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Table 5.1

Physical characteristics of the sampling sites. Habitat characteristics were assessed in autumn 2005 and summer 2006.
The measurement of water velocity was made at random locations using an acoustic Doppler velocimeter (Sontek
FlowTracker ADV®). Visual estimations of substrate size (D6, Dso and Dg4, representing respectively 16 %, 50 % and
84 % of the cumulative grain size distribution) were made according to the technique described by Latulippe ef al.,
(2001). Substrate size and water velocities were measured at a minimum of 100 locations for each study site. Water
temperatures were recorded at some of the sites in summer-autumn 2005. The discharge was recorded for the months of

July and August 2007. ND, no data; DMR, Dartmouth River; SMR, Sainte-Marguerite River.
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Distance

downlink Wetted Maximum Mean Substrate Water Discharge
. . ~ Channel width* velocity* sorting temperature  July-August
Site  (fractional . depth*
distance) type Min-max (m) (= SE) (D16: Dso:Ds4) Mean Mean
(km) (m) (ms™) (mm) (min-max) (min-max)
DMRI (8'8(1)) hegggﬁers 45-50 0.92 (iO(.)2251) 18:51:163 ND 15.7 m’s
' ' © (3.1-308.8)
2.06 . 031 o
DMR2 e longriffle  40-45 1.06 @oany ~ ND3TND ND
3.05  high gradient 0.39 . 17.4°C
DMR3  025)  rifflepool 10730 1.00 @032 10079 146203
4.03 low gradient ‘ _ 0.32 .
DMR4 ifopost 1015 0.68 @o1g  ND33ND ND
9.16  low gradient 0.33 . 17.9°C
DMRS  076)  rifflepool 240 L.16 @026) A6 15100.8)
SMR1 (8‘?2‘) he;ggﬁers 18-25 0.78 (io('f; " 7:32:180 ND 14.6m’s
' : (8.5-31.5)
2.02 high gradient 0.36 ep. 16.5°C
SMR2 " 046)  rifflepool 1220 1.06 @029 %161 138910
3.1 low gradient 0.46 o 16.5°C
SMR3  070)  riffle-pool 152 120 & 0.28) 13:26:48  (13.521.1)

*At low discharges of 5m’ s~ for the DMR and 12 m’ s” for the SMR.
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Table 5.2 Mean relative densities, fish size (LF) and fresh mass (W). The mean relative density is the mean density of parr

evaluated by electrofishing in summer and autumn 2005. ND, no data; DMR, Dartmouth River; SMR, Sainte-

Marguerite River.
Mean relative density LF of specimens W of specimens
Site mean (£ SD) mean (+ S.D.) mean (£ S.D.) n
(nb ind./100 m?) (mm) (8)

DMRI 25623 o0 gy seeer) O
DMR2 ND I B ¢ B
DMRI  163¢35 o0 oiwl)  soslen 13
DR ND 2 salen  saeley 7
DMRS 196639 5L 500y amsGim
SRI 69640 50 G0N sseGssn 7
SMR2 102660 o7 GGen SmGaw 6
SMR3 3.4 (+0.4) ; 183 Ei ?66,)1) 130'%23 1 (Zt%.g369)) 176
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Table 5.3

Analysis of variance (ANOVA) tables for the effect of site and age-class on the body constituents of fish for the

Dartmouth River (DMR) and Sainte-Marguerite River (SMR). Asterisks indicate significant results at P < 0.05.

% fresh mass % dry mass
Bqdy River  Source of variation  df F P F P
constituent
Site 4 0.9 0.45
water DMR* Age-class 1 1.6 0.22
Site X age 4 0.8 0.98
Site 2 49.8 <0.01*
SMR Age-class 1 0.1 0.71
Site X age 2 0.3 0.78
Site 4 1.6 0.17 .20 0.10
lipid DMR Age-class 1 32 0.08 5.7 0.02*
Site X age 4 0.7 0.60 0.7 0.59
Site 2 0.6 058 °~ 08 0.47
SMR Age-class 1 0.2 0.63 0.1 0.88
Site X age 2 3.8 0.03* 34 0.04*
energy Site 4 0.7 0.58 1.1 0.34
density DMR* Age—class 1. 1.1 0.29 2.1 0.15
Site X age 4 0.1 0.98 0.8 0.54
Agz_‘gass 2 304  <00l* 516 <001*
SMR Site X age 1 0.2 0.65 1.06 0.31
2 0.4 0.68 0.26 0.77

* ANCOVA with LF as a covariate
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Figure 5.1  Aerial photos of the study sites along the sedimentary links of the Dartmouth River (a) DMR1, (b) DMR3, (c) DMRS,
and of the Sainte-Marguerite River (d) SMR1, (e) SMR2, (f) SMR3. The width of the study sites is indicated. (Photos
were taken for the Geosalar I (2002) and Geosalar II (2005) projects).
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Figure 5. 2
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Figure 5.3
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Abstract

This paper describes a flatbed antenna grid designed for continuous remote monitoring of fish
tagged with 23 mm passive integrated transponder (PIT) tags in a natural stream with extensive

spatial coverage. A range of applications of the system is presented.
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Development of a flatbed passive integrated transponder antenna grid for

continuous monitoring of fish in natural streams

Passive integrated transponder (PIT) technology is increasingly being used to monitor the
behaviour of freshwater fishes in both experimental and natural settings. This technology is
versatile because PIT tags are small, inexpensive, last indefinitely and allow the individual
identification of fishes. Early PIT systems were developed mainly for the continuous monitoring
of fishes in fixed experimental settings or through hydroelectric facilities and fishways (Prentice
et al., 1990; Brannis ef al., 1994; Armstrong et al., 1996; Castro-Santos et al., 1996; Burns ef al.,
1997). Portable PIT detectors were then developed to allow the monitoring of fish distribution
over a larger spatial extent in wadable streams (Morhardt ef al., 2000; Roussel et al., 2000;
Zydlewski et al., 2001; Cucherousset et al., 2005; Hill et al., 2006; Linnansaari and Cunjak,
2007; Linnansaari et al., 2007). Portable systems have nevertheless a limited temporal resolution
compared to stationary systems because they must be operated manually by a person wading the
stream, which is potentially disruptive for the fishes as well as making the task to survey a study
section labour intensive and time consuming, thereby restricting the possible frequency of
surveys. Recent developments in PIT systems have combined the advantages of both stationary
and portable systems by adapting stationary, single and multiple, antennae systems to natural
environments for continuous monitoring of fishes with higher spatial and temporal resolution
(Armstrong et al., 1996, 1999; Greenberg and Giller, 2000; Morhardt et al., 2000; Zydlewski et
al., 2001, 2002; Riley ef al., 2003; Ibbotson et al., 2004; Teixeira and Cortes, 2007).

The trade-off between accuracy in the location of the tag, spatial coverage, detection range and
temporal resolution is dependent on the limitations inherent to the technology used to build the
systems. An important aspect in the design of PIT systems is the choice of full duplex (FDX) or
half duplex (HDX) technology. FDX transceivers send and receive signals simultaneously,
whereas HDX transceivers send and receive signals to and from the tag asynchronously.
Therefore, FDX systems are inherently faster but also more energy consuming compared to HDX
systems. The size of the tag also has a great influence on the performance of PIT systems with
large tags being detectable from farther away. Typically, FDX systems are used with 12 mm tags

and achieve a detection range varying between 20 and 360 mm (Brénnis et al., 1994; Armstrong
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et al., 1996; Ibbotson et al., 2004; Cucherousset et al., 2005; Teixeira and Cortes, 2007), which
can be increaséd to 900 mm with the use of larger FDX tags (i.e. 23 mm) and specific antenna
designs (Hill ef al., 2006). Nevertheless, the short detection range of most FDX systems has been
cited as being the main impediment to study fish behaviour in natural settings and improving the
antennae or using larger tags has been suggested as a solution to broaden the application of PIT
technology (Brénnis et al., 1994; Armstrong et al., 1996; Greenberg énd Giller, 2000; Zydlewski
et al., 2001; Riley et al., 2003; Teixeira and Cortes, 2007). Larger tags, however, have to be
implanted in relatively large fishes (>84 mm fbrk length, LF) (Roussel et al., 2000) in order to

minimize possible adverse effects on growth and survival.

HDX systems used with large 23 or 32 mm tags can offer a detection range of 1000 mm either
with portable or stationary equipment (Castro-Santos et al., 1996; Roussel er al., 2000;

Zydlewski et al., 2001; Linnansaari and Cunjak, 2007; Linnansaari et al., 2007). Zydlewski et al.

(2001) developed a stationary crossriver HDX system to record the longitudinal movements of
marked fishes (with 23 mm tags) in a 8 m wide stream. This system scanned the entire water
_column at all discharges without disrupting fish movements, overcoming many of the previous
limitations regarding the use of PIT systems in natural streams. While cross-river antennae enable
the study of large-scale longitudinal movements, antenna grid systems that allow the study of ﬁsh»
space use over extended areas and with high spatio-temporal resolution need to be developed.
This paper describes a flatbed antenna grid designed for continuous remote monitoring of PIT-

tagged fishes in a natural stream at an intermediate spatial scale (i.e. reach scales ¢. 100 m).

The flatbed antenna grid is an antenna array buried underneath the bed surface of a stream. It
consists of 242 HDX antennae that detect 23 mm PIT tags [Texas Instruments (TIRIS) model RI-
TRP-RRHP, 134.2 kHz: Texas Instruments; www.ti.com] and other tags complying with the ISO
11784/1178S5 international standards. The antennae are connected to tuning capacitors units with
5 m long twin-axial wires (possible maximum distance: 10 m) (figure 6.1a). The tuning units are
in turn linked to a CYTEC multiplexer (JX/256 series; mercury wetted 256 single poles relay;
www.cytec-ate.com) either using cables composed of 10 multistrand wires (gage 22) for round
and rod antennae or using twin-axial wires for rectangular antennae (figure 6.1a). In this system,

the longest cable is 60 m but it could be as long as 200 m if a greater distance from the

130



multiplexer was required. The multiplexer is connected to an Aquartis controller (custom made
by Technologie Aquartis; www.aquartis.ca) composed of a TIRIS S-2000 reader (composed of
high performance RA-RFM unit RI-RFM-008B and control module RI-CTL-MBZA; Texas
Instruments), a datalogger and a custom-made controller unit. This unit manages the flux of
information between the multiplexer, the RFID system (TIRIS reader) and the datalogger. The 75
w of power required by the system is provided by three 110 W solar panels linked to four 6 V
rechargeable batteries connected in series, and to two 12 V deep-cycle marine batteries connected
in parallel. Nonetheless, the number of batteries needed is dependent on the solar radiation
available (i.e. photoperiod length and intensity) and the location of the panels, thus, a variable
number of batteries could be used depending on the context. When a tag is detected by any of the
‘antennae, the date (dd/mm/yy), time (hh:mm:ss), antenna ID (multiplexer card and port number)
and fish ID (tag number) are recorded on a 1 GB SD card. All antennae in the system are
activated sequentially requiring 120 ms per antenna. The interrogation of all the antennae (i.e.

multiplexer ports) requires 33 s.

Most antennae in the grid (» = 160) are round antennae of 500 mm in diameter. They are made of
PVC tubing, enclosing three loops of multistrand wire (gage 10, insulated copper wire). Reading
range varies depending on the tag orientation and position. The maximum detection range
achieved with this type of antenna is 400 mm in height and 800 mm in diameter on the horizontal
plane when holding the tag perpendicular to. the antenna. When the tag is held horizontally, the
range is reduced to 300 mm in height by 600 mm in diameter. Tags positioned exactly in the
centre and parallel to the antenna plane cannot be detected due to the normal ‘blind spot’ in the
detection field (Linnansaari et al., 2007). The second type of antennae are 3 X 1 m rectangular
antennae (n = 22) built to cover a larger area than round antennae. These antennae are made with
two loops of multistrand wire (gage 10, insulated copper wire) and achieve a detection range of
400 mm vertically. The third type of antennae (n = 60) are 200 mm long manganese—zinc ferrite
rods (magnetic permeability adapted to a frequency of 134.2 kHz: m = 850) composed of a coil
encapsulated in PVC tubing. The rod antennae were designed for easy installation in stream areas
with coarse substratum, but they have a smaller detection range (i.e. 200 mm) than the other two
antennae types. Interference problems were, however, experienced with these antennae at

installation.
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The flatbed antenna grid was installed in a natural stream in summer 2006 and was used to study
fish movements in 2007. The Ruisseau Xavier, a 4 km long tributary of the Sainte-Marguerite
Nord-Est River, Québec, Canada, (48°25°17”’ N; 69°53°48”> W), was selected for installing the
antenna grid. The tributary is a second order stream of ¢. 10 m in width, composed of short riffle-
pool sequences in its lower part where the system was installed. The site chosen for the antenna
grid is a 100 m long section of the stream located 425 m from its confluence with the main river.
The site is composed of a main and a secondary channel separated by a gravel bar flooded during
high flows (figure 6.1b). The substratum varies from cobble-boulders in the riffles to sand—

gravel in the pools, and the maximum depth is 1.5 m at the median discharge of 0.46 m’ s,

The antenna grid was installed in late August to early September 2006 at low flow. Prior to the
installation of the antennae, fishes were removed from the study section by electrofishing. They
were kept in flow-through enclosures, and put back in the stream after the installation was
completed (i.e. 1 week). The antennae were buried flat c. 150 mm beneath the riverbed armour
layer in order to resist most flow conditions. A small excavator was used to dig furrows where
the antennae and wires were buried. Substratum disturbance was minimized by proceeding with
one antenna line at a time and by covering the antennae with the substratum previously displaced
when digging. The armour layer of the substratum was put back in place manually to recreate the
original configuration and to ensure substratum stability by recreating the imbrication. The
structure of the study site did not appear visually different from its original state after the
installation of the antennae. It took a team of six people 7 days to build the antennae and an
additional 7 days to complete burying the antennae in the streambed. Another 2 weeks and two
people were needed to complete the configuration and tuning of the system. Costs are directly
proportional to the spatial extent and geometrical configuration of the system because it

determines the length of cables needed.

The three different antenna types were distributed to cover the largest possible area of the stream
section (figure 6.1b). Round antennae were positioned in the low-flow wetted area of the stream.
Rectangular antennae were buried along the wetted perimeter to monitor fish movements in case
of extended flooding, and one rectangular antenna was used to cover the upstream access of the

secondary channel. Rod antennae were located at the upstream end of the study site. All antennae
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were positioned with sufficient distance from each other to avoid detecting tags on two antennae
at the same time, but to minimize gaps where no detection was possible. Nevertheless,
interference between rod antennae was found to be unexpectedly high after installation (due to
single pole relays); therefore, they were never activated for studying fish movements. The section
covered with antennae was thus shorter than originally planned, but the free ports on the
multiplexer were used to add antennae in the secondary channel (n = 5) and in the downstream
pool (n = 5) where many fishes were seen when snorkelling in summer 2007. After the
installation was completed, the antennae were georeferenced with a total station. It was thereafter
possible to interpolate fish positions by converting antenna ID into spatial co-ordinates. Overall,
the detection field of the antenna grid covered 27 % of the wetted area of the site at a discharge of
0.07 m® s™. All electronic components were contained in a shelter constructed on the riverbank,

outside of the immediate flood zone of the stream (figure 6.1b).

The antenna grid was used to record the movements of PIT-marked juvenile salmonids from 17
July to 19 November 2007. Fishes were captured in the study site by electrofishing on 3 July and
4 September 2007. All fishes >95 mm LF were PIT tagged with 23 mm tags (Texas Instruments),
for a total of 36 juvenile Atlantic salmon Salmo salar L. (July: n =26 and September: » = 10) and
17 juvenile brook trout Salvelinus fontinalis (Mitchill) (July: » = 9 and September: n = §). The
minimum size for tagging was determined using the study of Roussel et al. (2000), which
suggested tagging fishes >84 mm LF to avoid mortality, and on the study of J.-N. Bujold (unpubl.

data) who suggested a minimum of 95 mm LF to avoid effects on growth of juvenile S. salar.

The maintenance of the system was minimal. Every week, two of the batteries powering the
antenna system were changed for fully charged ones in order to avoid power failures. A control
tag was placed on an antenna located on the bank to ensure that the system was continuously
recording fish positions. The memory card was downloaded at least once a week, and the data
were verified for any interruptions or irregularities. Some delays in the scanning cycle were
attributed to interferences with electronic equipment used by the park warden working in the
area. Occasional power breakdowns occurred but never lasted for more than a few hours at a

time. They were due to cloudy conditions and a diminishing photoperiod in late autumn limiting
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the solar radiation needed to charge the batteries. The system was configured to restart itself

when enough power was available to turn on both the multiplexer and the Aquartis controller.

The antenna grid generated 128 903 detections over the whole study period. A total of 49 of the
53 tagged fishes (93 %) were detected at least once on tﬁe antenna grid. Most individuals were
detected numerous times with a mean of 3173 detections per individual and a maximum of 26
811. Such a high number of detections was obtained because some individuals were constantly
using areas with high density of antennae or were hiding in the substratum covering the antennae.
MATLAB® (version R2007a; MathWorks Inc., www.mathworks.com) programmes were used to

handle the large database generated by the antenna system.

There are many advantages in using this antenna grid system. The main advantage is the
continuous remote monitoring of juvenile salmonids with high spatial and temporal resolution.
The presence of an antenna nearly every 5 m” in the 100 m long study section provides a high
scope or ratio of extent to grain size (Schneider, 2001). A high scope increases the ability to
detect patterns across a range of scales by having many sample points, each covering a small area
or volume (grain), with high sampling frequency over a relatively large area (extent). A complete
record of fish positions over a 4 months period was obfained, allowing the potential description
of habitat use, movements, home ranges and activity patterns of individuals on a diel, day-to-day
and on a seasonal basis. As far as is known, this is the first time a system was developed to
monitor fish positions in situ over extended areas, with high resolution and with the ability to

collect data consistently over a 4-month period.

With this system, individual fishes’ use of space can be monitored with high spatial resolution
and integrated at a relevant scale. For example, the precise positioning of fishes can allow the
study of microhabitat selection given a prior surveying of the physical variables surrounding the
antennae of the grid. Mobility patterns can also be inferred as the timing of movements from one
antenna to another is recorded (figure 6.2a). With each antenna activated every 33 s and 27 % of
the wetted area covered, the spatial location of fishes cannot be explicitly known at all times for
the whovle population, but some very relevant interpretation can be carried out. Variations in

habitat use can be examined over a desired time frame by computing home ranges, mean
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positions (figure 6.2b) and probability density functions of fish locations. The antenna grid can be
a useful tool to gather information about how the physical structure of a stream (e.g. depth,
velocity, substratum and woody debris) affects patterns of habitat use and mobility. For example,
comparing the use of riffles v. pools, day v. night microhabitat selection or seasonal changes
between summer and winter habitats. In addition, the- monitoring of fish behaviour in changing
habitat conditions can be performed. Fish movements at high flows or during ice cover formation
could also be recorded, providing fundamental information on mobility patterns when other

sampling methods cannot be used.

Another interesting application of the antenna grid is the study of the activity patterns of fishes
(figure 6.3). The number of movements made by one or many individuals over the diel cycle can
be calculated for specific days (figure 6.3a) or integrated over a time interval (figure 6.3b, c),
providing detailed information on the behaviour of individuals. In addition, visual observations of
fish activity can be made in order to determine if the fishes are active in the water column or if
they are hiding. Interindividual variations in time budgeting, for example diurnal v. nocturnal
foraging strategies, and associated consequences on performance in terms of growth or survival

can be studied if additional sampling of fish condition is carried out.

The detection range of this HDX system is greater than that of multiple antenna systems
previously used in the field that relied on the FDX transmission mode (Armstrong et al., 1996;
Greenberg and Giller, 2000; Riley ef al., 2002, 2003; Teixeira and Cortes, 2007). With a vertical
detection range of 400 mm, half of the antennae cover the entire water column at low flow, while
the other half located in deeper areas cannot encompass it entirely. Because juvenile S. salar have
a tendency to stay close to the substratum when moving in fast-flowing water (Armstrong et al.,
1996), the proportion of fish swimming higher than 400 mm from the bottom in deeper sections
is assumed low but could not be evaluated. Further developments in PIT systems should include
improvement of the detection range to enable their use in larger rivers or to broaden their

application to the study of fishes moving higher in the water column.

The inability to distinguish two fishes in the same antenna field at the same time is a limitation of

PIT systems (Armstrong et al., 1996; Castro-Santos et al., 1996; Burns et al., 1997; Greenberg
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and Giller, 2000; Morhardt et al., 2000; Zydlewski ez; al., 2001; Ibbotson et al., 2004; Linnansaari
et al., 2007) and is an important concern especially when tracking fishes in high-density areas or
shoaling species. The use of many small antennae helps to reduce the probability of having
several fishes in the same antenna field simultaneously. If fishes are moving, there is a high
probability that they will either be detected sequentially by the same antenna or that they will be
detected by concomitant antennae. Tag collision (i.e. multiple tags blocking the detection of each
other) did not appear problematic in the context of tracking juvenile salmonids with the flatbed
ahtenna grid. Errors in reading tag codes due to collision or interference were 0.07 % of the data
recorded. Moreover, during the frequent snorkeling and portable antenna surveys made in the
study section in summer to autumn 2007 (P. Johnston, unpubl. data), more than one fish was
never located on a given antenna. Some individuals were, however, found sheltering in the
substratum over the same antenna for long periods, which certainly prohibited the detection of
other fishes passing by but allowed the study of activity patterns of the hiding fish. The
application of this system for other fish species displaying different social behaviour needs -

further evaluation.

The antenna grid system presented here offers a compromise between spatial resolution, spatial
- extent and detection range. Smaller antennae could have increased the spatial resolution but a
larger number of them would have been required to achieve a similar spatial extent. On the other
hand, increasing the number of antennae reduces sampling rate and thus the temporal resolution.
Finally, detection range could be increased by using larger antennae but at the expense of the
spatial resolution. In this antenna grid, the spacing between antennae is sufficiently small to allow
the study of microhabitat use, yet the 242 antennae cover a surface large enough to enable the
recording of larger movements. With a single multiplexer (of this particular model), it is
nevertheless possible to have a maximum of 256 antennae and to cover a 400 m longitudinal
extent, i.e. 200 m on each side of the multiplexer due to the maximum distance at which the
tuning units can be locatéd. The spatial coverage could be considerably extended by using many
multiplexers because there are no limitations regarding the number of multiplexers that can be

used in parallel.
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An important question in ecology is how fishes respond to the high temporal and spatial
variability of habitat conditions in streams. The use of PIT systems allows the gathering of
empirical data on individual behaviour that is needed to understand population ecology and how
individual behaviour translates into population dynamics (Greenberg and Giller, 2000). Multiple
antenna PIT systems, such as the one presented here, enabling the study of fish movements at
different time frames and spatial scales, have the potential to provide crucial information on

habitat use, biotic interactions (competition and predation) and movements of stream fishes.
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Figure 6.1

(a) Schematic diagram of the electronic system. Round and rod antennas (A) are
connected in groups of five to a tuning capacitor units (T), while rectangular
antennas have their 6wn tuning units, which are in turn connected to a multiplexer
(M). The multiplexer (M) is linked to the Aquartis controller (AC) containing an
Aquartis controller (C), a TIRIS reader (R) and a datalogger (L). The multiplexer
and the Aquartis controller are both connected to a DC converter (Reg) linked to
the batteries (B) and solar panels (S). The multiplexer, Aquartis controller, DC

converter and batteries are housed inside a shelter (dotted box). Arrows indicate

the flux of information. (b) Map of the study site with the location of the antennas

with round (circles), rectangular (bold lines) and rod (crosses) antennas.
Isocontours of water depth at a discharge of 0.07 m’ s™ are displayed each 200

mm. Arrow indicates flow direction. The dotted box represents the shelter

containing the electronic components (not to scale).
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Figure 6.2

Spatio-temporal dynamic of habitat use of a selected juvenile Salmo salar, with
(a) successive night-time positions (@) on 27 July 2007, at (1) 000747, (2)
000807, (3) 000808, (4) 012147, (5) 012730, (6) 020409, (7) 022547, (8) 023210
and (9) 040813 hours. (b) Night-time (A) positions over the whole study period
with associated mean position (@) inferred from the spatial co-ordinates of the

positions (n = 3968).
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Figure 6.3

Daily temporal dynamic of movements. (a) Activity levels expressed as the
number of movements for a selected fish per hour for 2 days, 1 (-¢-) and 2 ([1.)
August 2007. The grey zones indicate nighttime. (b) Activity levels expressed as
the proportion of movements per hour of the day for all detected salmon over the
whole study period. Black bars represent nighttime, white bars represent daytime
and grey bars represent the period of changing luminosity throughout the study
period. (c) Total number of movements per day for a selected fish over the whole

study period.
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Abstract

In this paper, we compare information on fish habitat use obtained from two passive integrated
transponder (PIT) systems: a stationary antenna grid and a portable anfenna. In 2007, 53 juvenile
salmonids were PIT-tagged and released in .Ruisseau' Xavier (Quebec). Fish positions were
monitored with both antenna systems from July to November. The number of individuals
detected aﬁd the number of detections differed between the two systems, and they were
dependent on the time interval used for the comparisons. While the antenna grid provided a
temporally continuous monitoring, the portable antenna provided a spatially continuous coverage.
Observed differences in the spatial patterns recorded with the two systems were dependent on
fish spatial behaviour. Calculated movemeﬁt distances of fish were also different between the two
antenna systems. The results highlight the importance of considering the spatio-temporal

resolution of the PIT systems that are used to monitor fish behaviour in natural rivers.
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Introduction

The understanding of the link between habitat structure and fish populations has been impeded in
the past by a lack of appropriate methods for tracking the movements of small individual fish in
their natural environment. Passive integrated transponder (PIT) technology has partly resolved
this problem in recent times by offering a versatile alternative to traditional telemetry methods
(radio or acoustic). Indeed, PIT tags are small and inexpensive, last indefinitely and allow the
identification of individual fish. They consist of an electronic micrbchip encapsulated in
biocompatible glass and programmed with an alphanumeric code that is emitted when the tag is
activated by an external antenna. The spatid-temporal resolution achieved when tracking PIT-
tagged fish in natural settings depends mostly on the type of antenna system used. In natural
rivers, stationary PIT systems typically allow the monitoring of fish passage at a single location
(Armstrong et al., 1996; Castro-Santos ei al.,1996; Greenberg and Giller, 2000), while a larger
spatial extent is covered in wadable streams with portable PIT antennas (Morhardt et al., 2000;
Roussel et al., 2000; Zydlewski et al., 2001; Cucherousset et al., 2005; Linnansaari et al., 2007).
The main disadvantage of portable systems is that they must be operated manually by a person
wading tﬁe stream, which is time-consuming, restricts the frequency of surveys, and thus limits
the temporal resolution of this type of antenna. Recent developments in PIT systems have
combined the advantages of both stationary and portable systems by adapting stationary, single
and multiple, antenna systems to natural environments for continuous monitoring of fish with
higher spatial and temporal resolution (Armstrong et al., 1996; Greenberg and Giller, 2000;
Morhardt et al., 2000; Zydlewski et al., 2001; Riley et al., 2003; Johnston et al., 2009). A flatbed
antenna grid designed for continuous remote monitoring of PIT-tagged fish at an intermediate
spatial scale has recently been developed and used for the monitoring of juvenile salmonid
movements (Johnston et al., 2009). However, the influence of the spatio-temporal resolution of
various antenna systems on the data collected and the subsequent conclusions regarding fish
spatial behaviour has never been evaluated. Thus, this paper aims at comparing the data obtained
using the flatbed antenna grid (Johnston et al., 2009) with the data obtained using a portable
antenna system (Roussel ef al., 2000; Zydlewski ef al., 2001). The two antenna systems were
used in a riffle-pool section of Ruisseau Xavier (Quebec) to study juvenile salmonid movements

and habitat use from July to November 2007. A total of 53 fish were captured in the study site
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and PIT-tagged: 36 juvenile Atlantic salmon Salmo salar L. and 17 juvenile brook trout
Salvelinus fontinalis (Mitchill).

Flatbed antenna grid description

A brief description of the flatbed antenna grid is given here; we refer the reader to Johnston et al.
(2009) for technical details. The flatbed antenna grid is an antenna array buried in the substrate of
a stream. It is composed of 242 antennas that cover a stream section approximately 100 m long
by 10 m wide and detect half-duplex 23-mm PIT tags (Texas Instruments (TIRIS) model RI-
TRP-RRHP, 134.2 kHz; available from Texas Instruments, Dallas, TX 75243). Figure 7.1a shows
the study site, the distribution of fish positions recorded with the antenna grid system, and the
location of all the antennas, since all the antennas in the system detected at least one fish during
the study period. The detection range of antennas is typically 20 to 40 cm in height depending on
the antenna type (see Johnston et al. 2009 for a description of the antenna types). When a tag is
detected by any of the antennas, the date (dd/mm/yy), time (hh:mm:ss), antenna ID, and fish ID
(tag number) are recorded. Since all antennas are georeferenced, it is possible to interpolate fish
positions by converting antenna ID into spatial coordinates. Antennas are activated sequentially
and the interrogation of all antennas requires 33 s. Overall, the detection field of the antenna grid
covered 27 % 6f the wetted area of the site at a discharge of 0.07 m® s”'. The antenna grid was

used to record the position of PIT-tagged juvenile salmonids from 17 July to 19 November 2007.
Portable antenna description and surveys

The tagged fish were tracked periodically using a portable antenna that was constructed following
the design described by Roussel ef al. (2000) and Zydlewski et al. (2001). The portable antenna
consists of a circular antenna (coil inductor loop) mounted on a wand and connected to a portable
backpack unit that includes a reader, palmtop, and batteries. The detection range of this antenna
is between 0.7 m and 1 m, depending on the orientation of the transponder. Day/night surveys
were conducted at noon and midnight, 12 hours apart, in order to measure daytime and nighttime
positions of fish in the study site. Eight day/night surveys were performed in 2007: (1) July 28-
29, (2) August 9-10, (3) August 22-23, (4) September 3, (5) September 17, (6) October 1, (7)
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October 18-19 and (8) October 29. When a tagged fish was detected, a coloured, numbered metal
washer was placed at its location. The locations were then georeferenced with a total station
before removing the washers. The whole surface covered by the antenna grid was surveyed with
the addition of a 50-m-long section at the upstream end downstream ends of the study site. The
secondary channel was also covered (figure 7.1b). The site was surveyed by moving the antenna
above the riverbed surface in an upstream direction from bank to bank with the antenna immersed
in water when water depth exceeded the detection range. During the portable antenna surveys, the
flatbed antenna grid was shut down in order to avoid possible interferences between the two

magnetic fields, which could have resulted in a reduction of the detection range for both.

Comparison between the flatbed antenna grid and the portable antenna

datasets

Number of detections and individuals

The flatbed antenna grid monitored fish positions continuously during four months and provided
128 903 detections over that period. The eight day/night surveys with the portable antenna
generated 140 detections. A total of 49 (93 %) of the 53 fish initially tagged were detected at least
once by the antenna grid, while 35 individuals (66 %) were detected using the portable antenna.
Over the eight 24-hour periods of portable surveys, there was a higher total number of individuals
detected with the portable system than with the antenna grid (figure 7.2a). A higher number of
individuals were detected at nighttime with a lower or equal number of fish detected during the
day. From survey 5 on, the number of fish detected with the portable antenna increased because
more fish were present in the study site following a second tagging campaign. The higher number
of individuals detected with the portable system was mostly due to the larger surface covered, as
there were many fish detected just outside the antenna grid and in the secondary channel (figure
7.1b). When analysing the data of the portable antenna surveys over the surface overlapping the
antenna grid, there was still a higher total number of }individuals detected with the portable
antenna, but the difference between the two systems was smaller (figure 7.2b). For three out of
the eight day/night surveys, a higher number of fish were detected at night with the portable

system than with the antenna grid, while an equal number of fish were detected for two surveys
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and a lower number for the remaining three surveys. For the daytime surveys, a lower number of
fish were detected with the portable antenna for all occasions except for survey 8. Similarly, the
relative efficiency (Cucherousset et al., 2008) (calculated as the number of individuals detected
by each system divided by the total number of individuals detected over the 24-hour periods,
expressed as a percentage) indicated a lower efficiency for daytime surveys compared to
nighttime and to the antenna grid (table 7.1). Overall, the relative efficiency was constantly
higher for the portable system than for the antenna grid except for tracking occasion 4. Nighttime
- relative efficiency of the portable antenna was nevertheless close to that of the antenna grid.
Thus, over short periods of time (i.e. 24 hours), the number of individuals detected was slightly
higher with the portable antenna due to the continuous spatial coverage offered by this system
(i.e. fish detected between antennas of the grid), while over longer periods (i.e. months) a larger

number of fish were detected with the antenna grid system due to a higher temporal resolution.
Spatial positioning of fish

The spatial pattérns of fish positions recorded with the two systems were highly dependent on the
spatial behaviour of each fish. For each individual, the distance between the two farthest
locations was calculated with the dataset of the antenna grid, the dataset of the portable antenna
and both datasets combined for the entire period. For some individuals, the spatial distribution of
the recorded positions was similar between the antenna grid and the portable antenna, while for
most fish the extent of the recorded positions was larger with the antenna grid (figure 7.3a). The
total extent calculated with both datasets combined was generally larger than for each system
taken separately (figure 7.3b, c). For the antenna grid data, no information was added by the
portable surveys for six individuals (35 % of the 19 individuals for which the extent could be
calculated with both datasets). Conversely, adding the antenna grid data to the portable
recordings did not provide a better sampling for three individuals (18 %) only. The antenna grid
system was thus slightly better at recording the extent of fish habitat use. Since the antenna grid
provides a continuous tracking, there wefe a higher number of detections for each fish, and thus

higher variability in fish habitat use could be documented even if a smaller surface was covered.
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Differences in the central positions (weighted mean location) were also apparent between the two
datasets. For 52 % of the individuals, the overall central positions calculated with the antenna
grid and the portable antenna were located within 10 m of each other (mean + S.D.: 13.96 +
15.41 m; median: 9.17 m; n = 21). The situation was similar when comparing daytimé and
nighttime central positions, where 45 % (mean + S.D.: 21.64 + 22.24 m; median: 11.55 m; n =
20) of daytime and 41 % (mean + S.D.: 19.27 + 19.77 m; median: 13.76 m; n = 22) of nighttime
central positions calculated with the antenna grid were located within 10 m of those obtained with
the portable antenna. This indicates that for the remaining individuals, the location of the
recorded positions differed by more than 10 m between the two datasets. The biggest differences
in central positions were for individuals for which there were a relatively low number of
detections, either with the portable antenna or with the grid system (figure 7.4a, b). However, the
opposite was not true because for some individuals there were a low number of detections and the
distance between the central positions was nevertheless small. The influence of the number of
detections was found to be dependent on the overall space use of individuals (figure 7.4c). For
fish that used a restricted space, positions recorded with either one of the two antenna systems
were generally located in the same area. For mobile individuals using a large surface of the site, a
low number of detections caused a considerable difference in the space use patterns recorded.
This effect was evidenced by a significant positive correlation between the central position
distances and the total extent (» = 0.65, p = 0.01, n = 14). This is consistent with the observed

underestimation of the extent of habitat use with both antenna syStems (figure 7.3D, ¢).
Day/night movements

Juvenile salmonids typically exhibit day/night activity patterns according to feeding rhythms that
change with the water temperature, season and life stage (Rimmer et al.,1983; Valdimarsson et
al.,1997; Metcalfe et al., 1998). It was thus important to compare the results of the two antenna
systems regarding the study of daily fish movements. Three approaches were used to compare

daily movements calculated with both datasets.

The first approach was to compare the day/night distances obtained with the two antenna systems

for the dates of the portable antenna surveys. For the portable antenna data, straight-line distances
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were calculated between day/night positions, as there was a single location at daytime and
nighttime for each individual detected. For the antenna grid data, there was often more than one
position per day or night; so it was necessary to first calculate a mean day and a mean night
position and then calculate the distance between these two positions. For the eight day/night
surveys, distances calculated with the portable antenna dataset were significantly longer (on
average 5.25 m or 77 % longer, n = 14) than those determined from the antenna grid data for the
same dates (Mann-Whitney test, Z = 2.61, P < 0.01). There was, however, a low number of

individuals that were detected with both antenna types on the same dates.

The second approach was to compare the distributions of all calculated day/night distances
between the two antenna systems. For the portable antenna dataset, the distances used were the
same as those used in the previous analysis except that all the calculated distances were included
without considering if the fish were detected on both systems on the same dates. For the antenna
grid dataset, day/night distances were calculated for each day of the study period whenever there
was available data allowing such calculation. Similar to the results obtained in the previous
comparison, this analysis indicated that day/night distances were shorter for the antenna grid

~ dataset (mean = S.D.: 2.68 + 4.30 m; median: 1.01 m; » = 302) than for the portable antenna
dataset (mean + S.D.: 6.55 + 8.96 m; median: 3.70 m; »n = 52) (Mann-Whitney test, Z = 3.63, P <
0.01) (figure 7.5).

The third approach was to compare mean day/night distances per individual averaged over the
whole study period. For the portable antenna dataset, straight-line distances were calculated
between the overall mean daytime and mean nighttime positions obtained by using all the
positions of any given individual recorded over the eight day/night surveys. The same approach
was used with the antenna grid dataset over the 128 days of the study period. For each individual
fish, there was thus one mean day/night distance calculated with the portable antenna dataset and
one mean day/night distance calculated with the antenna grid dataset. Surprisingly, individual
mean distances were found to be higher with the antenna grid (mean + S.D.: 16.42 £ 17.15 m;
median: 7.93 m) than with the portable antenna (mean £ S.D.: 5.31 £ 8.35 m; median: 3.16 m)
(Wilcoxon matched-pairs test, Z = 2.90, P < 0.01, »n = 19). This discrepancy, relative to what was

found with the two preceding analyses, is due to the influence of individuals for which there was
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a high number of detections. Fish that moved frequently, but over short distances, generated a
high number of detections on the antenna grid, and this contributed to the reduction of the overall
mean movement distance calculated in the previous comparisons. It is also noticeable that the
mean day/night distance calculated over the whole study period for individual fish was similar to
the distribution of movement distances for the portable antenna dataset (mean distance: 5.31 m
vs. 6.55 m), while it was different for the antenna grid dataset (mean distance: 16.42 m vs. 2.68
m). This result further highlights the impact of the temporal resolution of the antenna systems on

the conclusions that can be drawn about fish movements.

- Conclusions

Fixed PIT systems have been developed to offer continuous monitoring of fish passage at specific
locations, while portable systems are more versatile but offer a limited temporal resolution. In
this study, differences in the fish habitat use datasets obtained with these two different antenna
systems were shown over the same study site. The continuous monitoring of PIT-tagged fish
positions with the antenna grid provided not only a higher number of detections compared to the
portable antenna surveys but also allowed the detection of a higher number of individuals.
Nevertheless, over short periods (i.e. 24 hours) a slightly higher number of fish were detected
with the portable antenna because individuals not located on the antennas of the grid (i.e. located
between antennas or outside the antenna grid area) could be detected. The spatial patterns of fish
positions recorded with the two systems were highly dependent on individual spatial behaviour.
Both antenna systems tended to underestimate the extent of fish space use, and the number of
detections considerably influenced the calculated central positions. The antenna grid system was,
however, slightly better at recording the extent of fish habitat use due to continuous tracking. For
fish that used a restricted space, both antenna systems performed equally, which was apparent
through similar locations of point positions. The antenna grid system recorded short and frequent
movements of fish in the study site that were impossible to monitor with periodic portable
antenna surveys. This was reflected by observed differences in the movement distances between

the two systems.
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The results highlight the importance of considering the spatio-temporal resolution of the PIT
antenna systems that are used to monitor fish behaviour in natural rivers. In addition to the
spatio-temporal resolution, other important aspects have to be considered when choosing the
appropriate system to use in a study. These include the cost, the timé required to implement the
system, study duration, site structure and temporal variations in habitat conditions. Stationary
flatbed antenna grid systems are more costly, require some time for installation but allow long-
term, continuous monitoring of fish under habitat conditions where portable surveys cannot
easily be conducted (e.g. flood, ice cover). On the other hand, portable antenna systems are less
costly and can be used in many study sites and habitat types, but surveys are periodic and time-
consuming. Stationary and portable antenna systems thus complement each other; and combining

both is believed to provide a complete representation of fish habitat use.
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Table 7.1 Relative efficiency (%) of the flatbed antenna grid and of the portable antenna
over eight 24-hours periods restricted to the grid area. The relative efficiency is
the number of individuals detected by either of the two systems (Njyg grid or Ning
portable) over the total number of individuals detected over 24 hours (Niyq grid +

Ning portable).
relative efficiency (%)
tracking antenna grid  portable antenna  portable antenna  portable antenna
occasion total night day
1 66.7 83.3 75.0 41.7
2 58.3 83.3 583 333
3 600 600 60.0 40.0
4 100.0 ' 62.5 62.5 50.0
5 66.7 75.0 41.7 41.7
6 70.0 90.0 80.0 50.0
7 66.7 V 75.0 58.3 583
8 62.5 100.0 75.0 75.0
mean+S.D. 68.9+13.2 78.6 + 13.4 63.9+12.4 48.8+13.1
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Figure 7.1

Map of the study site showing its structure: a riffle-pool sequence, a gravel bar
and a secondary channel. Also showing is the distribution of fish positions
recorded with (a) the antenna grid system and (b) the portable antenna system.
Isocontours of water depth at a discharge of 0.07 m® s™ are displayed each 20 cm.
Dotted lines delineate approximate water line. Some points are outside the water
liné because the discharge was higher than 0.07 m’ s when some of the portable
antenna surveys were conducted. Arrow indicates flow direction. Phdtdgraphs of
(c) the antennas of the flatbed before burying in the substrate and (d) the portable

antenna.
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Figure 7.2

Number of individuals

(b)

20 +

1 2 3 4 5 6 7 8

Tracking occasion

Number of individuals detécted with the antenna grid (black bars) over eight 24-
hour periods compared with (a) total number detected with the portable antenna
(white bars), number detected at night (grey bars) and number detected during the
day (light grey bars) and (b) total number detected with the portable antenna when
restricted to the grid area (white bars), number detected at night (grey bars) and
number detected during the day (light grey bars). |
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Figure 7.3 Maximum extent of fish positions: (a) measured with the antenna grid compared
with the portable antenna, (b) measured with the antenna grid compared with the
total extent of both datasets (pooled data) and (c) measured with the portable

antenna compared with the total extent of both datasets.
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Chapitre 8 : Conclusion générale

Les travaux réalisés au cours de ce doctorat contribuent a 1’avancement de la science dans les
domaines de la biologie aquatique, de la géomorphologie fluviale et de la géomatique, et nous
permettent de mieux comprendre le comportement spatial et la dynamique énergétique du
saumon atlantique en riviére. Ces travaux ont permis d’acquérir davantage de connaissances sur
I’utilisation des habitats de riviére par les saumons juvéniles, de mieux comprendre les liens
existant entre la structure de I’habitat et leurs déplacements, en plus de documenter leur
allocation énergétique le long de trongons sédimentaires. La caractérisation du comportement
spatial s’est effectuée a 1’aide de transpondeurs passifs et d’une antenne portable. Cette dernicre,
offrant une grande résolution spatiale, est particuliecrement adaptée aux suivis sur de grandes
superficies. Ce type de systéme comporte toutefois une résolution temporelle limitée, ce qui a
conduit au développement d’un nouvel outil de détection des transpondeurs passifs, soit un
systéme fixe a antennes multiples. Ce nouvel outil de suivi des déplacements et de I’utilisation de
I’habitat ouvre de nombreuses possibilités dans 1’acquisition de connaissances plus poussées sur

le comportement spatial des poissons de riviere.

Un des aspects originaux de la thése est 1’échelle d’étude choisie, soit 1’échelle spatiale
intermédiaire du trongon sédimentaire. La segmentation des riviéres en trongons sédimentaires
crée une succession longitudinale de types d’habitats de ’amont vers 1’aval, soit de zones de
substrat grossier a écoulement rapide vers des zones de substrat plus fin et d’écoulement plus
lent. Bien que I’initiation des trongons sédimentaires puisse varier selon 1’environnement
physiographique (cours d’eau de montagne vs. vallées fluvio-glaciaires), la succession
longitudinale des types d’habitats et les processus d’affinement des particules demeurent
communs 3 tous ces environnements. Ceci permet donc de généraliser les résultats obtenus & une
échelle qui permet la comparaison entre divers trongons sédimentaires d’une méme riviére mais
¢galement entre des tfong:ons de riviere différentes. Les résultats des présents travaux ajoutent
aux recherches précédentes qui ont démontré que la structure en trongons sédimentaires affecte la
composition et I’abondance longitudinale des macroinvertébrés (Rice ef al., 2001), la distribution
des zones de fraie des saumons atlantique (Davey et Lapointe, 2007; Kim, 2009) et la distribution

spatiale des saumons juvéniles (Bouchard et Boisclair, 2008; Kim, 2009).
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Les deux premiers objectifs de la thése consistaient a 1) étudier I’effet des caractéristiques de
I’habitat sur le comportement spatial des saumons juvéniles et 2) caractériser la dynamique
énergétique de ces derniers en lien avec la structure de ’habitat. Bien que les travaux concernant
ces deux objectifs n’aient pas ¢été réalisés de fagon concomitante, ils ont néanmoins été effectués
sur les mémes trongons sédimentaires et sur les mémes sites d’étude. Plusieurs paralléles peuvent

par conséquent étre soulignés dans ’interprétation des résultats de ces deux volets de la thése.
8.1 Variabilité du comportement spatial et de Pallocation énergétique

Les résultats les plus intéressants concernent 1’augmentation, de I’amont vers 1’aval des distances
et de la variabilité des déplacements journéliers des saumons juvéniles mais également de la
variabilité de leurs constituants corporels. Ceci suggére une diversité longitudinale croissante des
patrons d’utilisation des habitats et des stratégies d’allocation des ressources énergétiques en lien
avec la structure de l'habitat. Bien que la diversité des formes s’accroisse généralement de
I’amont vers 1'aval des riviéres, 'hétérogénéité dépend fortement de 1'échelle spatiale considérée.
A P’échelle de la section de riviére, les zones de microhabitats sont plus uniformes et distancées

les unes des autres a 1’aval des trongons sédimentaires qu’a 1’amont. Pour les sections situées en
| amont, la disposition des particules grossiéres du substrat, souvent de I’ordre du bloc métrique,
crée une grande variété de profondeurs et de vitesses d’écoulement sur de courtes distances,
créant ainsi des sections ou ’habitat est hétérogene sur toute la surface. La proximité des habitats
complémentaires de refuges et d’alimentation, respectivement constitués de substrat de bonne
 taille et de vitesses de courant faibles, est donc assurée. Pour les sections situées plus en aval, la
dynamique de déplacement et d’acquisition de nourriture dépendra fortement de leur localisation
relative dans le site et de la position des poissons dans les parcelles d’habitat. Les distances de
déplacements nécessaires pour atteindre un habitat d’alimentation ou de refuge seront variables
selon que les individus se trouvent au milieu d’une parcelle homogéne ou prés de la limite avec
une parcelle ayant des caractéristiques différentes. Ceci pourrait donc expliquer la plus grande
variabilité observée dans les distances et I’étendue des déplacements des saumons juvéniles le

long des trongons sédimentaires ainsi que dans l'allocation énergétique découlant de leur activité.
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Outre la variabilité spatiale des habitats, les fluctuations temporelles de température et de débits
sont généralement reconnues corrime ayant une influence considérable sur les déplacements des
saumons juvéniles. La variabilité saisonniére du comportement spatial de ces derniers a été
évaluée par le suivi des déplacements journaliers a 1’été et a I’automne. Malgré 1’effet connu de la
température sur le métabolisme et le comportement, aucune différence n’a été détectée dans les
distances de déplacements journaliers entre le suivi d’été et celui d’automne. Ceci suggere que les
individus détectés a ’automne utilisaient I’habitat de la méme fagon qu’a 1’été. Il est possible que
le comportement spatial des saumons juvéniles soit peu modifié tot en automne ou que ’effet de
la température ait été difficile a détecter dans cette période de transition vers un patron d’activité
plus nocturne, typique des périodes froides. Le débit est demeuré relativement stable lors des
suivis et n’a par conséquent pas influencé les résultats obtenus. Les tendances longitudinales
observées concernant les variations des déplacements et des constituants corporels, et ce, méme si
ces deux aspects ont été évalués lors de deux années différentes, suggére une certaine stabilité
temporelle des patrons. Dans ce contexte, il apparait que la variation spatiale dans la structure des
habitats influence fortement la dynamique biologique des saumons juvéniles comparativement
aux variations temporelles, tant au niveau de leur patron d’utilisation de 1’espace que de leur

allocation énergétique.
8.2 Distribution et déplacements longitudinaux a I’échelle du cours d’eau

Bien que les déplacements longitudinaux a grande échelle des saumons juvéniles n’aient pas été
étudiés directement dans le cadre des travaux relatifs a cette theése, il est néanmoins possible
d’émettre quelques constatations et hypothéeses sur la dynamique globale des déplacements et de
la répartition longitudinale des individus le long des trongons sédimentaires. La distribution
longitudinale du substrat a été identifiée comme étant un facteur important influencant la
localisation des frayeres (Davey et Lapointe, 2007) ainsi que la densité de saumons juvéniles
(Davey, 2004). Cependant, la présence de zones de substrat grossier offrant un habitat adéquat
pour les juvéniles ne garantit pas qu’on y retrouvera une densité élevée car la proximité des
frayéres exerce une influence considérable (Kim, 2009). Sur la riviere Dartmouth, les densités
décroissaient vers 1’aval du trongon sédimentaire. L’augmentation des tailles des poissons

observée au site amont de cette riviére a la fin de 1’été 2005 (voir tableau 4.2, p. 86) pourrait étre
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attribuée a des déplacements longitudinaux d’individus a la recherche d’un habitat hivernal
adéquat, une possibilité précédemment suggérée par plusieurs auteurs dans d'autres contextes
(Riddell et Leggett, 1981; Rimmer et al., 1983; Cunjak et Randall, 1993; McCormick et al.,
1998). Sur la riviere Sainte-Marguerite, la distribution des densités de saumons juvéniles -
semblaient plut6t obéir a la distribution longitudinale des frayeres avec des densités plus élevées
au milieu du trongon sédimentaire, suivies des sections amont puis aval ou les densités étaient
plus faibles. Ces différences observées dans la distribution longitudinale des saumons juvéniles
entre les deux riviéres illustrent non seulement I’importance de la proximité des habitats
supplémentaires (reproduction et habitats d’élevage) mais témoigne aussi de I’importance de
considérer plusieurs échelles dans 1’interprétation du comportement et de la distribution spatiale
des poissons. Il existe encore des lacunes évidentes au niveau des connaissances sur les
déplacemen_‘gs a grande échelle des saumons juvéniles. Plusieurs observations suggérent que
certains individus peuvent se déplacer sur de grandes distances et de maniére relativement
fréquente (J.-N. Bujold, INRS-ETE, non-publié; P. Johnston, observations personnelles).
Cependant, les suivis des déplacements sont souvent ponctuels -dans le temps et suivre des
déplacemenfs de grande envergure demeure complexe dans des riviéres de moyenne et grande

tailles, telles que celles étudiées dans le cadre de cette thése.
8.3 Liens entre les déplacements et la éomposition de habitat

L’étude des déplacements journaliers des saumons juvéniles le long des trongons sédimentaires a
permis d’en apprendre davantage sur la relation entre ’utilisation de I’habitat et les variables
reconnues comme importantes pour ces poissons, soit la taille des particules du substrat, la
vitesse de courant et la profondeur. Il a été observé que malgré une augmentation des distances de
déplacement vers 1’aval, 1’écart entre les valeurs de jour et de nuit des caractéristiques d’habitats
n’a pas varié. Ainsi, comparativement aux sites amont, des plus longues distances de
déplacements sont requises en aval des trongons sédimentaires pour atteindre les différents
microhabitats associés a 1’alimentation et aux refugés. De plus, malgré certaines différences dans
" les valeurs de microhabitat (substrat et profondeur), les distances de déplacements étaient
similaires entre les deux trongons sédimentaires. Ces résultats suggérent que du substrat plus

grossier et des profondeurs plus faibles sont utilisées lorsque disponibles mais que les distances
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de déplacements ne sont pas affectées par la valeur de ces parametres en tant que tel. La
proximité des habitats, les stratégies individuelles d’exploitation des ressources, les compromis
énergétiques, la possible fidélité a des sites d’alimentation, ou encore les processus de
compétition et de prédation, sont tous des facteurs pouvant influencer la sélection de 1’habitat
abiotique. L’étude de I’influence combinée de ces facteurs dépassait les objectifs de cette these
mais ils constituent des éléments importants a considérer dans les travaux futurs visant a éclaircir
les interrelations entre le comportement spatial et la structure physique et biologique de différents

habitats.
8.4 Composition corporelle le long des tron¢ons sédimentaires

Alors que I’évolution longitudinale des habitats le long des trongons sédimentaires influence les
patrons d’utilisation de I’habitat, il apparaissait pertinent d’évaluer les implications de ces patrons
sur la dynamique énergétique des saumons juvéniles. Bien que 1’hypothése de départ a 1’effet que
les individus localisés dans les sites en amont aient un contenu énergétique plus ¢€levé (i.e. un
plus grand contenu lipidique) n’ait pas été vérifiée, les résultats ont permis néanmoins d’effectuer
des constatations intéressantes concernant la variation de la composition corporelle chez les
saumons juvéniles en milieu naturel. Bien que les différentes composantes corporelles se soient
avérées trés variables entre les individus, les classes d’ages, les sites et les rivieres, elles ont
démontré une certaine tendance a 1’augmentation vers 1’aval. Ces résultats indiquent une certaine
structure longitudinale tout en montrant également que les variations de 1’habitat et des patrons
d’utilisation n’induisent pas nécessairement une réponse directe au niveau de la composition
corporelle des poissons. Pour ce qui est de la riviere Dartmouth, les saumons juvéniles d’age 2+
avaient des proportions lipidiques plus faibles qu’anticipées. La crue estivale qui s’est 'produite
quelques semaines avant 1’échantillonnage est susceptible d’avoir affecté la croissance de ce
groupe d’age, pour lequel I’accumulation de lipides pendant 1’été est particuliérement importante
en vue de la smoltification. En ce qui concerne la riviére Sainte-Marguerite, le résultat le plus
intéressant est sans doute au niveau des contenus en eau qui €taient particulicrement €leves pour
les deux sites localisés en amont. Des contraintes liées a des forces sélectives selon la taille telles
que la prédation, la compétition ou la sélection sexuelle ont été proposées. En effet,

I’augmentation du contenu corporel en eau permet au poisson d’augmenter sa taille corporelle

175



sans dépenser d’énergie, et cela pourrait lui permettre d’augmenter ses chances de succés ou de
survie. Cette étude des liens entre le comportement spatial, la composition des habitats et la
composition corporelle des saumons juvéniles était, 3 notre connaissance, la premiére a
explicitement aborder ces aspects. Il serait particuliérement intéressant de poursuivre ces travaux
en utilisant d’autres indicateurs de condition corporelle, tels que des indicateurs métaboliques de
croissance ou un dosage protéique précis, afin de clarifier les tendances observées dans le cadre
de ces travaux et afin d’obtenir des pistes d’explications. De plus, étant donné que 1’ensemble de
ces résultats ont été obtenus en une seule année, il serait particuliérement intéressant d’évaluer
I’allocation énergétique sur plusieurs années parallélement a une évaluation de la croissance des
individus. Ceci permettrait alors de départager la variabilité due aux fluctuations temporelles des
conditions par rapport a la variabilité inter-individuelle en lien avec la variation due a la structuré

de I’habitat le long des trongons sédimentaires.
8.5 Outils de suivi du comportement spatial des poissons

Le troisi¢me objectif principal de cette thése était de développer et d'améliorer les méthodes de
suivi des déplacements de poissons en milieu naturel. Cet objectif a été réalisé en développant un
systeme fixe a antennes multiples permettant de couvrir une section de riviére et un suivi continu
des poissons marqués a 1’aide de transpondeurs passifs. Le principal avantage de ce systéme par
rapport aux systémes existants est qli'il permet a la fois d’étre précis dans la localisation des
poissons détectés et qu'il couvre une échelle d’étude appropriée & la dynamique de déplacements
des saumons juvéniles en riviére, soit 1’échelle de la séquence seuil-mouille. Les applications
possibles de ce systeme comprennent 1’étude de 1’utilisation des microhabitats, des domaines
vitaux, des patrons d’activités (jour/nuit, été/hiver), des déplacements lors de crues ou de la
formation du couvert de glace. Bien que ce systéme constitue une nette amélioration dans la
capacité de suivi du comportement spatial des poissons de riviére, son principal inconvénient
demeure une distance de détection verticale réduite. Ceci n’est pas considéré comme étant
problématique dans le cas du suivi des saumons juvéniles qui sbnt positionnés pres du substrat et
donc pres des antennes. Cela peut toutefois limiter les applications dans le cas d’autres espéces
qui demeurent dans la colonne d’eau ou encore dans les cours d’eau plus profonds que celui ou le

systétme a été installé. La possibilité de non-détection des poissons marqués lorsque plusieurs
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individus se retrouvent sur la méme antenne peut également limiter le suivi d’especes de poissons
grégaires. Malgré tout, le développement de ce systéme est considéré comme étant une avancée
importante dans le domaine car il permettra dans le futur de répondre a plusieurs questions

concernant la variabilité spatio-temporelle de I’utilisation de I’habitat par les poissons de riviére.

Dans le cadre de cette thése, le systéme fixe a antennes multiples a ét€ comparé a un systéme
portable au niveau de I’efficacité de détection (nombre d’individus marqués détectés), du patron
spatial des détections ainsi .qu’au niveau de 1’évaluation des déplacements journaliers des
saumons juvéniles. Sur des intervalles de temps courts, 1’antenne portable a permis de détecter un
plus grand nombre d’individus grice a sa résolution spatiale plus grande mais sur de longues
périodes, le systéme fixe a antennes multiples a détecté davantage de poissons marqués car il
comporte une plus grande résolution temporelle. Le nouveau systéme permet également une
meilleure évaluation de 1’utilisation de 1’habitat, ce qui a ét€¢ démontré notamment par 1’étendue

de la surfacé utilisée par les poissons, qui était en général plus grande lorsque calculée avec les
données du systéme fixe comparativement aux données obtenues a 1’aide de I’antenne portable.
De f)lus, les localisations individuelles et les distances de mouvements journaliers calculées
différent entre les deux jeux de données. Cette variation est attribuable notamment au nombre
d’observations, aux paramétres calculés, au comportement spatial des poissons et a I’intervalle de

temps sur lequel les données sont intégrées.

La comparaison des deux systémes d’antennes permet de mieux interpréter les résultats obtenus
lors de la réalisation de 1’objectif 1, c’est-a-dire lors de 1’évaluation des déplacements journaliers
le long des trongons sédimentaires. Pour ce qui est du nombre d’individus détectés, la grande
résolution spatiale de 1’antenne portable laisse présager que la plupart des individus marqués qui
étaient présents sur les sites ont été détectés lors des suivis le long des trongons sédimentaires. Au
point de vue de la variabilité des déplacements journaliers, 1’approche utilisée €tait d’effectuer un
seul positionnement jour/nuit & chacun des sites en visant la détection du plus grand nombre de
poissons marqués possible afin d’obtenir un échantillonfeprésentatif de la population locale.
Considérant les résultats obtenus lors de la comparaison du systéme fixe et de I’antenne portable,
il est évident qu’un suivi ponctuel ne permet pas d’émettre des conclusions au niveau de

I’utilisation de I’habitat par les individus et que, dans ce cas, les distances de déplacements

177



journaliers doivent étre interprétées dans leur ensemble. Selon les objectifs poursuivis, il est donc
avantageux soit d’optimiser la détection du plus grand nombre possible d’individus de fagon
périodique ou soit d’effectuer des suivis a plus long terme ot chacun des individus est détecté un
grand nombre de fois. La combinaison de systémes fixes permettant des suivis avec une grande
résolution temporelle et des systémes portables offrant une grande résolution spatiale est
clairement une approche a privilégier afin d’obtenir une représentation compléte du

comportement spatial des poissons en riviére.
8.6 Recommandations et travaux futurs

Dans 1’optique de mieux comprendre les liens existant entre la structure des habitats de riviére, le
comportement spatial et 1’allocation énergétique des saumons juvéniles, il apparait nécessaire de
mieux documenter comment ces derniers répondent a la variabilité spatio-temporelle de leur

milieu de vie.

11 est d’abord recommandé de clarifier la variabilité interindividuelle des patrons de déplacements
et d’utilisation des ressources de I’habitat par les saumons juvéniles. Pour ce faire, il est
nécessaire de mieux documenter les déplacements des saumons juvéniles en utilisant des
méthodes de suivi permettant d’obtenir une grande résolution spatio-temporelle. Une approche
combinant plusieurs outilé de suivis pourrait étre envisagée. En optant pour une approche par

marquage aux transpondeurs passifs, il serait pertinent de combiner des systémes d’antennes fixes
| simples et multiples avec des suivis périodiques a I’antenne portable. La combinaison des
différents types d’antennes, tel que proposé dans le chapitre 7, permet a la fois un suivi temporel
continu sur une surface donnée et, périodiquement, un suivi spatial continu sur une plus grande
surface. Si cette approche est de plus complétée avec des antennes simples placées
transversalement le long du cours d’eau étudié, les déplacements longitudinaux de plus grande
envergure pourraient étre documentés. Dans le cas des saumons juvéniles, cela permettrait d’en
apprendre davantage sur la dynamique temporelle des déplacements mais aussi sur leur échelle
spatiale. De pair avec le développement de technologies de marquage et de suivi des poissons de

petite taille, la caractérisation des déplacements individuels et la contribution relative des
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différents habitats localisés le long des trongons sédimentaires a la production de smolts constitue

une avenue de recherche des plus intéressantes.

Il serait avantageux de combiner ces suivis des déplacements avec une évaluation des patrons
d’activité des saumons juvéniles et de la sélection d’habitat qui y est associée. En effet, les
conclusions du chapitre 4 montrent qu’il est complexe de bien saisir quelles sont les variables
physiques recherchées lors des déplacements des poissons. Ceci est di en partie a une utilisation
de I’habitat qui est changeante selon la période de la journée et la période de 1’année, qui va de

pair avec les variations saisonniéres de la température de 1’eau, mais qui peut aussi étre due a
| d'autres facteurs biologiques (e.g. interactions, stratégies de vie). Afin de départager la
contribution relative de ces facteurs dans la dynamique de déplacements des saumons juvéniles, il
convient donc de suivre de maniére plus poussée les patrons d’activité et leurs variations en

relation avec celle des variables de ’habitat.

Bien que 1’é¢tude des déplacements et de 1’utilisation des ressources en milieu naturel soit
cruciale, des approéhes expérimentales ou semi-expérimentales le sont tout également car elles
permettent de tester des hypotheses claires. En effet, des expériences ou les variables biologiques
(dyensités de poissons, espéces, taille/dge des individus, etc.) ou physiques (disponibilité,
composition et structure d’habitat, température, etc.) seraient contrélées permettraient de
déterminer clairement quelles variables sont les plus déterminantes dans les patrons
d’exploitation des habitats. Il est possible d’imaginer des expériences en milieu contrdlé ou en

milieu semi-naturel utilisant des méthodes de suivi avec une grande résolution spatio-temporelle.

Enfin, les connaissances qu’il est possible d’acquérir sur le comportement spatial des poissons en
lien avec leur milieu de vie sont fortement dépendantes des méthodes et technologies de suivis
disponibles. La technologie des transpondeurs passifs permet d’accélérer I’acquisition de données
sur 1’utilisation de 1’habitat par les poissons mais demeure quelque peu limitative au niveau des
portées de détection et de la taille des dispositifs. L’optimisation des systémes d’antennes, la
miniaturisation des transpondeurs, 1’adaptation des systémes a des environnements variés (e.g.
grandes riviéres) et a plusieurs especes, permettra dans ’avenir de mieux documenter la

variabilité spatio-temporelle de la dynamique d’utilisation des habitats par les communautés de
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poisson. Il sera impératif d’évaluer ’efficacité des systémes et des approches de suivis afin de
s’assurer de la justesse des interprétations et des conclusions provenant de bases de données de
tailles considérables générées par les systémes de suivi en continu. Il sera également pertinent de
coordonner ’utilisation de ce type de systéme avec des outils de caractérisation de 1’habitat tout

aussi performants.

Bien que les liens existant entre la répartition des ressources dans !’environnement et la
répartition des organismes soient incontestables, le comportement spatial est rarement
explicitement abordé dans un contexte de proximité des habitats complémentaires. Ceci est
particuliérement vrai daﬁs le cas des poissons de riviére en raison de contraintes d’ordre
méthodologique reliées aux suivis en milieu naturel mais aussi possiblement a cause de 1’idée
répandue que les poissons se déplacent peu dans la mosaique des habitats de riviére. Les résultats
obtenus dans cette étude permettent non seulement d’apporter une nouvelle vision d’ensemble de
la dynamique des saumons juvéniles le long des trongons sédimentaires mais propose de plus un
nouvel outil de suivi des poissons en milieu naturel, applicable aux salmonidés et a d’autres
especes. Il est primordial de bien comprendre quels sont les habitats les plus importants au cours
du cycle de vie des poissons. Ceci est particuliérement crucial dans le cas du saumon atlantique,
dont les populations ne cessent de diminuer malgré les nombreux efforts de conservation.
L’acquisition de connaissances plus complétes sur les déplacements, les variables biotiques et
abiotiques qui les influencent mais aussi établir les liens avec la croissance, la survie et le
recrutement aux différents stades de vie, constitue un défi a relever afin de conserver non

seulement les saumons mais aussi les autres espéces peuplant nos riviéres.
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