 1 023° 85 74°
Spawning habitat 149 159 11.5" 994 50 98°
Natural reach Channel 1 296 260 88.5> — — —
70 m/s Backwaters 168 347 11.5° 890 66 —
Resting habitat 204 022 14.0° 176° 193 37¢
Feeding habitat 138 846 10.7! 1114% 58 151°
Spawning habitat 85 416 6.6' 1 490* 24 3717
Artificial reach Channel 875 080 44.7% — — —
80m?/s Water bodies 1 080 120 55.3 44 163 20 —
and backwaters
Resting habitat 116 618 5.9? 4° 209 76
Feeding habitat 22 640 2.6' 240° 25 1334b¢
Spawning habitat 20 727 2.4 209° 25 143%°

ranged from 2.6% in the AR to 10.7 and 17.5% in the NR with the higher percentage at 38 m>/s
(Table 2). The lower total area in the AR was a consequence of both a reduction of area patches
(p-value < 0.01, Table 2) and a low patch number (25). In the NR, the lower percentage of patch area at
70m>/s was attributed to a lower number of patches (58 vs. 85), although patch area was not
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Figure 2. Permanence of backwaters from the upstream to the downstream part of the natural reach. Permanence is the ratio
between the backwater area at 38 m*/s and the backwater area at 70 m*/s
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Figure 3. Evolution of the mean proximity index with increasing search distance for the vital habitats in the three riverscapes

significantly different (Table 2). Fragmentation of feeding habitat, evaluated with the nearest-upstream
neighbor distance, was different between the two discharges (p < 0.05, Table 2) for the NR. This index
was not relevant to discriminate the fragmentation in the AR compared to the NR. In contrast, the
relationship of mean proximity indexes with increasing search distance showed that feeding habitat in
the AR reached a low sill, indicating a fragmentation higher than in the NR at both discharges
(Figure 3). In addition, the distribution of proximity indexes (search distance: 60 m) was significantly
different between the NR at 38 m*/s and the AR for feeding habitats, underlying a greater fragmentation
in the AR (p <0.05, Figure 4).

The total area of spawning habitat ranged from 2.4% in the AR to 6.6 and 11.5% in the NR with the
higher percentage at 38 m*/s (Table 2). For this habitat type, we observed composition metrics similar
to the feeding habitat except for a lower number of patches at 70 m*/s in the NR (24), which was equal
to the number in the AR. In the same way, the mean proximity index curve at 70 m*/s revealed a
fragmentation pattern similar to that observed for the AR (Figure 3). The distributions of proximity
indexes (search distance: 60 m) were significantly different between the NR at 38 m*/s and the AR, but
not different between the NR at 70m?®/s and the AR.

The total area of resting habitat ranged from 5.9% in the AR to 10.3 and 14% in the NR with the
higher percentage at 70 m*/s (Table 2). The composition of this habitat was different from the other
vital habitats in the AR; it had the greatest number of patches (ca. 200) and the lowest patch area
(p <0.05, Table 2). The highest sills of the mean proximity index curves were reached for this habitat
indicating a low degree of fragmentation (Figure 3). The distributions of proximity indexes (search
distance: 60 m) were significantly different in the AR, with higher values than in the NR at both
discharges (Figure 4).

3.3. Complementation between feeding and resting habitats

The proximity of resting habitat patches to feeding habitat patches along the river course underlined the
longitudinal variability at the habitat patch scale (Figure 5). The gaps in the longitudinal sequencing of
the proximity index were explained by an absence of feeding habitat patch, especially in the AR, while
others were related to feeding habitat patches isolated from a complex of resting habitat patches
(Figure 5). In the NR at 70 m?/s, it was noticeable that many large feeding habitat patches were located
in the downstream part of the reach while high proximity indexes were mostly located in the upstream
part of the reach (small distances to upstream weir). However, the distributions of these proximity
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proximity index of resting habitat from each patch of feeding habitat (search distance: 60 m)
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indexes were not significantly different (Wilcoxon rank sum test, p > 0.05) between the three
riverscapes.

The moving window analysis allowed the identification of complementation areas in which
complementation could occur between both feeding and resting habitats (Figure 1). We identified
differences between the three riverscapes for median patch area calculated on the complementation
maps (Table 3). The estimates of total complementation area increased from 9.0% of the flooded area in
the AR to 46.6% in the NR at 38 m’/s. These differences were both related to a low number of
complementation patches in the AR (11) compared to the NR (40-48), and a lower median patch area
(p <0.01, Table 3). In the AR, large gaps were observed in the re-sectioning part of the reach (Figure 1
D). The flow fluctuations in the NR influenced the number, sequencing and extent of the
complementation patches (Figure 1 B, C).

4. DISCUSSION

4.1. Ability to detect fish habitat pattern

The composition and configuration metrics at the habitat and habitat patch scales revealed different
aspects of the spatial organization of these habitats. The total area (in %) provides an estimate of the
relative abundance of each vital habitat and the least abundant. Additional information would
be required to identify the critical vital habitat, especially the minimum amount of vital habitat and the
ratio between vital habitats that are needed to sustain an individual, a shoal, or a population. Using a
spatially explicit simulation model, Fahrig (1998) shows that 20% is a threshold below which the
configuration of breeding habitat plays an important role in explaining population size and persistence.
In our study, the total area of each vital habitat in each riverscape was always under 20% of flooded
area, indicating a potential role of vital habitat configuration on fish population. The number of patches
associated with the median area of patches provided an evaluation of the fragmentation for the different
riverscapes. A careful interpretation was necessary due to the linear shape of the riverscape and because
a habitat patch cannot be larger than the width of the channel or the water bodies. A high number of
relatively small patches, as is the case for resting habitat, is not an indication of a fragmented habitat
because this habitat type consists of essentially small (log jam) and thin (channel bank) features.
Nearest-neighbor distance allowed for a comparison between different discharges in the NR, but could
not distinguish the highly fragmented AR compared with the NR. This is in accordance with

Table 3. Composition metrics calculated for complementation maps. A window size of 120 m is used for moving
window analysis.

Complementation patch characteristic Natural reach Natural reach Artificial reach
38m’/s 70m*/s 80m’/s
Total patch area (m?) 630 494 530 177 175 315
Total patch area (% flooded area) 46.6 36.2 9.0
Median patch area 9 121* 11 178* 2151°
Number of patches 48 40 11

*POn the same row the riverscapes sharing at least one common superscript are not significantly different at p < 0.05 (Wilcoxon
rank sum test)
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observations on simulated landscapes for which the nearest-neighbor distance is useful in
differentiating inter-patch distances when fragmentation is low (Hargis et al., 1998). The nearest-
neighbor distance is a simple distance metric that does not account for the amount of habitat patches
within the neighborhood and considers only one neighboring patch. The mean proximity index
detected the degree of fragmentation of each vital habitat, especially in the AR, because it is a distance-
weighted area-based metric. Furthermore, it is a more relevant predictor of immigration rate because it
considers areas that are potential sources of dispersers (Bender et al., 2003). The proximity index of
resting habitats from feeding habitats provided a value for each existing feeding habitat patch, while the
complementation map provided a representation at a different scale corresponding to daily activity
areas. In addition, this map integrated both the quantities of habitats and the distance between them
while the proximity index did not take into account the quantity of focal patches. Visualization of the
extent of areas and gaps was informative about their configuration at the reach scale. This could be
useful because the existence of aggregated resources may compensate for the negative effects of habitat
loss by reducing dispersal mortality (Flather and Bevers, 2002).

4.2. Ability to detect human alterations

In highly degraded reaches in which re-sectioning of the meandering channel, embankment and flow
regulation occurred simultaneously, most experts would expect there to be an absence of potential
habitats for barbel. However, the use of metrics to quantify this and assess the composition and
configuration of the remaining habitats was relevant for several reasons. First, composition metrics
allowed us to determine how much less area there was of the remaining habitats in the AR compared to
a natural channel of the same geomorphological type. In the La Bassée floodplain, the disequilibrium
between lotic (feeding and spawning habitats) and lentic habitats in the AR was noticeable through the
over-representation of man-made water bodies, which comprised 55% of the flooded area in the AR
compared with only 5-11% for natural backwaters in the NR. The high fragmentation of lotic habitats
was revealed both by the proximity index and the complementation area map. Knowledge of the
composition and configuration of feeding and spawning habitats, which could be limiting vital habitats,
is an essential step for identifying critical habitat (Rosenfeld and Hatfield, 2006).

4.3. Ability to detect flow variability

Each vital habitat varied markedly between low flow (38 m3/s) and median flow (70 m3/s). Lotic
habitats (feeding and spawning habitats) increased with decreasing flow as opposed to lentic habitats
(resting habitat and nursery habitat located in backwaters), which decreased with decreasing flow. At
median flow, many shallow areas (<1 m) disappeared because of the steepness of the banks and
increased the fragmentation of spawning habitat. This was observed by Tiffan et al. (2002) for rearing
habitat of subyearling fall Chinook salmon on a large river (700 m width), which increased as flow
decreased. Conversely, in first and second-order streams (1-5 m width) the decrease of flow reduces
total lotic habitat (Herger ef al., 1996; Hilderbrand et al., 1999) or modifies the juxtaposition of high
quality foraging location for stream salmonids (Gowan and Fausch, 2002). The low number and smaller
area of nursery/resting habitat with low flow resulted from less hydraulic connectivity of these lateral
backwaters to the river channel (Amoros and Bornette, 2002). The response of a particular vital habitat
with discharge is not easy to predict because each habitat is a combination of different variables.

Copyright © 2008 John Wiley & Sons, Ltd. Environmetrics (2008)
DOI: 10.1002/env



C. LE PICHON ET AL.

Modeling approaches to map depth and current velocities exist but are mainly restricted to small scales
(102 m) (Freeman et al., 2001), although laser telemetry (bathymetric LIDAR) has allowed for larger-
scale studies (10* m) (Tiffan et al., 2002).

We caution against comparing fish sampling data from different flows or seasons because habitat
availability varies in quantity and spatial location. Typically, the barbel seek spawning habitat in April—
June, young-of-the-year grow in nursery habitat until September while adults feed in complementation
areas from spring to autumn. Thus, dry years (38 m*/s from spring to autumn) could enhance spawning
but limit the access to backwaters used by juveniles the first year. This emphasizes the crucial role of
quantifying vital habitat composition and connectivity at different flows, in relation to the seasonal
movements of species, to understand fish distribution.

4.4. Management implications

Even though it is often impossible to restore even a portion of the natural fluvial dynamics in highly
managed rivers, physical rehabilitation designs are still needed. To be effective in increasing fish
abundance, population size and persistence, the appropriate spatial locations of restored vital habitat
patches are required, especially in degraded reaches (Pretty et al., 2003; Rosenfeld and Hatfield, 2006).
The metrics and methods proposed here could be helpful to quantify the ecological integrity of rivers
and optimal habitat configuration in NRs, if viable fish populations occur there. They also permit
comparisons between different riverscape configurations or restoration scenarios, which are essential to
accurately assess the success of rehabilitation designs (Ward et al., 2002). The two proximity indexes
provide an estimate of the relative value of a habitat patch with respect to vital habitat as well as
complementary vital habitat. The identification of high value habitat patches contributes to setting
preservation priorities, while identifying low value habitats helps set the spatial context of restoration
priorities.

When vital habitats are sparse, complementation requires longer distance movements that could
increase mortality risk due to predation or lead to higher energy expenses. Managers could benefit from
the knowledge of proposed complementation maps to design policies that improve complementation of
vital habitats and could increase local population size (Schrank and Rahel, 2004). The consequences of
adding a habitat patch at a specific location could be quantified by calculating the proximity index to
see if the habitat patch reduces fragmentation or building a complementation map to see the effect of
the local restoration on the entire reach.

5. CONCLUSION AND PERSPECTIVES

We have shown that classical landscape ecology metrics and spatial analysis methods, adapted to the
particularities of a river, allowed (i) the detection of different structures in underwater riverscapes in
space and time and (ii) the quantification of habitat alteration in an AR compared to a NR of the same
floodplain river. Stream ecologists and managers can benefit from the quantitative evaluation of
impacts of habitat alteration and isolation in human-impacted rivers. We provided suggestions for
identifying limiting vital habitats and appropriate spatial configurations of restored elements.

The ecological relevance of these methods to describe fish distributions should be tested and may
require new sampling strategies. Some preliminary results, using a focal patch study (Brennan et al.,
2002), have shown that the proximity index was correlated with barbel presence (Le Pichon et al.,
unpublished data). Isaak et al. (2007) have shown that the strongest predictor of nest occurrence in
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spawning patches of Chinook salmon was a connectivity index, which is a distance-weighted area-
based metrics like the proximity index.

Applying these metrics to other aquatic species requires the knowledge of their vital habitat use and
the required range of movements between them. Muti-species studies should investigate possible
interactions between vital habitats of different species, because it would provide an assessment of
whether or not the habitat restoration for a species at a specific location might affect the essential
habitat patch for another species. A general application of these methods to rivers and streams also
requires high resolution underwater data over large spatial scales and for different water levels.
Riverscape mapping can be difficult depending on the depth range and the transparency of water. A
combination of field mapping and remote sensing data must be adapted according to the constraints of
the river and the labor and equipment costs. Despite these remaining practical challenges, a GIS-based
riverscape approach and spatial metrics and methods provide a flexible framework for the study of the
influence of habitat patterns on the spatial distribution of stream fishes.
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