Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by Université de Montréal on 05/11/19
For personal use only.

2065

Development and validation of numerical
habitat models for juveniles of Atlantic salmon
(Salmo salar)?

J.C. Guay, D. Boisclair, D. Rioux, M. Leclerc, M. Lapointe, and P. Legendre

Abstract: We evaluated the ability of numerical habitat models (NHM) to predict the distribution of juveniles of-Atlan
tic salmon Galmo salay in a river. NHMs comprise a hydrodynamic model (to predict water depth and current speed
for any given flow) and a biological model (to predict habitat quality for fish using water depth, current speed, and
substrate composition). We implemented NHMs with a biological model based pneference curves defined by the
ratio of the use to the availability of physical conditions aii)l & multivariate logistic regression that distinguished be
tween the physical conditions used and avoided by fish. Preference curves provided a habitat suitability index (HSI)
ranging from 0 to 1, and the logistic regression produced a habitat probabilistic index (HPI) representing the-probabil
ity of observing a parr under given physical conditions. Pearson’s correlation coefficients between HSI and loeal densi
ties of parr ranged from 0.39 to 0.63 depending on flow. Corresponding values for HPI ranged from 0.81 to 0.98. We
concluded that HPI may be a more powerful biological model than HSI for predicting local variations in fish density,
forecasting fish distribution patterns, and performing summer habitat modelling for Atlantic salmon juveniles.

Résumé: Nous avons évalué la capacité de deux modeles numériques d’habitat (MNH) a prédire la distribution spa
tiale des juvéniles de saumon atlantiq®alfno salay en riviere. Les MNH comprennent un modele hydrodynamique

(pour prédire la vitesse moyenne et la profondeur de la colonne d’eau) et un modele biologique (pour prédire la qualité
d’habitat piscicole selon la profondeur, la vitesse moyenne et la composition du substrat). Nous avons utilisé les MNH
avec un modele biologique basé sirdes courbes de préférences définies par le rapport entre I'utilisation et la dispo-
nibilité de conditions physiques eii ) une régression logistique multiple permettant de différencier les conditions phy-
siques utilisées de celles évitées par les tacons. Les courbes de préférences ont fourni un indice de qualité d’habitat
(IQH) variant entre 0 et 1 et la régression logistique a donné un indice probabiliste de qualité d’habitat (IPH) représen-
tant la probabilité d’'observer des tacons sous des conditions physiques spécifiques. Les coefficients de corrélation de
Pearson entre IQH et les densités locales de tacons ont varié entre 0,39 et 0,63 selon le débit. Les valeurs correspon-
dantes en utilisant IPH ont varié entre 0,81 et 0,98. Nous avons conclu que I'lPH peut étre un modéle biologique plus
performant que I'lQH pour prédire les variations locales de la densité des poissons, pour prédire les patrons de distri
bution des poissons et pour modéliser I'habitat estival des juvéniles du saumon atlantique.

Introduction berg et al. 1996; Payne and Lapointe 1997). Hydraulic mod
els have been developed to predict changes in local current
speed and water depth for specified modifications of flow
o . .rates (Bovee 1978, 1982; Leclerc et al. 1996). The propen
nglker et al.h19b£_96). The Ipote_ntlal mporta&ncg of phy5|cal-\ae_1r| sity of fish to favour specific ranges of physical variables
ables on habitat quality Is supported by many studies, 4 4o ability of hydraulic models to predict current speed

indicating that fish tend to select spawning and nursery aréag,  ater depth have been combined to predict the potential
on the basis of substrate diameter, current speed, and wat;

. Mipact of changes in flow rate on fish habitat qualit
depth (deGraaf and Bain 1986; Morantz et al. 1987; GJreen(ScF))uchon et al. g1989; Leclerc et al. 1994; Heggengs etyal.

1996). This procedure, referred to as numerical habitat-mod

Natural and anthropogenic modifications of flow in rivers
are expected to have direct biological implications (Stal

Received October 20, 1999. Accepted May 31, 2000. elling (NHM), generally involves the partitioning of a river
J15413 in a mosaic of tiles with similar sizes (referred to as cells by
J.C. Guay, D. Boisclair? and P. Legendre.Département de  Bovee 1982; Bovee et al. 1998) or with variable surface ar
sciences biologiques, Université de Montréal, C.P. 6128, eas (Leclerc et al. 1990; Boudreau et al. 1996). Each tile is
succursale Centre-ville, Montréal, QC H3C 3J7, Canada. characterised by its substrate composition and topography.
D. Rioux and M. Leclerc. INRS-Eau, C.P. 7500, Sainte-Foy, These variables are used as inputs to a hydraulic model that
QC G1V 4C7, Canada. predicts water depth and current speed in any given tile for a
M. Lapointe. Department of Geography, McGill University,  gpecified flow rate. The anticipated quality of a tile as a fish
805 Sherbrooke W., Montréal, QC H3A 2K6, Canada. habitat is defined by an index that integrates the predilection
IContribution to the program of CIRSA (Centre of fish for the substrate diameter, the water depth, and the

Interuniversitaire de Recherche sur le Saumon Atlantique). current speed in that tile (Bovee 1978; Mathur et al. 1983;

2Author to whom all correspondence should be addressed. Leclerc et al. 1994). The end result of NHM is a map de
e-mail: daniel.boisclair@umontreal.ca scribing the habitat quality index assigned to each tile at a
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given flow rate. Any change in flow rate not only modifies of the existence of a significant relationship between the
the number of tiles modelled (by changing the wetted area oflistribution of habitat quality predicted by NHM and the
a river) but also the habitat quality index of each tile (by distribution of fish observed in a small river anid) (o com
changing water depth and current speed over each tilepare the predictions by NHM using a biological model based
Changes in the number of tiles and their habitat quality in on preference curves with predictions by NHM implemented
dex are expected to allow the assessment of the impact ofith a biological model consisting of a multivariate logistic
flow rate modifications on fish habitat quantity and quality regression designed to distinguish between the physical con
in a river. ditions used and avoided by fish.

The habitat suitability index (HSI) is the most commonly
used index of habitat quality (Bovee 1982; deGraaf and Bainyjaterial and methods
1986; Morantz et al. 1987). This index is based on prefer
ence curves that represent the degree of preference displaysfte and species for study
by fish over the complete range of current speed, water Sampling was conducted in the main branch of the Sainte-
depth, and substrate diameter found in a river or reach- PreMarguerite River in the Saguenay region of Québec. This river is
erence for a specific range of current speed, water depth, @djacent to the field station of the Centre Interuniversitaire de Re
substrate diameter can be calculated as the ratio of perceffiérche sur le Saumon Atlantique (CIRSA). The study area was a
utilisation (percentage of fish observed that used this rang éBinktg Kf:rdl'e?ﬁitzdngpggoﬂzna;e'yrisgrznzgimmlghe#ﬁgcé'ogcgsthfe
of variable) t(.) percent ava'!ablllty (pe_rcentage of the_ surfac cted for s%udy was the A?IanticysalmoSe(Im% salla). Our li)/vork
area of the river characterised by this range of variable) o

; o o ocussed on 1+ and 2+ parr. In the Sainte-Marguerite River, salmon
these environmental conditions. Preference indices rang&exists with five other species of fish: brook tro@ajvelinus

from O (poor habitat) to 1 (best habitat). Integration of thefontinalis), American eel Anguilla rostratd, longnose dace
surface area of all tiles weighted by their HSI provides the(Rhinichthys cataractge longnose sucker Qatostomus cates
weighted usable area (WUA) (expressed as a percentage wimug, and sea lampreyPetromyzon marinys

the total surface area or as square metres of habitat per The reach studied was divided into upper, median, and lower
1000 m of river) for a river or reach at a given flow (Bovee sections characterised by similar physical conditions. These sec-
1982). Most attempts to validate NHM have been conducted©ns were 375, 750, and 375 m long, respectively. The three sec-

using comparisons between WUA and fish density or standto"s had a width ranging from 20 to 45 m at bankfull conditions
and consisted of a series of shallow pools (maximum depth of

ing crop. .Wh”e some studies conflrmed the.eX|stence of 33 m) and small riffles. The mean slope of the three sections
relationship between WUA and fish density (Orth and,,ngeq from 0.07 to 0.7% and averaged 0.3% over the complete
Maughan 1982; Bovee et al. 1998), others found no such reeach. Substrate of the riverbed in the three sections ranged from
lationship (Scott and Shirvell 1987; Bourgeois et al. 1996).sand to boulder. The sections contained no area covered by wood
This situation may be related to the lack of understanding oflebris or by patches of periphyton larger than 0.25 @anopy

the ecological significance of WUA. For instance, a 409-m was absent in the three sections. The upper and lower sections, fur-
reach having an HSI value of 0.3 would have a WUA of ther referred to as the calibration sections, were used to assess the
30% (400 x 0.3/400). The same reach having 50% of its areahys_lcal characteristics selected or a\{0|d¢d by parr. The median
assigned an HSI of 0.5 and 0.1, or having 25% of its area a§if382ésfu2i?g irte\fﬁ;;eﬂsf | "’;cs) g;%l;’a;"]r'fg'rggrii‘;ftr'ﬁgaesletg’ep‘:eg’;’;
signed an HSI of 0.9 and 75% of 'tos area assigned an HS| d:iabitat quality, its spatial variation, and hence the potential fish
,0'1,’ W(,)UId also have a WU_A of 30 A’_‘ Howe\{er, there are NOyjstripution. Second, it was used to map real fish distributions and
indications that these habitats are indeed identical for fishegt the predictions of the numerical model.

(see Scott and Shrivell 1987). Boudreau et al. (1996)

avoided the weighting procedure by testing for the eXiStenC_%tructure of the numerical habitat model (NHM)

of a relationship between the HSI of patches assigned-a dif The NHM adopted to predict the spatial heterogeneity of habitat
ferent HSI value and fish density within these patches. Theituality comprised two parts: a hydraulic model and a biological

study supported the existence of a strong positive relationmodel. The hydraulic model that we used, further referred as the
ship between HSI and real fish density € 0.8 from calcy  hydrodynamic model, is a two-dimensional model that allowed us
lations that we performed using fig. 7 from Boudreau et al.to predict current speed and water depth over the reach, i.e., on a
1996). This suggests that the spatial distribution of habitalongitudinal axis (upstream-downstream) and a transversal axis
quality predicted by NHM in a large river (Moisie River;-av (eft bank — right bank) of the river (Leclerc et al. 1990, 1994,
erage summer flow 130-160%81. maximum depth of 6 m 1995). This model requires as inputs the description of the topogra

at these flows, up to 300 m across) corresponds closely t hy of the riverb_ed and t_he mappin_g of sub;t(ate grain size. Tht_ese
- ’ ata, together with a series of physical coefficients (water viscosity
E?_gtg gl; flvsvg.sHmo\c/)v(cja-i\f/i(zci tggcﬂrsdli rr]r;]o?c()al l?ﬁsgeg%isé)u;fsgsut eerti (:?:i\?vnd fri%tior}) and assumdptions on flu)id dynamidcs (c_onservatiﬂcin ﬁf
ater, flowing mass, and momentum), are used as inputs to the
considerations related to differences of flow between theirodynamic ?nodel to predict current speed (averageg over the Wg
time the HSI model was developed and the time the HSter column) and average water depth for each tile defined during
model was used to predict fish distribution. It is thereforethe topographic survey. Once the hydrodynamic model is eevel
presently difficult to evaluate the merits of HSI models unaf oPed, predictions can be computed for any specified flow rate.
fected by this problem. Furthermore, although their study in __1he purpose of the biological model is to provide an index of
dicates that HSI models have the potential to predict fis ish habitat quality from the physical characteristics of the river.

N . . he only variables that we employed to define habitat quality were
distribution, it does not allow the establishment of the valueg /i ate diameter, current speed, and water depth. Estimation of

of this approach in smaller rivers. the physical conditions in a series of Zocations used and not
The objectives of our work were)(to test the hypothesis used by fish allowed us to quantify the variations in the propensity
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Fig. 1. Map of the study site located on the northern shore of the Saint Lawrence River, Québec, Canada. The site is 450 km northeast

of Montréal.
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of fish to prefer specific conditions over the range of physicalment system, SOKKIA SET3B) and an electronic data logger
characteristics found in the reach. The biological model assume§SOKKIA SDR33). The reach was divided into patches of similar
that when fish more intensively use a specific range of substratsubstrate composition. We visually estimated the percentage of the
diameter, current speed, or water depth, this range representsasea of each patch represented by each of six classes of substrate
habitat of higher quality for fish. The habitat quality index- as diameter (Table 1). Those data were used in the hydrodynamic
signed to a location represents a compromise between propensitgodel to specify bed roughness; they allowed prediction of current
of fish to prefer or avoid the substrate diameter, the current speedpeed and water depth anywhere in the calibration and validation
and the water depth found at this location. sections of the reach at any flow rate.

The final operation of the numerical modelling exercise is to
combine the results from the hydrodynamic model at a given flow,,. .
rate with the biological model. Current speed, water depth, and%lologlcal models
substrate composition predicted by the hydrodynamic model for a Biological models are required to determine the physical condi
tile are used as inputs to the biological model that assigns an indeions used or avoided by Atlantic salmon parr. Environmental con
of habitat quality to that tile. Estimation of an index of habitat ditions used by fish were defined by visually scanning the entire
quality for all tiles modelled produces a map of the spatial hetero calibration section by snorkeling during two periods (July 16-24
geneity of expected fish habitat quality in a river for a given flow and August 1-10). Under good weather and flow conditions, the
rate. This exercise can be repeated to produce predictions of hatliver could cover 50-100 m of the calibration reach per day there

tat quality and distribution of those habitats for different flow rates. after referred to as subsections). The diver swam upstream te mini
mise fish disturbance (Cunjak et al. 1988). Age 1+ (5-8 cm total

length) and 2+ parr (7—10 cm total length) could not be differenti

Sampling ated because of their overlap in size range. Hence, the biological
) model that we developed described habitat use by 1+ and 2+ parr
Hydrodynamic model indistinguishably. Each fish encountered was observed for 2 min

Data required to characterise the topography and substrate corand georeferenced. Fish generally performed short but frequent
position over the 1.5-km reach under study were collected duringnovements upstream, presumably to capture drifting invertebrates.
the first 3 weeks of June 1997 (after the spring flood). TopographyBetween these movements, parr came back above and slightly
was quantified by obtaining the coordinates (longitude, latitude downstream from the centre of a particular rock referred to as the
and altitude) of approximately 18 sampling points per 1G0ower “home rock.” Each home rock was marked with a stone coloured
the complete reach: in the river, on both shores, and above the highith fluorescent paint. The fish was then chased downstream to
water level. Each point was georeferenced using a total statioavoid recording two series of data for the same fish. Physical con
(electronic theodolite coupled with an electronic distance measureditions were quantified at home rocks after 20 coloured stones had
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Table 1. Median size for substrate type used Modelling
by the hydraulic model. The data collected during the two surveys in the calibration sec
- - tion were pooled to develop two types of biological models: ahab
Substrate type Median substrate size (cm) itat suitability model and a habitat probabilistic model.
Metric boulder >100 . o
Boulder 25100 Habitat sq|tab|l|_ty r_n_odel _
Cobble 6.4-25 The habitat suitability model is based on preference curves that
Pebble 3.2-6.4 represent the propensity of fish to prefer specific ranges of environ

mental characteristics expected to determine fish habitat quality

Gravel 0.004-3.2 (Bovee 1982; Morantz et al. 1987; Heggenes and Saltveit 1990).

Sand 0.0005-0.004 We constructed a preference curve of parr for substrate composi

tion (D50), current speed, and water depth.

- ) ) The relative contributions of six classes of substrate diameter to
been positioned or after 30 min of snorkeling. For each home rockihe different patches of the calibration section were transformed to
substrate composition, current speed, and water depth were notegg values. Knowing the percentage of each class of substrate di
This information provided indications on the physical conditions ameter, we determine D50 as the substrate diameter value- corre
used by parr. Substrate composition was quantified as the mediaghonding to the 50th percentile of the cumulative frequencies of
diameter axis (D50) of substrate components. Given that the volthe classes.
ume of a stone is determined by three ax@sbging the longest The data collected in the calibration section were used to define
andC the shortest axis), D50 is defined as the length (centimetresye range of environmental conditions utilised by fish, to divide
of the B-axis of the median stone within a 1?rarea centred on the each environmental factor into a series of intervals (six intervals
home rock. Averaged current speed (metres per second) over a 3Gy substrate composition using D50, eight intervals for depth, and
period was estimated using a Price-Gurley current meter. Speegine intervals for current speed), and to obtain the percentage of all
was recorded 5-10 cm upstream from the home rock at a distanggh observed during our survey of habitat utilisation within each
from the bottom equivalent to 40% of the mean water depth withininterval of environmental conditions. The same approach was used
a surface of 1 rhcentred on the home rock (e.g., at 40 cm from the o quantify the percentage of all locations selected at random that
bottom when depth was 1 m). The water depth (metres) assigned tg|| into each interval of environmental conditions. For each inter

a home rock was taken to be the mean depth found within an aregy| i of a given environmental conditiog, we estimated an index
of 1 n? centred on that rock. D50 can be estimated visually to 5-mmgs preferencd,; as

accuracy after proper training and calibration (C. Latulipe and
M. Lapointe, unpublished data) against stone count sample§l) lei = %Ug /%A ;
(Wolman 1954). Flow rate (cubic metres per second) was esti- ) o o ]
mated for every sampling date based on records from a continuou¥there %J; is the percent utilisation by fish of a specific interval
flow station located 500 m upstream from the reach under studyof an environmental conditiorr (substrate composition, current
No tributary entered the river between the flow station and thedepth, or water depth) andAg; is the percent availability of this
reach or within the reach. Flow at the flow station is expected toenvironmental condition in the calibration section. Each preference
accurately represent that of the reach. index for a given environmental condition was ranged such that its
We used the two-dimensional hydrodynamic model and the flowmaximuml,; value was 1 (Leclerc et al. 1994). The ranged indices
rate observed each day to produce maps of water depth and currek Preference I¢) were used to develop an HSI following the-ap
speed within the 50- to 100-m subsection of the calibration sectioProach proposed by Leclerc et al. (1995). First, we estimated an
covered that day. For a given day in a subsection, we used thgnhweighted HSI (HSJ ranging from 0 to 1 inclusively) for each
complete series of nodes of the subsection grid (Fig. 2) to assedish observed within the calibration section as follows:
abiotic conditions available to fish that day. In addition, for a given
number of fish observed during 1 day in a subsection, we selecte@lz)
the same number of locations at random .Where no fish were ObWhereID Iy, andls are the ranged index of preference for depth,
served (at least 2 m from the closest Atlantic salmon parr mappedy, rrent ‘speed, and substrate composition interval, respectively.
For each of these locations, substrate composition, current speegcongd, a multiple regression analysis was used to explain-varia
and water depth were estimated from the maps of the subsectiofys in Hg|, usinglp, Iy, andlg as independent variables. During
provided by the two-dimensional hydrodynamic model for that day.this procedure, all variables were subjected to a logarithmic trans
. . ) Vkormation. This allowed us to obtain partial regression coefficients
ronmenta! cpndltlor)g available to Atlantlc; salmon parr (nod.e val ¢, Ip (notedX), Iy (notedY), andlg (notedZ). Third, we ranged
ues of abiotic conditions of each subsection) and those avoided by,e partial regression coefficients of depth, velocity, and substrate
fish (abiotic conditions where no fish were observed). such thatX + Y + Z = 1 (Leclerc et al. 1995). This procedure pro
duced a weighted HSI that could be calculated for any tile of the
validation section as

HSIy = Ip x Iy % Ig

Fish distribution in the validation section

The distribution of Atlantic salmon parr in the validation section
was obtained using a procedure identical to that used to evaluaig) HSI = |g)< X |\\; X |SZ_
habitat utilisation by fish in the calibration section except that no
physical data other than flow rate were collected because of timé tile having an HSI value close to zero was considered a poor
limitations (i.e., the number of days per summer when samplindhabitat because it had at least one physical characteristic generally
can be done under similar flows and good weather). Flow rate wagvoided by fish (low value). A tile having an HSI value close to 1
noted to ensure that numerical modelling, which predicted habitawas taken to be a good habitat because all of its physical character
quality distribution and potential fish distribution, would be calcu istics had to be close to the preferendum of fish (higtalues).
lated at a flow rate identical to that prevailing during mapping of
real fish distributions. Snorkeling was used to visually scan theHabitat probabilistic model
complete length of the validation section during two periods (July The habitat probabilistic model was developed by constructing a
25-31 and August 11-17). Each fish observed was georeferencedhatrix containing information on the physical conditions noted
yielding precise maps of fish distribution in the validation section. where and when a parr was observed in the calibration section of

© 2000 NRC Canada



Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by Université de Montréal on 05/11/19
For personal use only.

Guay et al. 2069

Fig. 2. Example of triangular elements grid used to perform the numerical modelling of the Sainte-Marguerite River. Velocity and
depth are represented by circles and substrate type by shading.
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the reach and on the physical conditions estimated where and whéerhe logistic model was intended to predict the probability (0-1) of
no fish were observed. The matrix had four columns that describefinding fish in any tile using local substrate composition, current
whether or not a fish was observed (presence or absence of fisspeed, and water depth as independent variables.

noted as 1 or 0) and associated water depth, current speed, and

substrate composition (D50). Since we randomly selected as manyaiq analysis

locations without fish as there were fish observed, the matrix ha Physical conditions used or avoided by Atlantic salmon parr in

twice as many lines as the total number of fish that we observed igne cajibration section were defined under flow rates ranging from
the calibration section of the reach. This matrix was used to del_g to 5.5 M-s (average 3.7 ms?Y). Real fish distribution in the

velop @ model to estimate the probability of observing a fish under 5jigation section was described during surveys performed within
given combinations of physical conditions. This was achieved by, relatively narrow ranges of flow: 1.9-2.6 and 2.9-4.2.g7.

fitting a multivariate Gaussian logistic regression model to our ence, our sampling yielded two maps that represented observed
presence-absence data. To our knowledge, our work represents tRg, yistributions. We used the numerical model to produce maps of
first attempt to use and validate the ability of a biological model

v . - SN substrate composition, current speed, and water depth in the valida
ba__c,ed on a logistic regression to pre_o!lq fl_sh distribution patternsion section at 2.2 and 3.2 %5 These flows were selected -be
Using this model, the habitat probabilistic index (HPI) of observ ¢4 e they corresponded to the mean flows for which observed fish
ing a fish under given physical conditions can be represented asgjstriputions were available. Hydrodynamic models may be imple
(4) HPI = 1/(1 + e?) mented only within a range of discharge that doe_s _not_have a
marked effect on river topography and substrate distribution and
where composition. The range of flow (2-6%sY) and the daily varia
tions in flow observed (0—8%, average 2.5%) in the reach under
A=Pyg+ P;S+ P,V +PD+P,& study were expected to have negligible influence on the riverbed,
+ PV2 + PgD2 +... since formative bankfull discharge in the Sainte-Marguerite River
is approximately 80 ths™ (M. Lapointe, unpublished data).
whereP, are parameters fitted by the multivariate Gaussian logistic The maps of physical conditions were used as inputs to the bio
regression an®, V, andD are substrate composition (D50), current logical models (egs. 3 and 4) to estimate HSI and HPI in all tiles of
speed, and water depth, respectively. The model was developed ute validation section at 2.2 and 3.2%4it. HSI and HPI were
ing a stepwise backward regression. During this procedure, we agrouped into 10 classes of habitat quality index (0—1 in increments
sessed the statistical significance of environmental factors raised tof 0.1). This led to the production of four maps (two biological
a power of up to 4 and all possible interaction terms (velocity xmodels and two flows) of the validation section. Maps were drawn
depth, velocity x D50, velocifyx depth, velocity x depth etc.). using 10 colour shades, each representing one of the 10 classes of
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habitat quality index. Each map was taken as a prediction ef exTable 2. Characterisation of the substrate type dominance (50%
pected habitat quality distribution and potential fish distribution in or more) of the Sainte-Marguerite River riverbed.
the validation section. We assessed the validity of these predictions

by comparing HSI or HPI values with real fish densities in the val Number of % of surface area
idation section. This was performed using five steps. First, weDominant substrate type  patches of the reach
overlaid the map of expected habitat quality according to one OBoulder 10 35

our biological models under a specific flow and the map of ob
served fisgh distribution at that rovf/). Second, we calculatedpthe totaCObee and pebble 93 83.0

surface area of the validation section associated with each of thCravel 16 6.5

10 classes of habitat quality index. Third, we counted the totaSand 26 7.0

number of fish observed in the areas associated with each of the 10

classes of habitat quality index. Fourth, we calculated average fish ) ]

density in each of these areas (number of fish per 160tatal  Of current speed predicted by the hydrodynamic model were
number of fish observed within areas assigned a specific habitgpoorly correlated with measured valueg € 0.09). The hy
quality index divided by the total surface area of the section-assodrodynamic model tended to overestimate low velocities
ciated with that class of habitat quality index). Fifth, we tested the(<0.2 m-s?) and to underestimate high velocities (>0.7 ™:s
existence of a significant relationship between habitat quality indexrpe hydrodynamic model nevertheless permitted a good rep
and real fish density in the areas assigned different habitat qua”tYesentation of the mean, variance, and range of current speed

indices using polynomial regression analysis. Although habital o,e5 ghserved in the field (Table 3). The poor fit between
quality indices and fish densities contain errors, ordinary least

squares methods are appropriate for these regressions because ElﬁiVid“a' values of prgdicted and obseryeq current speed
purpose was to obtain the best predictive model for fish densitie€h@y Not have a strong impact on our predictions of fish-hab

(Legendre and Legendre 1998). This procedure was repeated féfat quality because low and high velocities were associated
both biological models and both flows. with areas rarely used by parr (near the bank and the

thalweg area). More importantly, preference curves and
multivariate logistic regressions require that hydrodynamic

Results models adequately predict the average and variance of phys-
ical conditions over an area. Biological models do not re-
Hydrodynamic model quire that hydrodynamic models predict physical conditions

The topography of the complete reach was defined by esat a specific point of a reach. Hence, the precision of the hy-
timating the easting, northing, and elevation at 9470 surveylrodynamic model that we used was judged sufficient for
points. The topographic survey represented the study reaabur purposes.
as a mosaic of tiles ranging from 1 to 25 ifFig. 2). The
difference in bed elevation from the upstream to downstreanBiological models
limits of the reach was 4.1 m. The mean slope of the river, Physical attributes used by the fish were defined by mea-
calculated over 100-m stretches, ranged from 0.07 to 1.2%suring substrate composition, current speed, and water depth
The reach was divided into a total of 145 patches of relaat 308 locations where parr were observed. Eighty-five per-
tively homogenous substrate composition. The surface aregent of the fish observed in the calibration section used sub-
of the patches ranged from 25 to 180G.rRatch composi  strate characterised by D50 values between 3 and 6 cm.
tion ranged from being dominated by sand (50-100% in 26Those fish were found under current speeds ranging from
of the patches covering 11% of the reach surface) to-boul0.05 to 1.20 m-3 and at depths ranging from 0.12 to 1.2 m
ders (50-100% in 10 patches covering 1% of the reach su(Table 4; Fig. 3). Substrate available under flows observed
face). Gravel represented 50-100% of the surface area of Iduring sampling in the calibration section had D50 values
patches covering a total of 24% of the reach surface. Cobbleanging from 0.002 to 1.5 m (Fig.a3. Maximum current
dominated in 34 patches (covering 26% of the reach surspeed predicted by the hydrodynamic model at flows pre
face), while pebble were the principal substrate in 59vailing during calibration ranged from 1.1 to 1.2 mts
patches (50-100%) covering 38% of the reach surface (Tg(Fig. 3b). Corresponding values for maximum water depth
ble 2). were 2.37-2.40 m (Fig.c3. These conditions were defined

We evaluated the ability of the hydrodynamic model toas the physical conditions available to fish to develop the
predict current speed and water depth by measuring theg@eference indices.
values at 271 locations in the field and fewer than four levels Physical variable values avoided by fish (defined where
of flow rate ranging from 2 to 5.6 fas™’. Although these lo  and when no fish were observed during the calibration sur
cations were randomly selected, each one was precisely gewey) were quite similar to those used (Fig. 3). These condi
referenced. The hydrodynamic model was run to obtairtions were employed to develop the habitat probabilistic
predicted values of water depth and current speed at the 2#hodel and hence to differentiate between habitat characteris
locations for the flow rates prevailing during field measure tics used and avoided by fish. Fish expressed distinct prefer
ments. There was a strong relationship between individuaénces for the three physical variables under study (Fig. 4).
depth values predicted by the hydrodynamic model and indiFish preferentially used depth ranging from 0.3 to 0.7 m
vidual field measurements of depth?(= 0.85). Individual  (Fig. 4a), current speeds ranging from 0.60 to 0.75 Th-s
water depths predicted by the hydrodynamic model wergFig. 4b), and substrate composition characterised by D50
within 15% of those measured in the field. The mean,-vari values of 3.0-4.5 cm (Fig.c}.
ance, and range of predicted water depths were within 2% of The multiple regression equatiom £ 308, p < 0.0001)
those calculated from field data (Table 3). Individual valuesthat best represented variations in HSIs was
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Table 3. Comparison of velocity and depth predicted by the hy Fig. 3. Frequency of §) D50, () velocity, and €¢) depth used
drological model with field measurements. (solid bars), avoided (stippled bars), or available (open bars) for
1+ and 2+ Atlantic salmon parr.

Mean current Mean water depth
velocity (m-s?) (m) 401 Q)
Statistic o = 271) Predicted  Field Predicted  Field 35
Mean 0.389 0.487 0.491 0.488 30
Variance 0.040 0.056 0.049 0.059 25
Minimum 0.044 0.0085 0.038 0.13 20
Maximum 0.93 1.21 1.16 1.23 15
10
Table 4. Total range of utilisation and range of dominant utiisa 5
tion (in which 80% of the fish were found) of abiotic factors. 0 1234567 89 101112131415161718
more
Total range of Range of dominant 30 D50 (cm)
Abiotic factor utilisation utilisation b)
Water depth (m) 0.12-1.2 0.24-0.72 25 B
Current velocity (m3)  0.05-1.2 0.15-0.75 ®
Substrate size (D50) (m)  0.012-0.09 0.03-0.06 %
(&)
S 15
=]
g 10
HSI = 1330 1038x 1,232, }:
5
The simplest statistically significant logistic model devel-
oped to estimate HPIs was 0 -
01 02 03 04 05 06 07 08 09 1 11 12
. oc-1
HPI = 1/(1 + &) Mean velocity of water column (mes™')
25 C)
where
20
= -3.067 + 8.46D + 2.86V M -
15
+ 0.0935 - 6.20P2.
10
Predictions made by the NHM
The NHM was used to predict the spatial distribution of 5
habitat quality within the validation section at two flow rates |
(2.2 and 3.2 s using alternatively HSI or HPI as a bio 0= .
logical model. These predictions represented expected spa 01020304 05060708091 11121314
tial distributions of fish at these specific flow rates. Depth (m)

HSI values predicted by numerical modelling in the vali
dation section ranged from 0 to 0.97 for the two flows (2.2
and 3.2 m-s!) (Fig. 5a). The results predicted highly heter Observations of fish distribution
ogeneous fish distribution patterns including areas with very The distribution of 1+ and 2+ Atlantic salmon parr in the
low (HSI values close to 0) and very high (HSI values closevalidation section was heterogeneous. Survey-specific parr
to 1) habitat quality indices. Only 16.4% (2750%2nat  densities calculated for 17 randomly chosen and distinct
2.2 m*-sY) to 16.7% (2820 rhat 3.2 n¥-s?) of the surface  subsections (625-995%radding to 78% of the surface area
area of the validation section were assigned HSI valuesf the validation reach at a flow of 3.2%s™) ranged from 0
higher than 0.7. HSI values assigned to the tiles of the valito 2.01 fish-100 n? and had a mean of 0.76 fish-100“m
dation section were only slightly affected by changes in flow(variance = 0.26). There was no relationship between the
rates. HPI values predicted by numerical modelling in thedensity of fish and the surface of the subsection$ £
validation section at the two flow rates ranged from 0 t00.003), indicating that densities were not scale dependent for
0.86. Tiles assigned to HPI values higher that 0.7 reprethe 17 subsections that we defined.
sented 1513 for 9.0% of the surface area of the validation
section at 2.2 s’ Corresponding values were 163¥ m Relationship between observed fish densities and
and 9.7% at 3.2 fs! (Fig. 5). HPI values assigned to the predictions made by the NHMs
validation section were relatively stable within the range of Fish density estimated for each of the 10 areas of the vali
flow covered by our study and simulations. dation section assigned HSI values of 0-1 in increments of
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Fig. 4. Preference curves fom) depth, b) current speed, and When data from the two flow rates were combined, HSI ex
(c) substrate size (D50). plained 39% of variations in real fish density. Corresponding
a) values for NHM based on HPI were 98% (2.2-81) and

81% (3.2 ni-sY). The use of HPI allowed us to explain 86%
1.0 of the variations in real fish density when data from both
0.9 1 flows were combined g < 0.0001) (Fig. ®). Hence, our
0.8 results suggested that local fish densities were higher-in ar
eas of the validation section for which the NHM predicted

Preference index for depth (1)
o
(3]

0'6: higher habitat quality indices. However, predictions of NHM
041 based on HPI for the two flows or with both flows combined
0.3 1 explained a larger fraction of local variations in fish density
0.2 1 than NHM based on HSI.
0.1
0.0 " " " " " " " " '

0.0 0.15 0.3 045 0.6 0.75 0.9 1.05 1.2 1.35 Discussion

Depth (m)

Our study suggests that numerical modelling may be ap
propriate for predicting distribution patterns of Atlantic
salmon parr in rivers. Although our study suggests that

= strictly abiotic variables may allow the prediction of the-dis

- b) tribution pattern of Atlantic salmon parr, it is important to

5 1.0 note that these variables have also been argued to implicitly
2 8-3: represent important biotic variables. For instance, water
z 07 1 depth could represent a protection against aerial predators
2 06 1 and provide larger search volume during feeding (Wan-
3 05 | kowski and Thorpe 1979; Metcalfe et al. 1997). Current
_E 0.4 speed has been hypothesised to modify the costs of habitat
g 0.3 utilisation and the drift rate of invertebrate preys in the vi-

g 8-? ] cinity of fish (Morantz et al.1987; Heggenes 1996). Finally,
k) 00 e substrate granulometry has been suggested tq_aﬁect cover
E 0.0 0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2 1.35 1.5 1.65 from predators and from adverse physical conditions during

summer or winter (Rimmer et al. 1984; Cunjak 1988;
Heggenes et al. 1991).
Our analyses indicate that the quality of the predictions

Velocity (m-s-')

c) made by numerical modelling is determined by the type of
~ 10 - biological model used. In our study, fish distribution was
<= 09 | better predicted by a biological model based on an HPI (with
3 08 1 both flows combinedr? = 0.86) than on an HSI (with both
e 471 flows combined,r? = 0.39). Although the removal of one
2 06 point that could be considered as an outlier (1.0, 0.5) im
3 05 - proved the relationship between fish density and HSI
_'E 0.4 1 0.46), it did not affect our observation that NHM performed
g 0.3 better when implemented with HPI than with HSI. Two-hy
g 0.2 potheses can be invoked to explain the different performance
& 017 of the two biological models that we used.
© 00 ' ' ' ' ' ' ' ' The first hypothesis is that HSI may be more sensitive to
o 0 1 2 3 4 5 6 7 8

the quantity of data required than HPI in developing appro
priate models. In our study, we developed our preference
curves and indices using observations performed on 308
0.1 (0-0.10, >0.10-0.20, >0.20-0.30, etc.) ranged from 0.fish. Since this value represents our complete data set, it is
to 1.2 fish-100 ¥ at 2.2 n¥-s* and from 0.1 to 1.6 fish-100 presently impossible for us to assess the effect of increasing
m2 at 3.2 n¥-sX. The 10 areas of the validation section as the number of fish observed to, for instance, 500 or 600 fish
sociated with different HPI values were characterised by fiston the quality of the predictions made by HSI models. How
densities from 0 to 2.5 fish-100¥at 2.2 n¥-s*and from 0 ever, the number of fish that we observed corresponds to the
to 2.0 fish-100 ¥ at 3.2 n¥-s%. average number of fish generally used to define preference
There was a statistically significant and positive relation indices. For instance, deGraaf and Bain (1986) developed
ship between real fish densities and habitat quality indicepreference indices using from 123 (North Arbour River) to
predicted by habitat numerical models. Such relationship15 (North Arm River) parr. Morantz et al. (1987) con
were observed for NHM implemented with either biological structed preference curves by pooling data collected on 538
model and for both flow rates. Predictions of NHM based onparr observed over 3 years. Cunjak (1988) and Whalen and
HSI explained from 63% (2.2 #s™) to 71% (3.2 m-s) of  Parrish (1999) described winter habitat utilisation of parr us
local variations in real fish densityp(< 0.0001) (Fig. @). ing data on 148 and 127 fish, respectively. At the other end

D50 (cm)
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Fig. 5. Maps of @) HSI and p) HPI for a flow of 3.2 n¥-s~* and fish distribution. The same colour scale gives the values of HSI and HPI.

a) HSI

0.0-0.1
0.1-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9

HE N “HEN

H
0 50 100150 200 m

of the spectrum of sample sizes, Heggenes and Salvejtarent difference between the preferred speed range that we
(1990) established habitat preferences using 1454 parr olfound and those presented in other studies, it is important to
served over a period of 2 years. However, in that study, obnote that parr for different studies have very similar maxi
servations for young-of-the-year fish were combined withmum utilisation ranges for that variable (our study: 35—
parr, and summer and fall observations were pooled. Ou85 cm-s; other studies 20-60 cm%. Utilisation by fish of
sample size was in the range of those found in the literaturea range of environmental condition is defined strictly by the
Hence, sample size cannot be invoked to explain differencesumber of fish using this condition, while preference for a
between the preference indices that we calculated and pulspecific range of environmental conditions is the utilisation
lished values. Our preference curve for water depth hadveighted by availability of a condition. Hence, the differ
maximum values between 30 and 60 cm. This range is-simience between the preference indices for current speed that
lar to that found for maximum preference for depth observedve found and those of other studies may not be related to
by deGraaf and Bain (1986) (15-55 cm) and Morantz et althe utilisation of habitat by parr but to different levels of
(1987) (30-55 cm). However, in the Sainte-Margueriteavailability of specific ranges of current speed among rivers.
River, we estimated the maximum preference index for curA similar situation may also occur for preference indices of
rent speeds of approximately 60—70 cth-Fhese values are substrate composition. Preference curves for substrate are
higher than most current speeds found in the literature fogenerally based on substrate type (sand, cobble boulder, etc.)
Atlantic salmon parr. Morantz et al. (1987) observed maxi instead of D50 values. In our study, maximum preferenee in
mum preference indices at current speeds ranging from 20 tdices for substrate were between D50 values ranging from
50 cm-st, and Heggenes and Saltveit (1990) found corre 30 to 60 mm, which, according to the Wentworth scale; cor
sponding values between 10 and 30 cth-Bespite the ap  respond to the size range of gravel (see Bovee 1982). Gravel
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Fig. 6. Polynomial regression between real fish density and affect fish, to some extent, independently. For instance, a
(@) HSI and p) HPI. Solid diamonds, 3.2 #s%; open dia specific range of current speed is given a high or low prefer
monds, 2.2 Mms™. ence index independently of water depth or substrate-com
2 position. Furthermore, one range of current speed is always
175 1 given a preference index of 1, even if this range may not
150 | ° constitute a biologically optimum condition whether this
' . variable is considered alone or together with the two other
1.05 A ) variables. While the relative effect of water depth, current
=038 : . speed, and substrate composition is represented by the

1.00 4 n=219 parr

weighting of each variable using an exponeK , Z of
eg. 3), it is important to note that the weighting is done after

0-75 indices of preference have been assigned to the different
0.50 R range of variables. This procedure may not fully reflect the
interdependence among the variables. In contrast, HPI s cal
o 025 1 culated from a multivariate approach in which all variables
£ ¢ ¢ are considered simultaneously and with no arbitrary cerrec
o 0.00 . . ‘ ‘ ‘ , ‘ ‘ ; ‘ . . . . . L
] tion (no environmental condition is considered a priori better
. 00 0102 03 04 05 06 07 08 09 10 and given a preference index of 1 or worse). In addition, the
g 575 1 b HSI polynomial approach that we used to model our logistic
G 2.50 1 v 086 o equat!on and to assess HPI (allowing linear and n_o-Iinear in
Z 225 1 n-219par teractions) may be more appropriate for accounting for the
2.00 1 possibility that a below-average current speed, from a-pref
1.75 1 erence index perspective, may provide above-average habitat
1.50 1 conditions when associated with specific combinations of
1.25 1 depth and substrate composition. Hence, the mathematical
1.00 1 structure that we employed to estimate HPI may allow a
0.75 1 better representation of the statistical as well as biological
0.50 1 interaction among the physical variables used to estimate
0.25 1 habitat quality than that used to estimate HSI.
0.00 A We tested the validity of the predictions made using our
00 01 02 03 04 05 06 07 08 09 1.0 y P 9

numerical modelling by assessing the existence of a relation-
ship between HSI or HPI values assigned to specific areas of
) ) the river and observed fish densities within these areas. The
has been described as optimal for parr by deGraaf and Baigprrelation that we obtained may be taken as a measure of
(1986) and Morantz et al. (1987), although maximum prefer{he success of numerical modelling to predict local differ-
ence obtained by Heggenes and Saltveit (1990) was for larggnces in fish density at a given level of global fish density
cobble (256-384 mm). Discrepancies between their result§y our study, the total number of fish present in the eom
and ours could again be partly explained by the differentyjete validation reach divided by the surface area of this sec
availability of substrate in the two studies. In the river stud tjon)., However, we do not believe that our study can be
ied by Heggenes and Saltveit (1990), the percent occurrenggien as an indication of the ability of numerical modelling
of particles larger than 128 mm was 67 compared with 9% predict global differences in fish density among rivers or
in our study. Hence, the parr studied by Heggenes and Saliemporal variations in global fish density within a river. This
veit (1990) may have had no other choice, compared withimit of numerical modelling is illustrated by the difficulty
f|sh from the SalntQ-MaI’guerlte R|'Ver,' than to "SQ|ect" |arge.rof ﬁnd|ng a re'ationship between predictions made by NHM
substrate as a habitat. Our examination of published studieg,g fish densities on a larger temporal or spatial scales than
indicates that HSIs are very sensitive to the availability of a sed in our study (Milhous et al. 1989; Bourgeois et al.
series of abiotic variables found in different rivers. It is-dif 1996). It is tempting to speculate that while strictly physical
ficult to assess the stability of HPIs or of the logistic modelyariables may determine local distribution patterns of Atlan
that we developed among rivers because, to our knowledggc saimon parr, both biotic and abiotic conditions may deter

no such model has yet been produced to define habitat quahine the number of parr living in a river at a given time.
ity for parr in other rivers. The only other logistic model-de

veloped for habitat analysis purposes has been produced to
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