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Abstract 

Historically, the Miramichi River, New Brunswick, Canada, had the largest population 

of Atlantic Salmon (Salmo salar) in North America but has now failed to consistently 

meet conservation targets set by Fisheries and Oceans Canada for over two decades. 

Miramichi River salmon return as mature adults to their natal river in either an early 

(June/early July) or late (September/October) run group, where they enter the river and 

migrate upstream to spawning areas. The specific, in-river migratory behaviour of the 

two temporally distinct runs and the habitats utilized during migration are poorly 

understood in the Miramichi River. In this thesis, radio telemetry was used to monitor 

adult migration behaviour and habitat selection for early and late run salmon in the 

Miramichi River. On average, early run salmon migrated 1.5 river km per day (rkm/d), 

and selected deep habitat (>0.5 m) with large substrate sizes. Salmon started to use 

thermal refugia when river temperatures reached 19 °C, and increasingly at temperatures 

> 22 °C. In autumn, river conditions appeared to delay late run salmon from entering 

freshwater for weeks. Late run salmon migrated between 1.0 – 2.4 rkm/d on average, 

selected deep habitat types (>0.5 m) with cobble substrate, spawned between mid-

October to late November, and began migrating downstream after spawning. Fisheries 

managers can use this information for better conservation, restoration and rehabilitation 

of Miramichi Atlantic Salmon population and their critical habitat. 
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Chapter 1: General Introduction 

The native range of Atlantic Salmon (Salmo salar) extends from Greenland to the 

Barents Sea in the north, and from the New England Region (U.S.A) to Portugal in the 

south (MacCrimmon and Gots, 1979; Webb et al., 2007; Thorstad et al., 2011). Atlantic 

Salmon life history is complex and diverse, where some populations migrate short 

distances (e.g., estuaries or coastal ocean areas close to their native river) or long 

distances (e.g., off the coast of West Greenland), while others remain in freshwater their 

entire life (Klemetsen et al., 2003; Webb et al., 2007). Most populations are anadromous 

with juveniles (i.e., eggs, fry, parr, and smolts) being reared in freshwater, migrating to 

the ocean to feed and grow, and returning to freshwater as adults to spawn (e.g., Thorstad 

et al., 2011). Atlantic Salmon populations have been rapidly declining in numbers across 

most of their native range since the mid-1970s (Saunders, 1981; Parrish et al., 1998; 

Boisclair, 2004; Bendall et al., 2012). Since the beginning of their decline, the North 

Atlantic Salmon Conservation Organization (NASCO) working with the International 

Council for the Exploration of the Sea (ICES) Working Group on North Atlantic Salmon 

(WGNAS) were designed to manage salmon in the North Atlantic Ocean for wild 

Atlantic Salmon conservation, restoration, enhancement, and management (ICES, 2019). 

The declines may be related to their environments. Ocean survival is a major challenge 

and is currently thought to be the main cause of declining salmon populations, but salmon 

face several man-made obstacles (e.g., development, pesticides, climate change, nets, and 

angling) in freshwater (Thorstad et al., 2011; Forseth et al., 2017). These challenges are 

all implicated in the declines in salmon populations throughout eastern Canada.  

In Atlantic Canada, many index rivers (i.e., a well-studied river used as a guide for 

managing similar rivers) have been documented to have declining salmon populations 
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(ICES, 2019). Among its counterparts, the Atlantic Salmon population is decreasing in 

the Miramichi River. The Miramichi River is an index river (i.e., Salmon Fishing Area 

(SFA) 16A) and managed by the Fisheries and Oceans Canada (DFO) Gulf Region, with 

the Northwest (NW) and Southwest (SW) branches being managed separately since 1992 

(Chaput et al., 2016; DFO, 2018a; ICES, 2019). Historically, the Miramichi River had 

the largest run of Atlantic Salmon in North America, consisting of small (i.e., One-Sea-

Winter (1SW), fish smaller than 63 cm; also termed grilse) and large (i.e., Multi-Sea-

Winter (MSW), fish equal or larger than 63 cm; also termed salmon) (Chaput et al., 

2016). Total number of adults returning to the Miramichi River, or “the run” frequently 

exceeded 100,000 individuals (Randall and Schofield, 1983). Between 1975 and 1995, 

approximately 40,000 – 185,000 adult salmon returned to the Miramichi River annually 

(DFO, 2018a). Since 1996, the highest recorded number for all returning adult salmon in 

the Miramichi River has been approximately 80,000 in 2011, with numbers of returning 

adults being consistently lower relative to the conservation requirement in the NW branch 

than SW branch (DFO, 2018a). The salmon population has experienced a multi-decadal 

decline, with 2014 adult returns meeting only 22% of the conservation requirement1 (i.e., 

of approx. 7,300 MSW female salmon equivalents; Randall, 1985; Douglas et al., 2015; 

DFO, 2015) in the NW branch; the lowest return in recorded history until 2019 (P. 

Chamberlain, DFO Gulf region, personal communication). Harvest limits were enforced 

on the Miramichi River after the salmon fishery nearly disappeared. In 1983, all 

commercial fishing was, and remains, closed on the Miramichi River (Cook and McGaw, 

1996; ICES, 2019). The Miramichi River still has a recreational fishery, but there has 

 
1 Refers to conservation requirements that were in place in 2014; the conservation requirements were 

adjusted down in 2018.  
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been a mandatory catch and release for large salmon since 1984 and for small salmon 

since 2015 (ICES, 2019). Indigenous groups, (i.e., First Nations) are still allowed to 

harvest both small and large salmon in the Miramichi River (ICES, 2019). Even though 

the Miramichi salmon population is steadily declining, it is currently considered (only) a 

species of special concern, whereas other salmon populations in New Brunswick are 

endangered (i.e., Inner and Outer Bay of Fundy) (COSEWIC, 2010). 

Climate change is a major concern for declining Miramichi River Atlantic Salmon and 

is likely to continue to affect salmon populations into the future. In recent years, there has 

been an increase in natural mortality of Atlantic Salmon in the ocean that is likely linked 

to climate change through changes in the oceanic conditions and food web structure 

(Chaput, 2012; ICES, 2017; 2019). In freshwater systems, salmon populations will be 

affected by high water temperatures in summer, extreme flooding and drought events, 

higher precipitation in winter, and drier summers (IPCC, 2007; 2014; ICES, 2017; 2019). 

In the Miramichi River, wild Atlantic Salmon are affected by high summer water 

temperatures (Breau et al., 2007; 2011; Cunjak et al., 2005). Little Southwest Miramichi 

(LSW) and Northwest Miramichi (NW) River temperatures are exceeding lethal limits 

for juvenile salmon (> 28 °C) with temperatures exceeding 23 °C for long periods of time 

(i.e., a water temperature threshold triggering a physiological stress response; Breau et 

al., 2011; Corey et al., 2020) and records being as high as 30 °C for several days during 

some summers (Caissie et al., 2012; Corey et al., 2020).  

To minimize stress on salmon as river temperatures rise in summer, temporary mid-

season closures for recreational fishing have and still occur on the Miramichi River. 

When river temperatures remain above 20 °C for two consecutive days, recreational 
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fishing is closed and remains closed until river temperatures reach <20 °C for two 

consecutive days (DFO, 2012; Breau and Caissie, 2013). These mid-season closures are 

based on behaviour of juvenile salmon during high water temperatures as a proxy for 

adult salmon (Breau, 2013; Corey et al., 2020). Knowledge on the behaviour and 

temperature response of early run salmon (i.e., summer; arriving mid-June – early 

August) is limited and thus, such knowledge would be very useful for management 

purposes, e.g., understanding the temperature related behaviours of adults would allow 

fishing closures to be better tailored to their conservation needs. Frechette et al., (2018), 

recently found adult salmon in the Nord Est River, Quebec, Canada, seeking thermal 

refuge when water temperatures reached 17 °C which is cooler than the 23 °C assumed to 

be a stress triggered in the Miramichi River. However, the Nord Est River has a much 

cooler summer water temperature regime than the Miramichi River, and recent research 

on juvenile Atlantic Salmon has shown that the underlying thermal regime of their natal 

rivers affects their temperature tolerance and critical temperatures at which they respond 

to temperature stress (Corey et al., 2020; Sandoval-Castillo et al., 2020).  

The Miramichi River also has late run Atlantic Salmon (arriving between September – 

late October; Saunders, 1967; 1981; Chaput et al., 2010; 2016) and these fish avoid the 

summer temperature extremes. It has been suggested based on mark-recapture studies 

that the early run salmon migrate farther upstream, or to higher elevations above mean 

sea level than the late run fish that may mostly colonize and spawn in the middle and 

lower section of the river (Chaput et al., 2016). Once spawning occurs, a portion of 

salmon migrate downstream. Post-spawned salmon can migrate back to the ocean in the 

fall or overwinter in the Miramichi River as kelts (or black salmon) and return to the 



 

5 

ocean in early spring immediately following ice-out (Cunjak, 1996; Chaput et al., 2016). 

However, salmon migration patterns, habitat use and preferences during migration, and 

post spawning behaviours has not been fully examined and only received minimal study 

in the Miramichi River, New Brunswick. 

Canadian policy for conservation of wild Atlantic Salmon states that the management 

intervention should increase if Atlantic Salmon populations fail to meet or exceed 

conservation management targets (DFO, 2009). For example, fish supplementation, or 

“stocking”, is a popular management tool that is used when salmon populations are 

diminished (IBIS, 2013). In an effort to find potentially more effective management 

strategies, a relatively new strategy, termed smolt-to-adult supplementation (SAS; Fraser, 

2016) has been suggested as an alternative to traditional juvenile supplementation in an 

attempt to recover salmon populations. The SAS strategy would involve release of 

captive-reared adults into Miramichi River (DFO, 2018b). While the utility of such 

potential future management strategy is being determined, baseline information on adult 

wild Atlantic Salmon movements and migration behaviour is needed so that the 

behaviour of SAS salmon can be fully assessed if such a strategy is introduced in future.  

This thesis research uses radio telemetry to monitor freshwater migration behaviour of 

the adult life stage of Atlantic Salmon in the Miramichi River. In Chapter 2, I study the 

habitat selection and thermal habitat characteristics selected by early run adult Atlantic 

Salmon in the Northwest Miramichi River. Chapter 3 examines the migration 

characteristics (i.e., distance, speed, spawning timing) and subsequent post-spawning 

movements of late run Atlantic Salmon in both Little Southwest and Northwest 

Miramichi River adult Atlantic Salmon. In Chapter 4, I discuss and combine the findings 
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from my research chapters to better analyze adult Atlantic Salmon migration in the 

Northwest Miramichi River system, including proposed changes for future telemetry 

studies. Finally, I briefly discuss future management strategies for recovering Miramichi 

River Atlantic Salmon populations. 
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Chapter 2: Summer habitat preferences and thermal habitat selection of migrating 

wild adult Atlantic Salmon (Salmo salar) in the Northwest Miramichi River, New 

Brunswick, Canada
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Abstract  

The Miramichi River early run (i.e., summer, arriving mid-June – early August) adult 

Atlantic Salmon are often exposed to unfavorable conditions of high water temperatures 

and low flow during upstream migration. Based on previous studies, it is known that both 

juvenile and adult Atlantic Salmon express behavioural thermoregulation when 

unfavorable river conditions are experienced. Although the literature is growing 

regarding juvenile Atlantic Salmon thermal thresholds, the amount of information on 

optimal and critical water temperatures for adult Atlantic Salmon is limited. This study 

used radio telemetry to track adult Atlantic Salmon in the Northwest Miramichi River 

from June to August 2018. Salmon migrated at a rate of 1.5 rkm/d on average, migrated 

quickly to the Miramichi Fish and Game Club river section, and preferred deep (>0.5 m) 

mesohabitats (pools, deep runs and riffles) with large substrate sizes. Behavioural 

thermoregulation was observed in adult Atlantic Salmon as early as when ambient river 

temperatures reached 19 °C, but more commonly when temperatures exceeded 22 °C. As 

summer progressed, increased water temperatures and low flow appeared to prohibit 

adult Atlantic Salmon from migrating upstream and seeking thermal refugia. Some 

mortality was observed in the Miramichi Fish and Game Club river section, which is a 

confined river stretch with limited thermal refugia throughout late summer. The survival 

of Miramichi adult Atlantic Salmon during summer will continue to be negatively 

impacted by increasing water temperatures and low flow, however, this may be mitigated 

with protecting cold-water inputs and continue cold-water restoration projects to increase 

the available required habitat for Atlantic Salmon.   
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Introduction 

Temperature influences animal distribution, physiology, and behaviour (Magnuson et 

al., 1979; Breau et al., 2011). Freshwater fishes are ectotherms and their distribution, 

seasonal migration patterns, and fragmentation of populations along a river network are 

particularly affected by high-water temperatures (Ebersole et al., 2001). Cold-water fish 

species, such as Atlantic Salmon, may be particularly sensitive to climate change and 

warming of their freshwater habitats, particularly at the southern end of their distribution. 

Several studies have been conducted investigating juvenile salmonids and their 

interactions with water temperatures. For example, juvenile Atlantic Salmon (Salmo 

salar, hereafter also referred to as salmon, unless specifically otherwise stated) have an 

upper temperature tolerance limit between 22 – 28 °C depending on whether the analysis 

pertains to physiological stress thresholds or lethal limits (Gibson, 1966; Elliott, 1991; 

Cunjak et al., 1993; 2005; Breau et al., 2007; Corey et al., 2020). Information on adult 

Atlantic Salmon temperature tolerance is more limited in the literature, although some 

knowledge is available on salmon that reside in freshwater throughout the summer.   

Some populations of Atlantic Salmon return to their natal rivers during summer, 

several months before spawning, which increases their chances of experiencing 

extremely warm water temperatures. (Thorstad et al., 2011; Frechette et al., 2018). Exact 

optimal and critical temperatures for adult Atlantic Salmon are not well known. 

Literature suggests that temperatures 20 – 23 °C are stressful and mortality has been 

observed to occur between 26 – 27 °C (Shepard, 1995; Wilkie et al., 1997; Breau, 2013; 

Frechette et al., 2018). There is a correlation between the size of fish and how they are 

affected by high water temperatures. For example, juvenile fish (i.e., smaller surface area 

to volume ratio) have a wider temperature tolerance than adults (i.e., larger surface area 
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to volume ratio), so that larger fish are more sensitive to increases in water temperature 

(Elliott and Elliott, 2010; Breau et al., 2011). Also, water temperature regimes in which 

salmon have reared has an impact on their temperature tolerance. Juvenile salmon from a 

relatively warmer river, Ouelle River, Quebec, expressed a higher temperature tolerance 

than juveniles from the relatively cooler Little Southwest Miramichi River, New 

Brunswick (Corey et al., 2020). In addition, as water temperatures increase, salmon 

metabolism increases, reducing the energy available for reproduction (e.g., gamete 

production, mate selection, competition, or nest construction) (Gilhousen, 1980; Berman 

and Quinn, 1991; Frechette et al., 2018). As a result, high water temperature stress causes 

various lethal and non-lethal effects on salmon, which may decrease the productivity of a 

population (Elliott, 1991; Ebersole et al., 2001; Breau et al., 2007; Ficke et al., 2007; 

Graham and Harrod, 2009; Jonsson and Jonsson, 2009; Dugdale et al., 2013; Frechette et 

al., 2018). Therefore, adult salmon require thermal refugia to reserve energy for 

spawning during their long in-river residence during summer (Berman and Quinn, 1991; 

Newell and Quinn 2005; Frechette et al., 2018). 

Salmonids have developed behavioural strategies to cope with stressful thermal 

events. Behavioural thermoregulation has been observed in salmonids, when water 

temperature rises towards physiological limits, and involves seeking and aggregating in 

thermal refugia to reduce physiological stress (Gibson, 1966; Berman and Quinn, 1991; 

Cunjak et al., 2005; Breau et al., 2007; 2011; Frechette et al., 2018; Corey et al., 2020). 

Thermal refugia are various habitats with water temperatures cooler than the ambient 

water temperature (Kurylyk et al., 2015; Wilbur et al., 2020). Throughout a river system, 

several types of thermal refugia are available such as cold-water tributaries, groundwater 
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seeps, and alcoves (Gilhousen, 1980; Bilby, 1984; Berman and Quinn, 1991; Ebersole et 

al., 2003; Stevens and DuPont, 2011). Several projects have been conducted in New 

Brunswick, Canada, identifying thermal refugia and their association with salmon 

populations. The Miramichi River, and in particular one of the main branches, the Little 

Southwest Miramichi (LSW), has had several years of detailed field studies modeling 

thermal refugia and juvenile Atlantic Salmon ecology (Cunjak et al., 2005, 2013; Breau 

et al., 2007, 2011; Kurylyk et al., 2013, 2015; Corey et al., 2020). 

During the past decade, high summer water temperatures have become an increasing 

threat for wild salmon population in the Miramichi River (Breau et al., 2007; 2011; 

Cunjak et al., 2005; Kurylyk et al., 2015). River temperatures in the Little Southwest 

Miramichi are exceeding lethal limits (>28 °C) for juvenile salmon with temperatures 

exceeding 23 °C for long periods of time and records being as high as 30 °C for several 

days almost every year (Breau et al., 2011, Corey et al., 2020). Similar water 

temperatures have been observed in the Northwest Miramichi River (Caissie et al., 2012). 

Unfortunately, no study has been conducted on adult Atlantic Salmon and their 

interaction with thermal refugia in the Miramichi River, although current management 

strategy prescribes a closure of recreational fishery if the minimum water temperature 

continuously exceeds 20 °C over two successive days (Breau and Caissie, 2013). In a 

recent study in Quebec, adult salmon were observed seeking thermal refugia at 19 °C 

(Frechette et al., 2018), however, in a river that has a relatively cooler temperature 

regime than the Miramichi River. It is therefore expected that adult salmon in the 

Miramichi River may start seeking thermal refugia at a slightly higher water temperature, 
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assuming similar plasticity to baseline temperatures exists in adults as has been 

documented for the juveniles (Corey et al., 2020).  

This study used radio telemetry to monitor early migrating (i.e., summer run) wild 

adult Atlantic Salmon in the Northwest Miramichi, New Brunswick to 1) identify general 

mesohabitats adult salmon use in summer; 2) identify at what temperature adult salmon 

start seeking thermal refugia; and 3) detect any differences in age (i.e., sea-age) and sex 

of wild salmon in the temperature at which they seek thermal refugia. 

 

Methods  

Study area 

The Miramichi River system is located in Eastern Canada in the central-eastern part of 

the province of New Brunswick (Figure 2.1A and 2.1B). Two main branches make up the 

Miramichi River system: Southwest Miramichi (7,700 km2 drainage area) and Northwest 

Miramichi (3,900 km2 drainage area; Figure 2.1B; Chaput et al., 2016; Linnansaari et al., 

2018). A stream network was built using ArcGIS desktop 10.6.1, 10m resolution LiDAR 

data (resampled from a 1m dataset), and ArcHydro toolbox (O’Sullivan, 2017). Distances 

in river kilometers (rkm) were calculated using Stars 2.0.6 toolbox in ArcDesktop 

(Peterson, 2017). River distances were calculated from the confluence of the Northwest 

Miramichi (NW) and the Little Southwest Miramichi (LSW) (Figure 2.1B, rkm 79.5). 

The NW system, upstream of the confluence of the Big Sevogle River (1026 km2 

drainage area) was the specific study area where the wild adult Atlantic Salmon thermal 

study was conducted (Figure 2.1C).  
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Fish collection and tagging  

Twenty-five wild salmon (N = 15 grilse, i.e., salmon smaller than 63 cm FL, one-sea-

winter salmon; and N = 10 multi-sea-winter (MSW), i.e., salmon equal or larger than 63 

cm FL) were collected using a standard fyke net (7.6 m L X 1.5m W X 1.2m H; each 

wing was 15.2m L X 1.2m H) located 300 meters upstream of Trout Brook (TB; Figure 

2.1C) from 22 June – 24 June 2018 (Table 2.1 and 2.2). Fishing was conducted each 

night when water temperature was <20 °C, typically between 2200 and 0600h. Fish were 

transferred to two flow-through live boxes placed near the upstream end of the fyke net in 

the slowest flow of the river and were held until tagging (approximately 4-8 hours). 

Tagging was conducted each morning between 0600 and 0900h. A large rubber inner 

tube, sealed at one end to hold water, was used to transport fish from the live boxes to the 

anesthetic tank. Salmon were anesthetized in a 40-ppm clove oil, ethanol, and water 

solution. Once anesthetized, total length, fork length and girth were measured (1 cm), and 

the fish were weighed (1 g) (Table 2.1 and 2.2). External characteristics of the fish were 

used to determine the sex.  

Fish were equipped with a radio transmitter originally manufactured for internal 

application but modified to be attached externally (MCFT2-3A (16 x 46 mm; 16 g in the 

air; 6.7 g in water; 150.500 MHz; 5.0 seconds burst rate; 10dB transmission, Lotek 

Wireless Inc., Newmarket, ON). Transmitters were modified using 22kg monofilament 

fishing line, attached to each end of the transmitter using a nail knot, and secured with JB 

Weld Marine Epoxy. The transmitter was attached to the left side of the fish under the 

dorsal fin using the 22kg monofilament fishing line by inserting it through the dorsal 

musculature to the right side using two hypodermic needles. A small rubber piece was 
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placed between the fish and transmitter to avoid skin irritation. Two soft plastic 

backplates and two wire crimps were used on the right side to secure the transmitter to 

the fish. All excess line was removed. Scales were collected and stored in a similar 

manner described in Wright et al., (2015) for age and spawning history assessment. 

Salmon were also equipped with a numbered, small T-anchor tag to identify fish in case 

the radio transmitter became detached. Fish were placed in a dedicated recovery live box 

located in the river, and once fully recovered, were returned to the river upstream of the 

fyke net. All collection and tagging were approved by the Department of Fisheries and 

Oceans (DFO) (Permit SG-RHQ-18-026) and the University of New Brunswick (UNB) 

Animal Care Committee (Protocol 18034). 

 

Radio-tracking 

The tagged salmon were tracked using both passive and active tracking methods. 

Passive monitoring stations were placed at key locations throughout the NW mainstem at 

Wayerton Bridge (WB; rkm 24.9), the junction of Little River (LR; rkm 49.4), and the 

Natural Resources and Energy Development (NRED) barrier fence (BF; rkm 96.7) 

(Figure 2.1C). Stations were equipped with a Lotek SRX 800-D datalogger, two to three 

Yagi four element antennas, and a 12-volt battery. Multiple antennas at each station gave 

a better indication of which direction salmon were migrating from (i.e., downstream or 

upstream) and as to whether they migrated into a major tributary. A solar panel at each 

station was used to supply power. Passive monitoring provided broad information about 

fish movement (e.g., fish moving upstream between WB and LR stations) thus narrowing 

down active tracking to specific river reaches. The range at which a radio tag would be 
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detected by each of the passive radio tracking stations was tested by having an assistant 

secure a radio tag to their wading shoe (i.e., tag was submerged) and waded in an 

upstream to downstream direction. A second assistant used a field laptop computer 

connected to the datalogger and in “live view” mode on the Lotek Host Software and 

watched the signal strengths for all antennas as the first assistant waded through the 

detection range. Two-way radios were used to communicate signal strengths from each 

antenna and a GPS was used to mark locations along the detection range. For example, a 

GPS point was recorded at the start point (initial detection); when both antennas detected 

a tag (upstream side); in front of the station; when both antennas detected a tag 

(downstream side); and an end point. If a major tributary was present, such as at LR, 

points were recorded at the river confluence and approximately every 100m upstream of 

the joining tributary until the final detection was recorded on the third antenna (i.e., 

pointed to the joining tributary). Detection ranges were 0.70 rkm, 0.70 rkm (mainstem 

NW, up and downstream direction) and 0.30 rkm (into LR tributary), and 0.56 rkm (from 

downstream direction) at WB, LR, and BF stations, respectively. Radio stations were 

installed in May 2018 (Appendix 1, panel B) and remained in the field throughout the 

entire duration of the study. Effective operational time varied between 58.6 to 100 % 

(Appendix 2). 

Active tracking was utilized to obtain specific fish locations. Various active tracking 

methods were used, including tracking by foot, kayak or by truck, and totaling 160 hrs 

during summer 2018 (Appendix 3). When tracking with a truck, fish were located by 

using a four-element Yagi antenna mounted in the bed of the truck and a Lotek wireless 

SRX 800-MD datalogger. Once fish were located, a three-element hand-held Yagi 
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antenna and the datalogger was used to obtain a precise location of the fish using similar 

methods as described in Erkinaro et al., (1999). All other modes of active tracking used a 

three-element handheld Yagi antenna and the datalogger. The Gain Reduction Method 

(Sullivan et al., 2019) was used when active tracking was conducted. The starting gain 

was high (70 – 75 dB) until fish were initially detected. The gain was lowered until the 

lowest gain and highest signal strength was obtained perpendicular from the tracker’s 

location on the river shore, which indicated an accurate location of the fish. The accuracy 

of locating tagged fish during active tracking was tested for each person tracking by using 

“blind tags” hidden by an assistant in a location unknown to the person carrying out the 

tracking and comparing the location of true tag location to the prediction by the tracker. 

All trackers were minimally within 50m of the actual tag location at all times. 

 

Habitat characteristics 

A mesohabitat scale was used to assess habitat either available or used by adult 

salmon in areas where tracking was conducted. Mesohabitat was visually assessed using 

the modified Borsányi method; the objective categorization tree was followed, but the 

habitat thresholds were modified from 0.7 to 0.5 (either m/s for velocity or m for depth) 

to be better suited for habitat conditions in the NW Miramichi River (Borsányi et al., 

2004; Appendix 4). In addition to the basic mesohabitat types in Borsányi et al., (2004) 

other habitat classes specific to the Northwest Miramichi were necessary. These included 

a boulder garden (i.e., habitat with frequent emergent or submerged large boulders 

creating a mosaic of pockets of slow velocity habitat), beaver dam, and other (i.e., 

exposed streambed; low water condition). A Samsung Galaxy Tab S equipped with the 
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ArcGIS collector app was used to collect mesohabitat data in situ. Since the mesohabitat 

assessment was carried out in the field based on visual assessment, this method had to be 

verified for accuracy. Therefore, direct habitat measurements were taken at sample 

locations of the most frequent mesohabitat types (e.g., pools, shallow and deep run, 

shallow and deep riffle) using a random sampling point technique. Five points were 

randomly selected within each randomly chosen mesohabitat unit (N = 11 mesohabitat 

parcels in each of the five frequent categories; N = 55 sites). Water velocity (m/s at 0.6x 

depth) and water depth was measured using a Sontek Flow Tracker Handheld ADV 

velocity meter (Xylem Inc. NY, USA). For example, when a mesohabitat was classified 

as a pool, five random sampling points were selected within the unit, and velocity and 

depth was collected at each point. By definition, a pool is an area with a water depth > 

0.5 m, and a water velocity < 0.5 m/s; the accuracy of mesohabitat assessment was thus 

verified by comparing the visual assessment to the observed (measured) values. In 

addition, water temperature (°C) and dissolved oxygen (DO; ppm) were collected using a 

digital YSI meter (Professional Plus series; Xylem Inc. NY, USA). The mean water 

column velocities were transformed to surface water velocities (used in the Borsanyi et 

al., (2004) assessment) using factors presented in Hauet et al., (2018) based on 3611 

depth-averaged to surface velocity measurements in natural streams; a factor of 1.053 and 

1.408 was used for slow and fast mesohabitat types, respectively. 

The substrate was visually assessed using a modified Wentworth particle size scale 

(Jowett et al., 1991; Appendix 5) and parcels with homogenous particle size were drawn 

on a paper map. Data was later transferred to the ArcGIS collector app on the Samsung 

Galaxy Tab S. A GPS coordinate was recorded for each sampled substrate parcel. Habitat 
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and substrate were established during summer low flows (i.e., August; discharge between 

2.5 – 14.6 m3/s). 

Fish habitat use and water temperature were assessed on a continuous basis throughout 

the study. Habitat use data was collected in conjunction with active radio tracking efforts. 

When a salmon was located, its habitat and substrate use was recorded using the same 

methods described above during visual habitat assessment. Habitat and substrate 

preference curves were calculated using Jacobs’ Index (Jacobs, 1974) and then scaled to 

range from 0 to 1. 

  

River Temperature Regime 

Temperature loggers (Hobo UA-002-64, Onset, Bourne, MA) were used to establish 

the seasonal temperature conditions in the NW. Loggers were secured to the inside of a 

cinder block to avoid being influenced by solar radiation, similarly to the methods 

described in Frechette et al., (2018). Loggers (N = 5) that were used to record the 

ambient river temperature were placed in the mainstem NW at fyke net location (rkm 

19.9), 4.3 rkms upstream from Wayerton Bridge (rkm 29.2), upstream of the confluence 

of Tomogonops River (TR; rkm 37.6), Depot Crown Reserve camp (DEP; rkm 84.6), and 

2.6 rkms downstream of the Barrier Fence location (rkm 94.1; Figure 2.1C). As the 

deployment date of the mainstem temperature loggers slightly varied and did not capture 

the earliest tracking dates, a continuous temperature record was obtained from the 

Miramichi River Environmental Assessment Committee (MREAC) at Wayerton Bridge, 

and linear regressions were established between the MREAC data and UNB’s mainstem 

loggers using shared dates. These regressions were highly significant (p < 0.001 with r2 
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values exceeding (0.97) and were then used to back-calculate the water temperature at 

each location for the dates prior to being deployed.   

Additional water temperature loggers were placed in habitat where radio-tagged 

salmon were observed during July 2018 (N = 5 location; N = 13 loggers; Figure 2.1C). In 

each instance, three loggers were used in locations where a detectable cold-water source 

was observed flowing into the mainstem; these included Pats Brook (PB), Smoker Brook 

(SB), and the Little River (LR; Figure 2.1C). In these sites, a logger was placed in the 

cold-water source (i.e., tributary), the resulting cold-water plume in the mainstem 

downstream of the cold-water input, and the upstream mainstem (without the cold-water 

input, i.e., ambient temperature). Additionally, two loggers were placed in two holding 

pool locations where radio-tagged salmon were observed but no apparent cold-water 

input source could be detected. At these sites, a logger was installed directly in the pool 

(i.e., salmon holding habitat) and the mainstem NW immediately upstream. These sites 

included the Caribou pool (rkm 66.3) and Adams Camp Basin pool (rkm 72.6) located in 

Miramichi Fish and Game Club (MFGC) (Figure 2.1C).   

 

Age Determination 

Twenty-five scale samples were used for aging assessment. Scale card was removed 

from envelope and scales (N = 8-10 per individual) were removed from scale card using 

forceps and placed in a petri dish filled with deionized water. Samples soaked for 10 

minutes or until they were soft. The best scales (N = 6-8) were selected, cleaned by 

rubbing them between two fingers, and placed on a microscope slide (Magna half gloss 

25 x 75 mm with a thickness of 0.95 – 1.05 mm). Scales were not dried before placing on 



 

26 

a slide. When all usable scales were cleaned and the posterior edge placed in the same 

direction, a second slide was placed on top. Clear tape was used to secure both ends of 

the slides together and a permanent marker was used to label each sample (e.g., river 

origin, radio tag id, season (i.e., summer), and year). Prepared samples were left out to 

dry overnight. All extra scales were placed on scale card and returned to the envelope for 

storage. Scale preparation for aging was similar to methods described in Wright et al., 

(2015). Images of scales were taken with an Amscope SZMT2 dissecting microscope, 

OMAX digital camera, an OMAX 0.50x fixed microscope adapter, and OMAX 

ToupView software. Two images were taken of the best scale. Sometimes two separate 

scales were used if the assessment was considered easier for one of the life stages (i.e., 

juvenile age vs. sea-age) on a separate scale, or parts of the scale for each life stage was 

damaged. Scale images were stored for aging analysis.  

 

Analyses of Movements and Habitats  

A t-test, with accompanying tests for underlying assumptions (normality, equality of 

variances) was used to detect differences in size (i.e., fork and total length, girth, and 

weight) between sexes (i.e., male and female; salmon with unknown sex excluded) of 

both grilse and MSW salmon. Migration distance was calculated using ArcGIS desktop 

10.6.1 and STARS 2.0.1 toolbox. Migration rate was calculated using the simple formula 

rkm/d between each subsequent detection. A two-way (fixed) factorial ANOVA was used 

to detect any difference in migration distance between sea-age (i.e., grilse vs. MSW) and 

sex (i.e., male vs. female) of salmon. A two-way (fixed) factorial ANOVA was used to 
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detect any differences in river conditions (water temperature or flow) between sea-age 

and sex of salmon during migration.  

To detect any difference in habitat and substrate used by adult salmon versus habitat 

and substrate available, a two sample Kolmogorov-Smirnov test (KS) was used. Chi-

squared analyses was used to test the frequency of use of different habitat types between 

age and sex of salmon. Because of a small sample size, a log likelihood ratio or G-test of 

independence with Williams' correction was applied. Pearson’s correlation was used to 

determine if velocity and depth were correlated at measured sites. A two sample 

Kolmogorov-Smirnov test (KS) was used to detect any differences in ambient river 

temperature at upstream vs. downstream locations. A t-test was used to examine 

differences between ambient and thermal refugia temperatures where salmon were 

observed. A two-way (fixed) factorial ANOVA was used to determine difference 

between sea-age and sex in temperature at which adult salmon started to seek thermal 

refugia. Interaction term for all two-way ANOVA’s will not be reported because they 

were not statistically significant. Data was analyzed using Microsoft Excel using a real 

statistics add-in.  

  

Results 

Biological characteristics 

Three of the radio-tagged MSW salmon were consecutive repeat spawners; the 

remaining seven MSW salmon were maiden spawners (Table 2.1). There was no 

difference in fork length (t10 = 0.57, p = 0.58), total length (t10 = 0.95, p = 0.36), or weight 

(t10 = 0.98, p = 0.35) between sexes in the tagged grilse, but girth was significantly larger 
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(t9 = 3.38, p = < 0.05) in females (Table 2.2). No differences between sexes of MSW 

salmon in fork length (t8 = 0.16, p = 0.87), total length (t8 = 0.21, p = 0.83), girth (t7 = 

0.38, p = 0.72), or weight (t8 = 0.13, p = 0.90) were observed (Table 2.2). 

 

Fate of radiotagged salmon and their migration rate   

During the study WB, LR, and BF stations were in operation 100%, 58.6% and 

100% of the time, respectively (Appendix 1, panel B and Appendix 2). A total of 17 

salmon (10 grilse and 7 MSW) were successfully tracked from 25 June – 1 Aug 2018 

(Table 2.1) while eight radio-tagged salmon were not detected after tagging, resulting in 

an unknown fate (Table 2.1). From the 17 salmon that were tracked, eleven tags were 

recovered, and six tags had an unknown fate. Tag loss (n=4), predation (n=1) and other 

mortality (n=6) all contributed throughout the study to the fate of the eleven tags that 

were recovered (Table 2.1). Many of the mortality and tag loss events were observed in 

response to heat events (see thermal refugia section below for details).  

Salmon migrated between 7.9 rkm and 54.1 rkm upstream from the tagging location 

(Figure 2.2A and B). On average, the tagged fish migrated at a rate of 1.5 rkm/d for all 

salmon, with no significant difference between either sea-age or sex (Table 2.3; F1,10 = 

0.79, p = 0.40 for age; F1,10 = 2.16, p = 0.17 for sex). Also, there was no difference in 

migration distance between sea-age or sex (Table 2.3; F1,10 = 1.93, p = 0.19 for age; F1,10 

= 2.33, p = 0.16 for sex). Tagged salmon were observed holding in a pool near WB radio 

station from less than one hour up to three days before continuing their migration. At LR 

station, six tagged salmon were observed holding from two hours to eight days in a pool 

before migrating upstream to the MFGC. One grilse was detected downstream of the 
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tagging location five days post tagging (Figure 2.2A). In general salmon migrated to the 

MFGC river stretch within two – three weeks, where they remained until mortality or tag 

loss occurred as a result of an apparent movement impediment or deliberate reluctance 

due to low flow conditions (Figure 2.2A and B). River temperature, water flow, and time 

of day all influenced salmon migration. Radio-tagged salmon were observed migrating 

primarily at times when river temperature decreased, and water flow increased.  

However, significant difference was detected in river temperature for age but not for sex 

(F1,10 = 6.03, p = 0.03 for age; F1,10 = 0.56, p = 0.47 for sex) between sea-age and sex of 

salmon during migration. No significant difference was detected in water flow for age or 

sex (F1,10 = 0.39, p = 0.55 for age; F1,10 = 0.39, p = 0.55 for sex) between sea-age and sex 

of salmon during migration. Based on radio station detections the tagged salmon moved 

primarily between dusk and dawn (2100 – 0600h); only on four occasions were fish 

initially detected near a radio station during the daylight hours. 

 

Habitat survey 

A total of 41.4 rkm of habitat and substrate were visually mapped during summer 

2018 (Figure 2.1C). Mapping was conducted between Wayerton Bridge to the upstream 

end of the Elbow Crown Reserve (Elbow; rkm 57.8) and a separate section in the MFGC 

(rkm 64.4 – 72.9) (Figure 2.1C). The Stoney Brook Crown Reserve stretch between 

Elbow and MFGC was not mapped due to impassable waters (Figure 2.1C).  

The most common mesohabitats were low gradient shallow habitat types, i.e., flats, 

shallow riffle and shallow run, which comprised of 27.7%, 33.6% and 25.2% of the total 

assessed habitat, respectively (Table 2.4). For all habitat types, the area of individual 
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habitat parcels was generally between 0.0-1.0 hectares, with only a few habitat units 

having areas greater than one hectare (Table 2.5). The accuracy of visual velocity 

assessment was variable between the five assessed mesohabitat types; measurements 

confirmed that assessment was most accurate in pool habitat and least accurate in shallow 

and deep run habitat (Figure 2.3). Visual assessment for depth was accurate across all 

mesohabitat types (Figure 2.4). A weak negative correlation was detected between 

velocity and depth for all measured habitat observations (r = -0.34, p < 0.001). 

The most common substrates were cobble, large cobble and boulder, which comprised 

of 53.2%, 19.3% and 9.8% of the total substrate assessed, respectively (Table 2.6). The 

area containing any individual substrate units was typically less than one hectare, but on 

occasion areas greater than four hectares in size containing cobble were observed (Table 

2.7). Percent dissolved oxygen was on average >95% saturation across all habitats and 

ranged between 92% and 107% (Figure 2.5). 

 

Water level and temperature conditions  

Water temperature was consistently and significantly warmer in the downstream 

reaches and cooler in the upstream reaches of the NW Miramichi mainstem during 

summer 2018 (KSm2775,2775, D = 0.43, p < 0.001; Figure 2.6). Mainstem NW water 

temperatures remained above 20 °C for two consecutive nights for 37 days (on 6 separate 

occasions), and reached 23 °C (a threshold that has been shown to cause physiological 

stress in juvenile Atlantic Salmon and above which adult Atlantic Salmon survive only 

short period of time; Breau, 2013; Huntsman, 1946) for 68 days in the downstream 

reaches, with the maximum water temperature of 29.9 °C (Figures 2.6 and 2.7). The 
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cooler upstream reaches exceeded 23 °C for nine days, with a maximum water 

temperature of 25.2 °C; conditions where water temperature remained above 20 °C for 

two consecutive nights were not experienced in the upstream reaches (Figure 2.6 and 

2.7). 

The water level in NW Miramichi was primarily low during the summer months, with 

a few localized rain events causing occasional rises in water level leading to concomitant 

drop in water temperature (Figure 2.6).  

 

Habitat Use  

The frequency at which the radio-tagged adult Atlantic Salmon use different 

mesohabitats was significantly different from their availability (KSm43,914, D = 0.59, p < 

0.001). Adult salmon showed a preference for all deep mesohabitats (> 0.5m depth) and 

avoided the shallow mesohabitats (< 0.5m depth; Figure 2.8A). There was no statistical 

difference in substrate size between the areas salmon used and that were available 

(KSm43,389, D = 0.21, p = 0.06). Even though the difference in substrate use and 

availability was non-significant, salmon were not observed to use areas with most of the 

small substrate sizes with the exception of sand that was common substratum in the 

preferred pools (Figure 2.8B). No differences in habitat and substrate selection was 

detected between sea-age (habitat, χ 2 = 3.47, df = 6, p = 0.74; substrate, χ 2 = 3.37, df = 5, 

p = 0.64) and sex (habitat, χ 2 = 5.09, df = 6, p = 0.53; substrate, χ 2 = 7.08, df = 5, p = 

0.21).    
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Thermal habitat use 

Stemming from the generally warm water temperatures experienced in summer 2018, 

and especially in the lower sections of the NW mainstem, radio-tagged adult Atlantic 

Salmon were observed in thermal refugia in a number of separate occasions. In general, 

there was a significant difference in the mainstem water temperature and temperature 

where radio-tagged salmon were located if thermal refugia was available in the vicinity 

(t70 = 2.80, p < 0.01) with average temperature of 21.9 ± 2.4 °C at fish holding locations 

vs. 23.9 ± 2.2 °C ambient river temperature. Radio-tagged salmon started to seek water 

that was cooler than the ambient water temperature as temperatures exceeded 19 °C, with 

frequency of use of cold-water refugia steadily increasing with higher temperatures 

(Figure 2.9). However, exclusive use of thermal refugia by the radio-tagged salmon was 

only observed when ambient water temperature exceeded 26 °C (Figure 2.9), reflecting in 

large part poor access to cold-water refugia due to the low water conditions hindering 

salmon movement during some of the stressful heat events, and leading to concomitant 

mortality of some of the radio-tagged salmon (Table 2.1). No difference was detected 

between sea-age and sex of fish in using thermal refugia (F1,24 = 0.04, p = 0.85 for age; 

F1,24 = 0.01, p = 0.93 for sex). 

The temperature differential (ΔT) between the ambient river temperature and the 

temperature at each radio-tagged salmon’s holding location was largely dictated by the 

availability of cold-water refugia in the vicinity of tagged fish’s general location and 

therefore, was different between the lower and upper reaches of the NW mainstem and 

also changed as the summer progressed as tagged salmon moved from lower to upper 

reaches (Figure 2.10).  
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In the lower section of the NW, (i.e., between WB and LR, rkm 24.9 to 49.4; Figure 

2.1C and Figure 2.10), eight different radio-tagged salmon were observed and included 

use of three thermal refugia sites; all three sites were tributary plumes with cold-water 

inflows. Two of these tributaries, i.e., Pats Brook (rkm 27.8) and Little River (rkm 49.4), 

had inflows with steady ΔT between 3 °C – 5 °C below the ambient mainstem 

temperature (Figure 2.11A and C). The third tributary inflow, a shallow, sand-substratum 

Smoker Brook (rkm 32.5), had variable ΔT between -3 °C – 12 °C, suggesting that the 

mainstem temperatures were occasionally cooler than the cold-water plume (Figure 

2.11B). 

Of the eight radio-tagged salmon in the lower sections, Pats Brook was used by one 

radio-tagged salmon in late July at 21 °C but this was during a time when ΔT was 0 °C 

between mainstem NW and fish’s location (Figure 2.10). Similarly, another salmon was 

observed in a 23 °C pool 2.5 rkm upstream from the confluence of the Tomogonops 

River in early July with ΔT = 0 °C (Figure 2.1C and Figure 2.10). Behavioural 

thermoregulation was, however, observed at both the Smoker Brook and the Little River 

thermal plumes and two other cold-water seep locations (Figure 2.10). At Smoker Brook, 

two radio-tagged salmon were observed on two separate occasions in the thermal refugia 

in early July when ambient water temperature ranged between 25 – 27 °C, and the salmon 

were holding at the tributary plume with ΔT = 7 °C – 10 °C. One of these salmon was 

first tracked to be holding in a pool with a small cold-water bank seep (ΔT = 3 °C) 0.4 

rkm downstream of Smoker Brook before migrating upstream to the Smoker Brook 

thermal plume the following day (Figure 2.10). Both salmon were recorded as mortalities 

the following day despite their behavioural thermoregulation (Table 2.1). Three radio-
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tagged salmon were detected in LR pool, all thermoregulating (ΔT= 1 °C – 3 °C) when 

ambient water temperature ranged 22 °C – 27 °C; one tagged salmon was further 

downstream in the pool and was outside the thermal plume. Tags from two of the three 

salmon in LR pool were later recovered downstream (Table 2.1). One fish that was 

detected at LR via radio station but never mobile tracked, was later observed twice 

migrating downstream in pools (between PR and TR) and downstream 0.4 rkms of 

Smoker Brook (Figure 2.1C, Figure 2.2, and Figure 2.10) not utilizing thermal refugia. 

This tag was later recovered (Table 2.1). 

Ten radio-tagged salmon were detected in the upper sections of the NW which 

included river stretches upstream from LR (i.e., > rkm 50; Figure 2.1C). Two salmon 

were observed early in July in the Elbow river stretch (rkm 55.2 and 56.0) and both fish 

were holding in water that was colder (ΔT = 1 °C) than the ambient water temperature 

(i.e., 19 °C or 20 °C; Figure 2.10); the source of the cooler water was not imminently 

clear but was likely a small groundwater seep. One of these fish was later detected further 

upstream in the MFGC section (Figure 2.1C). Radio-tagged salmon were detected 

throughout the MFGC river stretch throughout July and into August, in ten different 

pools and two deep runs. Fish that migrated into the MFGC river stretch in early July 

were frequently observed thermoregulating (ΔT = 1 °C - 4 °C) in deep pools when 

ambient water temperature ranged between 22 °C – 26 °C (Figure 2.10). However, as 

summer progressed, it became increasingly difficult for salmon to locate thermal refugia 

within pool habitats where ΔT approached 0 °C (Figure 2.10). Further migration 

upstream through MFGC river stretch was made difficult due to low water levels that 

made certain areas, e.g., a waterfall at rkm 66.7, barriers for further movement or seeking 



 

35 

of more suitable thermal refugia. Although some tagged salmon were observed migrating 

upstream to the next barrier after a slight increase in water level, seven of the ten radio 

tags were recovered in the MFGC section (Table 2.1). 

 

Discussion 

This study documented the migration characteristics, summer habitat selection and 

thermal habitat (i.e., refugia) use for the early (summer) run of adult Atlantic Salmon in 

one of the most prominent salmon rivers in North America. It was observed that upstream 

migration progressed promptly with both grilse and multi sea-winter salmon preferring 

various, but deep mesohabitat types. However, low water level with concomitant increase 

in water temperature above 19 °C warranted thermal refugia use when available, and this 

was particularly prominent when water temperature exceeded 22 °C. Despite the thermal 

refugia seeking behaviour, mortalities occurred following high temperature events which 

highlights the gravity of these events in future management of Atlantic Salmon.       

Overall, radio-tagged early-run (i.e., summer run; Chaput et al., 2016) adult Atlantic 

Salmon were observed to migrate quickly through the lower section of the NW during the 

early part of July until the MFGC river stretch. Previous data on Carlin-tagged Atlantic 

Salmon have also shown that the early-migrating salmon in the NW Miramichi have a 

tendency to migrate to the headwater river sections (Chaput et al., 2016). During summer 

2018, Atlantic Salmon migrated 1.5 rkm/d, on average, with no statistically significant 

differences between the sea-age. The documented migration rate is slightly slower than 

documented in previous studies. While specific tagging-based studies in the Miramichi 

are sparse, a tracking study conducted on the NW Miramichi in the mid-1970’s found 
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adult salmon migrating on average 2.51 rkm/d and 1.84 rkm/d for grilse and MSW 

salmon, respectively (Turner, 1975). The studies tagged salmon in different locations, 

with Turner (1975) tagging occurring closer to the estuary while this study tagged salmon 

that had already ascended further upstream in the NW Miramichi, but is not likely the 

cause of slower migration rate. Much faster migration rates have been reported in other 

Atlantic Salmon rivers where migration rates between 2.0 rkm/d and 15 rkm/d have been 

observed (Power and McCleave, 1980; Finstad et al., 2005). Based on radio station 

detections, the salmon migration in NW Miramichi occurred primarily during the twilight 

hours and night. This observation is strongly supported by data from Adaptive Resolution 

Imaging Sonars situated in the adjacent Little Southwest Miramichi River and the 

Southwest Miramichi River (J. Helminen and T. Linnansaari, University of New 

Brunswick, Unpubl. data) and similar migration behaviour has been reported in previous 

studies elsewhere (Jonsson, 1991; Karppinen et al., 2004). 

After a period of rapid ascend in early July, the salmon migration was much reduced 

in both upper and lower sections on the NW Miramichi as ambient river temperatures 

increased and water flow conditions became low. Similar high temperature-induced 

reductions in migration rate have been observed also for other adult salmonids, such as 

Chinook salmon (Oncorhynchus tshawytscha; Goniea et al., 2006) and sockeye salmon 

(Oncorhynchus nerka; Hyatt et al., 2003). The water temperature regime was generally 

much cooler in the upper sections of the NW Miramichi and became warmer downstream 

as is typical for alluvial rivers that equilibrate with air temperature (Vannote et al., 1980; 

Caissie et al., 2007). Despite the cooler headwaters, water temperatures reached the 

stressful limit of 23 °C for adult Atlantic Salmon throughout the entire study area but the 
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effect was certainly more significant downstream where this temperature was reached 

almost daily for over two months. High water temperatures during summer months have 

been frequently reported in the Miramichi River in other studies examining juvenile 

Atlantic Salmon (Breau et al., 2007; 2011; Cunjak et al., 2005; Kurylyk et al., 2015; 

Corey et al., 2020) and an increasing temperature trend over time has been documented 

(Cunjak et al., 2013). As water temperature increases, the amount of dissolved oxygen 

decreases (Weiss, 1970; Graham and Harrod, 2009). However, dissolved oxygen levels 

remained high throughout the NW Miramichi River and was not a limiting factor in areas 

where adult salmon were observed holding, nor it is considered the reason why 

mortalities of radio-tagged individuals occurred during the study (see below). Dissolved 

oxygen levels have been shown to remain high despite high water temperatures in other 

thermally stressed river systems, and Nielsen et al., (1994) also found that oxygen levels 

were inconsequential for (steelhead) rainbow trout (Oncorhynchus mykiss) in thermally 

stratified pools.  

In addition to the high-water temperatures, adult Atlantic Salmon migration was also 

affected by the extremely low water levels. The river section at MFGC contains cascades 

that seemingly prevented further progress of migrating salmon, unless an increase in flow 

was observed that either allowed, or motivated, further upstream migration. Other studies 

have also documented reduced upstream migration in low flow conditions that have been 

associated to the difficulty to pass barriers (i.e., waterfalls; Smith et al., 1994), and during 

low flows, salmon populations may be fragmented into sections with thermal refugia 

(Matthews and Zimmerman, 1990). It should be noted, however, that direct physical 

measurements of depth at the potential bottleneck cascades were not conducted in this 
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study, and it cannot be confirmed whether the reduced migration was due to inability of 

salmon to pass the high gradient section due to low water or whether the slowed 

migration was related to lack of migratory motivation. Certainly, the effects of low water 

levels manifest also as the interaction between water quantity and increased temperature 

such that low water level acts as a pre-cursor to extreme high water temperatures (Caissie 

et al., 2007; 2012; Corey et al., 2020) and typically occur in mid-July to early August in 

the Miramichi River (Breau et al., 2007, 2011, 2013; Caissie et al., 2007, 2012; Kurylyk 

et al., 2013). 

This study was the first to formally document mesohabitat use preferences of 

migrating adult Atlantic Salmon in the NW Miramichi River in summer. Although 

anecdotal information (mostly through popular recreational fishing locations) have long 

suggested that pools are preferred holding locations for adult salmon in summer, this 

study observed that other deep mesohabitat types, that is, deep runs and deep riffles, were 

also preferred in addition to deep pools. These preferred deep mesohabitats were often 

associated with large boulder and/or bedrock (i.e., large) substrates but the data indicated 

that sand was also preferred. As substratum size is often highly correlated with velocity 

and depth (which are further also highly correlated, as was also observed in this study), it 

is possible that the preference patterns for substratum reflected “collateral” information, 

and was a by-product of preference towards other physical variables, namely depth and 

velocity. While Atlantic Salmon is among the most scientifically studied fish species for 

which countless habitat use and preference studies have been conducted (see e.g., 

Armstrong et al., 2003 and references therein), it appears that there is a paucity of 

information regarding habitat preferences for the migrating adult life stage, and habitat 
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preference information seem largely limited to spawning requirements (e.g., Louhi et al., 

2008) or various juvenile life stages (Armstrong et al., 2003; Finstad et al., 2010) and this 

study, in fact, represents one of very few, if not the first one, documenting habitat 

preferences of migrating adult Atlantic Salmon. 

Habitat use was certainly affected by the unfavorable temperature conditions that were 

experienced during summer months. To avoid being thermally stressed, adult salmon 

were observed seeking thermal refugia both in the lower and upper sections of the NW 

Miramichi in as early as when ambient river temperature reached 19 ºC, but more 

frequently in water temperature >22 ºC. In a recent study, Frechette et al. (2018) 

observed adult salmon seeking thermal refugia when ambient river temperatures were 17 

°C in the Nord-Est, a cold-water river in Quebec. In the warmer Penobscot River, ME, 

adult salmon have been observed to seek thermal refugia at slightly warmer river 

temperatures (i.e., 23 °C; Shephard, 1995). Such variability in the onset temperature of 

thermal refugia use in adult Atlantic Salmon may stem from plasticity in this behaviour 

that is dependent on acclimation and/or population specific variation based on river-

specific rearing conditions. Corey et al., (2020) observed such variation in the onset of 

behavioural thermoregulation in juvenile Atlantic Salmon where aggregation 

temperatures were higher in the relatively warmer Ouelle River, Quebec, as opposed to 

earlier aggregation onset temperatures in the relatively cooler Little Southwest Miramichi 

River. 

In this study, the radio-tagged adult Atlantic Salmon in the lower sections of the NW 

Miramichi were observed to mostly use thermal refugia that consisted of a deep plume 

formed by cold-water tributary inflows. Thermal refugia in low gradient and unconfined 
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channels are dependent on cold-water inputs provided by tributaries, as well as debris and 

large substrates that allow cool water to collect in these areas by preventing mixing with 

larger (warm) flows of the mainstem (Bilby, 1984; Nielsen et al., 1994; Kurylyk et al., 

2015). Thus, cold-water tributaries and their plumes are critical refugia for adult salmon 

in large river systems that experience high water temperatures (Shepard, 1995; Goniea et 

al., 2006; Keefer et al., 2009; Frechette et al., 2018).  

On two occasions, adult radio-tagged salmon were observed in an atypically shallow, 

sandy habitat, making them susceptible to predation (and, in fact, one of the radio tags 

was traced into a nesting tree of a bald eagle, Haliaeetus leucocephalus). This unusual 

behaviour was significantly influenced by the availability of thermal refugia. As water 

temperature exceeds upper incipient lethal thresholds, fish are faced with behavioural 

trade-offs between the necessity to find cooler water to stay alive but risking the 

increasing chance of predation (Pépino et al., 2015). In such extreme circumstances, the 

necessity to find locations that allow behavioural thermoregulation override other habitat 

preference qualifications. This result differs from other studies where Atlantic Salmon 

and steelhead trout were not observed in shallow thermal refugia (Baigun et al., 2000; 

Frechette et al., 2018) and if used, adult salmon (spp.) did not have a long residence in 

shallow thermal refugia (Torgersen et al., 1999; Ebersole et al., 2001; Frechette et al., 

2018). If given a choice, salmonid fishes have been shown to exhibit preference patterns 

towards thermal refugia where larger-bodied fish seek deeper refugia or prefer refugia 

with a ready access to adjacent deeper water (Wilbur et al., 2020).   

As salmon migrated upstream into the MFGC section and summer progressed to late 

July, it was observed that the adult radio-tagged salmon were not always utilizing thermal 
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refugia despite high water temperatures. This likely reflects in large part the fact that the 

thermal refugia availability was negatively affected as the season progressed in the 

MFGC section. MFGC section is a confined river channel with deep pools. Confined 

stream channels are not typically cooled by hyporheic flow but are often influenced by a 

cold-water tributary inputs or shading (Tonina and Buffington, 2009; Dobos et al., 2016). 

The MFGC has only one known cold-water tributary (i.e., Mountain Brook) at the 

downstream end of the section and its thermal characteristics are significantly influenced 

by shading, and diurnal heating and cooling. As the water temperatures progressively 

increased throughout the study, the ability of the diurnal processes was not sufficient to 

retain the small thermal differences between different sections of the river. It must be 

noted, however, that there were limitations with how the temperature was recorded at the 

fish holding locations in the MFGC river section. Due to the confined nature of the 

channel at MFGC, the deep pools made it difficult to record water temperatures at exact 

fish holding locations. For example, when active tracking was conducted in the MFGC 

section, water temperature was recorded near fish locations but relatively close to shore 

(i.e., water near surface, and not exactly where fish were holding in the middle of the 

river). It is possible that some pools in the MFGC section are stratified during summer 

low flow or drought events, providing adult salmon with critical thermal habitat, but this 

was not confirmed. In a study conducted by Nielsen et al. (1994), stratified pools were 

formed by shading, cool-water inputs, and water settling to the bottom of pools, resulting 

in water temperatures between 7 °C – 11 °C cooler than ambient river temperatures. In 

other studies, deep stratified pools have been described to act as a buffer for adult salmon 

by providing a stable thermal environment and with little flow to help reserve energy for 
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spawning, making this habitat perfect for holding salmon (Berman and Quinn, 1991; 

Nielsen et al., 1994; Sutton et al., 2007; Hasler et al., 2012; Frechette et al., 2018). 

Whether the pools in MFGC section thermally stratify in summer warrants a future 

investigation. 

Unfortunately, mortality and tag loss were observed among the radio-tagged salmon 

that were consistently tracked during the summer 2018. The mortality could have been in 

part exaggerated by tagging in the tracked population in comparison to untagged adult 

Atlantic Salmon. Tagging undoubtedly causes stress to fish, and there may not have been 

enough time for full recovery between tagging and the onset of high-water temperature. 

Also, tagging necessarily causes unnatural wounds, like the hypodermic needle holes that 

had to be made to attach the external radio tag. With warm water temperature, such 

wounds may lead to an increased chance of bacterial and fungal infections for tagged fish 

causing mortality (Brett, 1956; Smith et al., 1994). Mortality could also have been 

natural, as water temperature was at or beyond the sustained tolerance limits for adult 

Atlantic Salmon, and access to thermal refugia became limited as the season progressed 

(see above). While no dead untagged salmon were discovered while tracking, it is easier 

to locate the fish carcasses with radio tags.  There have been numerous reports of adult 

salmon mortalities during high temperature events in the Miramichi River, but it is 

believed that most dead salmon are never seen because they sink to the bottom of the 

river (Breau, 2013). 

High water temperatures are, and will be, increasingly problematic for migrating adult 

Atlantic Salmon not only in the NW Miramichi, but in many other Atlantic Salmon rivers 

in Canada. Numerous Eastern Canadian rivers have been observed to have water 
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temperatures that are exceeding 20 °C, and even surpassing adult salmon thermal 

tolerance, with concomitant low flows during the summer months (Cunjak et al., 2005; 

Breau et al., 2007; 2011; Caissie et al., 2012; Kurylyk et al., 2013, 2015; Corey et al., 

2020). Salmonids (e.g., Atlantic Salmon, Brown Trout, and Arctic Charr) will be heavily 

affected by climate change because their survival depends on timing of seasonal events, 

environmental cues, and health of both freshwater and marine ecosystems (Friedland et 

al., 2003; Graham and Harrod, 2009; Jonsson and Jonsson, 2009; Elliott and Elliot, 

2010). Stream habitat is the most susceptible to fragmentation and homogenization, 

inhibiting salmon to develop local adaptation and phenotypic variations within and 

among populations to survive rapidly changing environments (Watters et al., 2003; 

Armstrong et al., 2013). The work presented herein adds to the growing literature proving 

how critical various thermal refugia are for adult Atlantic Salmon during their spawning 

migration. Previous work has shown that as adult salmon (spp.) migrate upstream, high-

water temperatures can increase bioenergetic depletion, prespawn mortality, and cause 

lowered fertility (Gilhousen 1980; Flett et al., 1996; King et al., 2003; Richter and 

Kolmes 2005; Goniea et al., 2006). Cold water species such as Atlantic Salmon will 

become more dependent on critical thermal refugia as climate change continues and 

waters warm further (Kurylyk et al., 2013). This study has shown that resource managers 

need to make appropriate decisions to protect cold-water sources throughout the entire 

NW Miramichi River system, but particularly in the upstream reaches such as the MFGC 

stretch. Cold-water tributaries should be protected from any major anthropogenic effects 

if they are influencing surface and groundwater temperatures, including potential effects 

from forestry, mining and groundwater pumping (Parrish et al., 1998; Bourque and 
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Pomeroy, 2001; Monk et al., 2013; Kurylyk et al., 2013). Future research should be 

directed to better understanding the role of different landscape and geological variables in 

protecting the cold-water inputs and hydraulic recharge zones (e.g., Monk et al., 2013; 

O’Sullivan et al., 2019; 2020). Particular future attention should be directed to the role of 

timber harvesting, efficiency of forest buffers in various landscapes, geological settings 

and catchment sizes, and their potential effects in regulating cold-water streams, and 

especially in the most numerous first order streams where forest buffer zones will likely 

have the highest effect (Vannote et al. 1980; Cunjak et al., 2007; Bourque and Pomeroy, 

2001). These relationships are necessarily complex (O’Sullivan et al., 2020) and only by 

thoroughly understanding the cause-effect mechanisms can the resource managers and 

associated industry, in collaboration with scientists, design the safeguards that are 

required for protecting cold-water refugia from anthropogenic effects, thus keeping river 

environment intact. Finally, projects carried out by many non-governmental 

organizations and First Nations aimed to enhance the river, and particularly cold-water 

habitat, should continue to be of a high priority. Numerous cold-water restoration projects 

have been implemented in the NW Miramichi (MSA, 2015). However, restoration 

projects will have to be carefully designed based on good understanding of the physical 

processes that produce and maintain thermal heterogeneity (Armstrong et al., 2013) and 

post-monitoring must be a mandatory step to ensure the actions are resulting in tangible 

benefits.  
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Tables 

Table 2.1 The biological data of N = 25 adult Atlantic Salmon radiotagged in the 

Northwest Miramichi River in summer 2018. The (*) signifies the salmon successfully 

tracked throughout summer 2018 and (ʹ) indicates repeat spawning salmon. F = Female; 

M= Male; UNK = unknown sex; TL = total length; FL = fork length; MSW = Multi-sea- 

winter; N/A = data not available. Eventual fate of salmon was classified as mortality (fish 

located), tag loss (tag located but no fish), predation (found in eagles’ nest), or unknown 

(neither tag nor fish were located at the end of study). Temperature (°C) at time of  

confirmed fate of salmon is shown in brackets. 

Sex 

Adult 

descriptive 

age 

Adult 

sea 

age 

FL           

(cm) 

TL             

(cm) 

Girth      

(cm) 

Weight   

(kg) 

Fate 

of  
Salmon 

F Grilse* 1 53.0 53.6 N/A 1.5 Mortality (22.6) 
F Grilse* 1 50.0 53.1 26.5 1.4 Unknown 

F Grilse* 1 57.2 60.3 27.4 1.4 Unknown 

F Grilse 1 52.5 56.4 26.0 1.5 Unknown 

F Grilse 1 54.0 56.8 26.5 1.7 Unknown 

F Grilse* 1 50.4 53.6 26.5 1.5 Mortality (25.1) 
F Grilse 1 48.1 50.3 24.6 1.4 Tag loss (25.3) 
M Grilse 1 57.9 61.4 25.5 1.6 Unknown 

M Grilse 1 51.0 53.9 24.4 1.3 Unknown 

M Grilse* 1 51.0 53.9 24.7 1.4 Unknown 

M Grilse* 1 45.0 63.6 24.4 1.5 Unknown 

M Grilse* 1 49.7 52.8 24.5 1.4 Predation (25.3) 
UNK Grilse* 1 53.0 56.0 N/A 1.8 Tag loss (22.5) 
UNK Grilse* 1 46.1 47.5 25.5 1.3 Tag loss (24.5) 
UNK Grilse* 1 50.9 54.2 24.4 1.4 Mortality (22.7) 

F MSW 2 72.0 76.9 36.2 3.9 Unknown 

F MSW* 2 71.8 76.6 36.6 4.3 Mortality (27.7) 
F MSW* 2 82.0 86.4 N/A 6.4 Mortality (25.8) 
F MSW* 2ʹ 92.0 97.2 48.0 7.7 Mortality (25.7) 
F MSW* 2 75.5 80.1 40.5 5.0 Tag loss (23.9) 
F MSW* 2 76.0 80.4 38.1 4.8 Tag loss (21.0) 
F MSW 2 75.2 79.3 38.2 4.7 Unknown 

M MSW 2ʹ 78.8 83.5 39.9 5.6 Unknown 

M MSW* 2ʹ 77.5 82.0 42.0 5.7 Unknown 

M MSW* 2 75.0 78.9 39.9 4.8 Unknown 
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Table 2.2 Averaged biological data for adult Atlantic Salmon radiotagged in the 

Northwest Miramichi River in summer 2018. Grilse = One-sea-winter. MSW = Multi-

sea-winter. Numbers are averages ± S.D. 

Total 

Number 
Sex Age 

Average 

fork length 

(cm) 

Average 

total length 

(cm) 

Average 

girth (cm) 

Average 

weight 

(kg) 

7 Female Grilse 52.2 (±3.0) 54.9 (±3.2) 26.3 (±0.9) 1.5 (±0.1) 

7 Female MSW 77.8 (±7.1) 82.4 (±7.3) 39.6 (±4.4) 5.2 (±1.3) 

5 Male Grilse 50.9 (±4.6) 57.1 (±5.0) 24.7 (±0.5) 1.4 (±0.1) 

3 Male MSW 77.1 (±1.9) 81.5 (±2.3) 40.6 (±1.2) 5.4 (±0.5) 

3 Unknown Grilse 50.0 (±4.6) 52.6 (±4.5) 25.0 (±0.8) 1.5 (±0.3) 
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Table 2.3 Upstream migration distances and rates of the N = 17 radio-tagged adult 

Atlantic Salmon in the Northwest Miramichi River in summer 2018. Numbers are 

averages ± S.D. 

Sex Age 
Number 

tracked 

Range of 

upstream 

distances (rkm) 

Upstream 

migration rate 

(rkm/d) 

All fish  17 27.8 – 74.0 1.5 (±0.6) 

Female Grilse 4 27.8 – 56.0 1.3 (±0.8) 

Female MSW 5 32.5 – 74.0 1.3 (±0.4) 

Male Grilse 3 49.4 – 65.3 2.1 (±0.5) 

Male MSW 2 66.7 – 69.5 1.5 (±0.5) 

Unknown Grilse 3 32.5 – 66.7 1.1 (±0.4) 
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Table 2.4 Mesohabitat composition of the Northwest Miramichi River assessed in 

summer low flows (2.5 – 14.6 m3/s) in 2018 between 24.9 to 57.8, and 64.4 – 73.9 river 

kilometres, using a modified Borsányi et al., (2004) scale.  

Habitat Frequency 
Total area 

(ha) 

Average 

mesohabitat 

parcel area 

(ha) 

% Total 

Glide 0 0.00 0.00 0.0 

Deep Run 60 6.53 0.11 4.3 

Shallow Run 208 38.29 0.18 25.2 

Pool 46 2.66 0.06 1.8 

Flat 275 42.14 0.15 27.6 

Rapid 16 1.50 0.09 1.0 

Cascade 3 0.06 0.02 0.0 

Deep Riffle 30 1.73 0.06 1.1 

Shallow Riffle 223 51.14 0.23 33.6 

Rill 0 0.00 0.00 0.0 

Boulder Garden 28 3.27 0.12 2.2 

Beaver Dam 1 0.01 0.01 0.0 

Other 24 4.91 0.20 3.2 

 914 152.2   

 *Other (exposed streambed) 
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Table 2.5 Frequency of mesohabitat size classes in Northwest Miramichi assessed in 

summer low flows (2.5 – 14.6 m3/s) in 2018 between 24.9 to 57.8, and 64.4 – 73.9 river 

kilometres, using a modified Borsányi et al., (2004) scale.   

Size 

class 

(ha) 

Pool 
Deep 

Riffle 

Deep 

Run 
Rapid 

Shallow 

Riffle 

Shallow 

Run 
Cascade 

Boulder 

Garden 

Beaver 

Dam 
Flat Other 

0.0-0.1 40 25 47 12 93 117 3 16 1 162 14 

0.1-0.2 5 4 7 1 51 29 0 7 0 47 1 

0.2-0.3 1 1 2 2 19 28 0 4 0 24 3 

0.3-0.4 0 0 2 1 17 11 0 1 0 13 1 

0.4-0.5 0 0 0 0 11 6 0 0 0 9 2 

0.5-0.6 0 0 1 0 7 3 0 0 0 8 1 

0.6-0.7 0 0 0 0 11 2 0 0 0 3 1 

0.7-0.8 0 0 0 0 1 3 0 0 0 3 0 

0.8-0.9 0 0 0 0 5 1 0 0 0 2 0 

0.9-1.0 0 0 0 0 3 3 0 0 0 2 1 

1.0-1.1 0 0 0 0 2 1 0 0 0 0 0 

1.1-1.2 0 0 0 0 2 0 0 0 0 2 0 

1.2-1.3 0 0 0 0 0 1 0 0 0 0 0 

1.3-1.4 0 0 0 0 0 1 0 0 0 0 0 

1.4-1.5 0 0 0 0 0 1 0 0 0 0 0 

1.5-1.6 0 0 0 0 1 0 0 0 0 0 0 

1.6-1.7 0 0 0 0 0 0 0 0 0 0 0 

1.7-1.8 0 0 0 0 0 0 0 0 0 0 0 

1.8-1.9 0 0 1 0 0 0 0 0 0 0 0 

1.9-2.0 0 0 0 0 0 0 0 0 0 0 0 

2.0-2.1 0 0 0 0 0 1 0 0 0 0 0 

Total 46 30 60 16 223 208 3 28 1 275 24 
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Table 2.6 Substrate composition of the Northwest Miramichi River assessed in summer 

low flows (2.5 – 14.6 m3/s) in 2018 between 24.9 to 57.8, and 64.4 – 73.9 river 

kilometres, using a modified Wentworth scale. 

Substrate Frequency 
Total area 

(ha) 

Average area 

(ha) 
% Total 

Bedrock 81 10.99 0.14 7.2 

Large Boulder 16 1.74 0.11 1.1 

Boulder 54 14.87 0.28 9.8 

Large Cobble 73 29.37 0.40 19.3 

Cobble 82 80.99 0.99 53.2 

Small Cobble 27 10.48 0.39 6.9 

Gravel 1 0.16 0.16 0.1 

Pebble 33 2.23 0.07 1.5 

Sand 15 1.11 0.07 0.7 

Clay 1 0.03 0.03 0.0 

Silt 6 0.28 0.05 0.2 

 389 152.2   
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Table 2.7 Frequency of substrate size classes in Northwest Miramichi assessed in 

summer low flows (2.5 – 14.6 m3/s) in 2018 between 24.9 to 57.8, and 64.4 – 73.9 river 

kilometres, using a modified Wentworth scale.  

Size 

class 

(ha) 

Bed 

Rock 

Large 

Boulder 
Boulder 

Large 

Cobble 
Cobble 

Small 

Cobble 
Gravel Pebble Clay Sand Silt 

0.0-0.5 75 15 45 55 50 22 1 33 1 15 6 

0.5-1.0 4 1 5 10 5 1 0 0 0 0 0 

1.0-1.5 2 0 1 3 8 2 0 0 0 0 0 

1.5-2.0 0 0 1 3 5 1 0 0 0 0 0 

2.0-2.5 0 0 1 1 2 1 0 0 0 0 0 

2.5-3.0 0 0 1 0 1 0 0 0 0 0 0 

3.0-3.5 0 0 0 1 5 0 0 0 0 0 0 

3.5-4.0 0 0 0 0 2 0 0 0 0 0 0 

4.0-4.5 0 0 0 0 1 0 0 0 0 0 0 

4.5-5.0 0 0 0 0 0 0 0 0 0 0 0 

5.0-5.5 0 0 0 0 2 0 0 0 0 0 0 

5.5-6.0 0 0 0 0 0 0 0 0 0 0 0 

6.0-6.5 0 0 0 0 1 0 0 0 0 0 0 

Total 81 16 54 73 82 27 1 33 1 15 6 
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Figures  

 
Figure 2.1 Province of New Brunswick in Canada (A), and the Miramichi River system 

(B), where the red square highlights the Northwest Miramichi River. Panel C highlights 

the area where adult Atlantic Salmon were radio-tracked, generally upstream from the 

confluence of the Big Sevogle River (‗; rkm 12.6) up to a barrier fence (BF; rkm 96.7) 

operated by the Province. Zero point for calculating upstream distances (rkm) was 

located at the confluence of the Northwest and Little Southwest Miramichi Rivers, is 

indicated with a red circle (●) in panel B. Panel C also highlights the capture location of 

salmon for the study at Trout Brook (▲; TB; rkm 19.9), and locations of three stationary 

radiotracking units at the Wayerton Bridge (WB; rkm 24.9), the confluence of Little 

River (LR; rkm 49.4) and the Barrier Fence. Temperature logger sites measuring ambient 

water temperature (●; N=5), or salmon occupancy with (●; N=3; Pats Brook, PB; Smoker 

Brook, SB, and LR) or without cold-water input (●; N=2; Miramichi Fish and Game 

Club, MFGC), and the area were habitat assessment was conducted (−) are also 

highlighted. 
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Figure 2.2 Migration distance by date of A) Grilse and B) Multi Sea-Winter radio-tagged 

adult Atlantic Salmon in the Northwest Miramichi River during summer 2018. Horizontal 

dash lines indicate key locations in the Northwest Miramichi River at Wayerton Bridge 

(WB; rkm 24.9), Little River (LR; rkm 49.4), lower Miramichi Fish and Game Club 

(MFGC; rkm 64.4), upper Miramichi Fish and Game Club (MFGC; rkm 73.9).  
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Figure 2.3 Measured average velocities (with range; N=5 measurements / site) at 

haphazardly selected N=11 sites for habitat assessment validation in the Northwest 

Miramichi River. The horizontal line indicates the habitat category threshold (i.e., 0.5 

m/s) separating the fast and slow habitat types. Slow habitats (< 0.5m/s) only included 

(A) Pool; fast habitats (>0.5m/s) included (B) Deep run, (C) Deep riffle (D) Shallow run, 

and (E) Shallow riffle. The % value in each panel indicates the total number of 

measurements that were assigned a correct velocity category in the visual assessment. 
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Figure 2.4 Measured average depths (with range; N=5 measurements / site) at 

haphazardly selected N =11 sites for habitat assessment validation in the Northwest 

Miramichi River. The horizontal line indicates the habitat category threshold (i.e., 0.5 m) 

separating the deep and shallow habitat types. Deep habitats (> 0.5m) included (A) Pool, 

(B) Deep run, and (C) Deep riffle; shallow habitats included (D) Shallow run, and (E) 

Shallow riffle. The % value in each panel indicates the total number of measurements 

that were assigned a correct depth category in the visual assessment. 
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Figure 2.5 Average (and range) percent dissolved oxygen (DO %) at N = 11 haphazardly 

selected sites for habitat validation in Northwest Miramichi in summer 2018. (A) Pool, 

(B) Deep run, (C) Deep riffle, (D) Shallow run, (E) Shallow riffle.  
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Figure 2.6 Hourly mainstem water temperature in the Northwest Miramichi River during 

summer 2018. Graph shows data from the temperature logger situated furthest 

downstream at Trout brook (rkm 19.9; black line) and the logger furthest upstream at 

Barrier Fence (rkm 96.7; blue line). Threshold (orange) indicates critical water 

temperature (20 °C) used for triggering a fishery closure for adult Atlantic Salmon 

recreational fishery in the Miramichi River. The dashed black line is the water level (m) 

during the study period. 
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Figure 2.7 Cumulative number of days when maximum water temperature exceeded each 

temperature threshold in the mainstem of Northwest Miramichi River during summer 

2018 at Trout Brook (rkm 19.9; black) and Barrier Fence (rkm 96.7; white) temperature 

logger sites.  
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Figure 2.8 Preferred habitat (A) and substrate (B) for radio-tagged adult Atlantic Salmon 

in the Northwest Miramichi River during summer 2018. Dashed horizontal lines indicate 

preferred (P; suitability values > 0.70), indifferent (I; suitability 0.30 – 0.69), and avoided 

(A; suitability < 0.30) habitat or substrate.   
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Figure 2. 9 Ambient water temperature in the Northwest Miramichi River in summer 

2018, recorded at the closest adjacent water temperature logger to radiotagged adult 

Atlantic Salmon, related to the temperature differential (ΔT) between the ambient 

temperature and the temperature recorded at the fish’s holding location. Note, that the 

overlapping observations are intentionally offset by 0.1 °C for clarity. 
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Figure 2.10 Water temperature conditions experienced by adult Atlantic Salmon along 

the mainstem (represented as distance from estuary) of the Northwest Miramichi River in 

summer 2018.  Filled circles represent the ambient mainstem temperatures for early (Jul 1 

to Jul 15; ●) and late July / early August (Jul 16 to Aug 2; ●) adjacent to locations of 

radiotagged salmon. The hollow circles indicate the difference in water temperature (ΔT) 

between the mainstem and the actual holding location of radiotagged adult Atlantic 

Salmon in early (○), and late (○) summer, i.e., hollow circles that are above the x-axis are 

examples of behavioural thermoregulation. Key radiotracking locations are also 

indicated; Wayerton Bridge (WB; rkm 24.9), Pats Brook (PB; rkm 27.8), Smoker Brook 

(SB; rkm 32.5), Little River (LR; rkm 49.4), Miramichi Fish and Game Club (MFGC; 

rkm 64.4 – 72.9). 
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Figure 2.11 Hourly water temperature in three thermal refugia sites in the Northwest 

Miramichi River where adult radio-tagged Atlantic Salmon were observed during 

summer 2018. The graphs highlight the ambient mainstem water temperature just 

upstream of the refugia (black), and the water temperature in the salmon holding area 

(gray) for (A) Pats Brook, (B) Smoker Brook, and (C) Little River. The red line indicates 

the difference in temperature (ΔT) between the inflow into thermal refugia and the 

ambient water temperature on the secondary y-axis. Note that on a few occasions, the 

temperature differential was opposite to the typical pattern and these observations have 

been removed for clarity of the figure.  
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Chapter 3: Autumn migration and habitat selection of wild adult Atlantic Salmon 

(Salmo salar) in the Northwest Miramichi River, New Brunswick, Canada.
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Abstract  

General patterns of adult Atlantic Salmon (Salmo salar) migration are relatively well 

understood due to significant research over past number of decades in the Miramichi 

River, New Brunswick, Canada. Two distinct populations of Atlantic Salmon occur in the 

Miramichi River (i.e., early and late run). Early run salmon arrive from the ocean in June-

August and spend the summer in the river and it is believed that these fish migrate further 

upstream. Autumn or late run salmon enter the river in September to November. While 

these general patterns of migration are known, only little is known about the specifics of 

the Miramichi River salmon upstream migration patterns in autumn, autumnal habitat use 

leading to spawning, and downstream migration patterns post-spawning. This study used 

radio telemetry to track an overall N = 94 wild adult Atlantic Salmon in the Northwest 

(NW) and Little Southwest (LSW) Miramichi River during 2017 and 2018. In autumn, 

tagged salmon resided in estuary for an average of 8.3 – 9.6 days; migration from estuary 

to the two studied rivers did not start until water temperature declined to < 15°C, and was 

facilitated by a further decline in water temperature to < 13 °C, and coincided with small 

raises in water level. After freshwater entry, the migration progressed upstream at an 

average rate of 1.0 rkm/d (±0.9 SD) in 2017 and 2.4 rkm/d (±2.1 SD) in 2018 in the LSW 

Miramichi while salmon migrated at an average rate of 1.5 rkm/d (±1.1 SD) in the NW 

Miramichi. In both river systems, salmon migrated primarily to the lower and middle 

reaches, with only a few fish migrating to the higher reaches. Salmon in both rivers 

actively selected deep (i.e., > 0.5 m) mesohabitat types (pools, deep riffles and runs) with 

large to medium substrate size during their autumn migration. Spawning occurred during 

late October and early November when water temperatures decreased to 2.8 – 3.2 °C. 
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Radiotagged salmon migrated downstream at a similar rate in both studied rivers (1.9 

rkm/d and 2.0 rkm/d) immediately after spawning, and 49.0 % of surviving salmon 

overwintered in their spawning rivers, while the rest (51.0 %) of them migrated to the 

upper parts of the common NW estuary (head of tide) until continuing migration towards 

the Ocean in the following spring.  
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Introduction 

Freshwater entry into spawning rivers occurs from May to October for most Atlantic 

Salmon (Salmo salar) populations in Canada, Iceland, and Norway, with some 

populations entering the river at any time of the year (e.g., Denmark and Scotland) or one 

year prior to spawning (e.g., Russia; Klemetsen et al., 2003; Thorstad et al., 2011). 

Atlantic Salmon freshwater entry and upstream migration is influenced by several 

environmental conditions. In previous studies, water flow, temperature, light, tides, and 

water chemistry have been shown to be environmental factors that stimulate adult salmon 

to begin their freshwater spawning migration (Banks, 1969; Jonsson, 1991; Smith et al., 

1994; Thorstad et al., 2011; Milner et al., 2012). In large river systems, both early and 

late run salmon groups have been documented (Saunders, 1967; Hansen and Jonsson, 

1991). Early river entry usually consists of large multi-sea-winter (MSW; >63 cm fork 

length) salmon, with one-sea-winter salmon (known as grilse; ≤63 cm fork length) often 

entering later in the year (see review Thorstad et al., 2011). The early run is also often 

associated with migrations further upstream to the headwaters of a given river in 

comparison to the later-arriving salmon (Økland et al., 2001). 

As salmon enter the freshwater, the upstream migration typically proceeds in two or 

three different phases (Økland et al., 2001). Salmon enter the river in a migration phase 

with steady upstream movement with some stationary resting periods, followed by a 

search phase with movement up- and downstream near the putative spawning locations, 

and finally a holding phase until spawning (Hawkins and Smith, 1986; Baglinière et al., 

1990; Økland et al., 2001). 

Spawning typically occurs in autumn between October through December (Fleming, 

1996) and during peak spawning water temperatures can vary between 1.0 and 4.7℃ 
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(Heggberget, 1988). In addition, high water flow conditions influence spawning activity 

(Reiser and Bjornn, 1979; Bardonnet and Baglinière, 2000). Spawning locations are 

typically located on the upstream side of riffles or gravel bars, with decreasing water 

depth, increasing water velocity and upwelling through the gravel (Beland et al., 1982; 

Crisp & Carling, 1989; Moir et al., 1998; 2004; 2006; Louhi et al., 2008; Thorstad et al., 

2011). Riffles and gravel bars have low concentrations of fine sediment (e.g., sand and 

silt) and high permeability, which means these locations have high intra-gravel dissolved 

oxygen concentration and low sediment compaction making them ideal for egg 

incubation and survival (Peterson, 1978; Crisp and Carling, 1989; Moir et al., 1998; 

Thorstad et al., 2011). While the spawning habitat of adult Atlantic Salmon is rather well 

documented, mesohabitat use and preference patterns leading to spawning remain only 

anecdotal. 

 Atlantic Salmon are iteroparous, and some Atlantic Salmon survive, migrate 

downstream, and return to the ocean where they recondition and therefore, may spawn 

several times during their adult life cycle (Thorstad et al., 2011). Salmon that survive 

spawning (termed post-spawners in autumn/winter, and kelts in spring) migrate 

downstream in search of safe habitat for resting and reconditioning (Bardonnet and 

Baglinière, 2000, Cunjak et al., 2013). Few kelts return to the ocean immediately to 

resume feeding, with the majority of kelts overwintering in freshwater, if appropriate 

habitat (i.e., lakes, pools, or backwater) is available, until spring before returning to the 

ocean to resume feeding (Jonsson et al., 1990). The decision whether salmon choose to 

overwinter in freshwater is influenced by their post-spawning body condition. Post-

spawners in good condition remain in freshwater where they experience low-risk (i.e., 
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little predation) but low-gain (i.e., little available food) environment in winter, while 

salmon in poor condition migrate immediately back to the ocean in autumn to face a 

high-risk but high-gain environment (Halttunen et al., 2013). In addition, there are low 

metabolic costs for salmon that overwinter in freshwater because river temperatures are 

near 0°C (Jobling, 1994; Halttunen et al., 2013). Therefore, overwintering in freshwater 

is beneficial for post-spawned salmon as they can migrate to the ocean in spring when 

water temperatures and food availability are higher allowing them to replenish energy 

reserves quickly for the next spawning migration (Fleming, 1996; Rikardsen and 

Dempson, 2010; Halttunen et al., 2013).  

Many aspects regarding Atlantic Salmon migration are also well understood in the 

Miramichi River, New Brunswick, due to significant research and monitoring efforts of 

adult Atlantic Salmon in the river system over past number of decades. Early (mid-June) 

and late run (September through late October) Atlantic Salmon occur in the Miramichi 

River, with early run fish believed to be migrating further upstream than late run fish 

(Saunders, 1967; 1981) and both runs consist of grilse and MSW salmon (Chaput et al., 

2010; 2016).  

A study conducted by Stasko (1975) noted that salmon migration through the 

Miramichi estuary was slow and related to water currents but did not relate movement to 

other environmental factors. The average migration rate in the Miramichi River in the 

1970’s for early run salmon was slower (i.e., grilse = 2.51 km/d; MSW = 1.84 km/d) than 

late run salmon (grilse = 5.85 km/d; MSW = 6.64 km/d; Turner, 1975). Spawning 

typically occurs between October and November on the Miramichi River (Cunjak et al., 

2013), and last stages of the migration and spawning activity are influenced by water 
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temperatures (≤6 °C) as well as increases in water flow (Peterson et al., 1977; Mitchell 

and Cunjak, 2007; Cunjak et al., 2013). Post-spawned salmon migrate downstream to 

overwinter in flow-secluded freshwater habitats and the estuary near head of tide, and 

return to the ocean in early spring following ice-out (Cunjak, 1996; Cunjak et al., 2013; 

Chaput et al., 2016). Migrating to the ocean in spring also coincides with available forage 

for adult salmon; Komadina-Douthwright et al., (1997) noted that radio-tagged kelts in 

the Northwest Miramichi branch migrated towards the ocean at the same time as 

American Smelt Osmerus mordax moved upstream to spawn. Having an available food 

source is important for survival as kelts prepare to return to the ocean (Moore et al., 

1995).  

While many aspects of the Miramichi River salmon migration are known from mass-

marking (e.g., Carlin-tags) research and population monitoring at conservation barriers 

(Chaput et al., 2016) or anecdotal information from recreational fishermen, there is a 

paucity of detailed data on upstream migration patterns (e.g., steady upstream migration, 

resting habitat, and search behaviour prior to spawning), habitat selection in autumn 

during time leading to spawning and downstream migration following spawning. This 

study was designed to provide a better understanding of autumn migration behaviour of 

adult Atlantic Salmon on the Miramichi River. Specifically, this study describes 1) 

freshwater entry patterns, 2) migration rates and extent, 3) autumn habitat use and 

preferences and 4) post-spawning migration patterns of adult Atlantic Salmon in two 

main branches of the Northwest Miramichi River in autumn. 
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Methods 

Study area  

The Miramichi River is located in Eastern Canada in the central-eastern part of the 

province of New Brunswick (Figure 3.1A and B). Two major branches, the Southwest 

(SW) and Northwest (NW) Miramichi, and their tributaries constitute the Miramichi 

River (Figure 3.1B). The NW Miramichi system was the specific study area where the 

radiotracking of the wild adult Atlantic Salmon took place (Figure 3.1C).  The NW 

Miramichi system (3,900 km2 drainage area) includes a major tributary, the Little 

Southwest Miramichi (hereafter LSW) River (1190 km2 drainage area) that flows directly 

to the Miramichi estuary close to the head of tide (Figure 3.1C). River distances were 

calculated upstream from this confluence for both the LSW and the mainstem of NW 

Miramichi similarly to described in Chapter 2.  

Tracking of radiotagged Atlantic Salmon took place in autumn 2017 and 2018 in the 

LSW Miramichi, and summer 2018 (see Chapter 2) and autumn 2018 in the NW 

Miramichi. The migration and movement information for the salmon tagged and tracked 

in the NW Miramichi in summer 2018 are included for comparative purposes (summer vs 

autumn comparisons of pertinent data). However, to reduce repetition, these data are not 

described or discussed further as the information regarding these fish is described in 

Chapter 2.  

 

Fish collection and tagging  

In October 2017, adult Atlantic Salmon (grilse, N = 21 and MSW salmon, N = 7) were 

collected actively via fyke net and a seine net on the LSW Miramichi. Adult salmon were 

collected from three separate locations and included the Oxbow pool (OX; rkm 4.9), the 
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“94” pool (also known as Ice pool; rkm 30.5, i.e., 0.9 rkm downstream of Catamaran 

Brook; CAT), and the Moose Landing pool (ML; rkm 79.4; Figure 3.1C). At each site, a 

fyke net was positioned with the entrance of the trap facing upstream. A seine was then 

extended perpendicular to the flow by a minimum of 6 – 10 staff members, and slowly 

moved downstream towards the fyke net; the motion of approaching seine net scared 

salmon residing in the holding pool into the fyke net. Fishing was conducted between 

0900 – 1300h when water temperatures were below 15.0 °C. All captured salmon were 

placed in a live box located near the end of the fyke net in the slowest flow of the river 

until tagging (approximately 1-2h). 

During autumn 2018, NW Miramichi Atlantic Salmon (grilse, N = 7 and salmon, N = 

5) were collected via fyke net upstream of Trout Brook (rkm 19.9; Figure 3.1C) between 

17 September and 01 October. Fishing was conducted each night between 1900 and 

0800h.   

Fish were equipped with a radio transmitter originally manufactured for internal 

application but was modified to be attached externally (MCFT2-3A (16 x 46 mm; 16 g in 

the air; 6.7 g in water; 148.00 - 150.500 MHz; 5.0 seconds burst rate; 10dB transmission, 

Lotek Wireless Inc., Newmarket, ON). In autumn 2017 tags were attached by placing a 

piece of nylon coated steel wire (61.0 kg strength) between the transmitter and heat 

shrink tube, and in autumn 2018 the transmitters were modified using 22 kg 

monofilament fishing line, attached to each end of the transmitter using a nail knot, and 

secured with JB Weld Marine Epoxy. Transmitters were attached on the left side of the 

fish below the dorsal fin in the dorsal musculature using two hypodermic needles, a 

rubber back plate, and two wire crimps. All radio transmitter modifications, fish 
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handling, and tagging methods were similar to methods described in Chapter 2; this 

included the scale preparation and aging assessment (N = 28 in autumn 2017 in LSW; N 

= 12 in autumn 2018 in NW). All UNB fish collection and tagging were approved by 

DFO (Permit SG-RHQ-17-128A, 2017 and SG-RHQ-18-026, 2018) and the UNB ACC 

(Protocol 17052, 2017 and 18034, 2018).  

In addition to the adult Atlantic Salmon tagged by the UNB staff, adult salmon were 

also radiotagged by the Fisheries and Oceans Canada (DFO) Gulf Region (Science) 

branch (Kari Underhill, Aquatic Science Technician, South Esk, NB), conducting a 

separate telemetry study on the Miramichi River. Although the two separate studies 

(DFO and UNB) had different objectives, efforts were coordinated such that the radiotags 

were compatible between the two studies and radiotag metadata was shared between the 

two organizations. DFO collected and radiotagged adult salmon between 21 Aug. – 18 

Oct. 2018, at their two index trap nets (Douglas et al., 2015) at Millerton (N = 97, SW 

Estuary) and Cassilis (N = 99; NW Estuary; Figure 3.1C). Only total length was recorded 

on the salmon radiotagged by DFO (no weight, or other biometric measurements). DFO 

used a nano radio transmitter (NTC-4-2L (8 x 18 mm; 2.1 g in the air; 1.6 g in water; 

150.460 - 150.540 MHz; 10.0 seconds burst rate; 10dB transmission, Lotek Wireless Inc., 

Newmarket, ON). Overall, 38 and 15 Atlantic Salmon radiotagged by DFO were used in 

this study to make inference in at least one aspect (river entry, migration or habitat use) in 

the LSW and NW Miramichi River, respectively, in 2018 (Appendix 6). One additional 

DFO tagged salmon was observed in the spring 2019 outmigrating from the LSW 

Miramichi River (Appendix 6).  
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Radio tracking 

Passive monitoring stations (N = 5) were placed throughout the LSW Miramichi 

mainstem. These stations were located at Upper Oxbow (OX; rkm 4.9), Sillikers (DFO 

LSW; rkm 6.4; operated by the DFO), Catamaran Research Station (CAT; rkm 31.4), 

Little Forks fishing camp at the confluence of Lower North Branch LSW Miramichi (LF; 

rkm 51.1), and the Charlie's Rock crown reserve camp at the confluence of the North 

Pole Stream (CR; rkm 72.8; Figure 3.1C). LSW station equipment was similar to the NW 

stations described in Chapter 2, including a three-antenna set-up at LF and CR to monitor 

salmon movement up to these tributaries. The receivers at CAT (2017) or OX (2018) 

stations were a mobile datalogger (SRX 800-MD, Lotek Wireless), and was used during 

mobile tracking efforts, leading to gaps in operational time as a stationary unit (Appendix 

1, panels A, C, D). The overall operational times of the stationary tracking units are 

shown in Appendix 2. NW Miramichi stations were as described in Chapter 2, with the 

addition of one station operated by the DFO (DFO NW, rkm 6.4; Figure 3.1C).  In 

addition, two radio stations were installed in spring 2018 and 2019 to monitor the 

outmigration of kelts. These stations consisted of two antennas pointed upstream and 

downstream in the NW Miramichi estuary at Red Bank, NB (approximately 6 km 

upstream from DFO’s Cassilis trap net) and South Esk (approximately 6 km downstream 

from DFO’s Cassilis trap net).  

In 2017, radio stations were installed in September and remained in the field until 

January 2018 (Appendix 1). In 2018, radio stations were reinstalled in May before fish 

tagging began and remained in the field until December 2018 (Appendix 1). Additionally, 
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two radio stations were in operation between March 1 and May 30 in both 2018 and 2019 

to monitor spring kelt migration. 

Active tracking methods were similar to methods described in Chapter 2 and included 

truck, or by foot, and totaling 112, 109, and 87 hours in LSW and NW during autumn 

2017 and 2018 (see details in Appendix 3). In addition, a helicopter provided by J.D. 

Irving Ltd. was used to track salmon right before spawning occurred on 5 November 

2018. For the helicopter tracking, a two-element Yagi antenna was mounted on the top of 

the landing skid near the front of the helicopter. When tracking, the elevation of the 

helicopter was maintained between 300 - 400m. Fish locations were recorded on a 

handheld Garmin GPS and a GPS mounted onboard the helicopter. 

 

Habitat characteristics and water quality  

Habitat and substrate were visually assessed at fish locations (i.e., mobile tracking) 

during autumn 2018 in both NW and LSW (Appendix 4 and 5). Visual habitat and 

substrate assessment, and their accuracy are described in Chapter 2. Habitat availability 

mapping was carried out only in NW Miramichi; habitat availability data is not available 

for the LSW Miramichi.  

Water temperature data was not collected in the LSW Miramichi in autumn 2017. 

During summer 2018, NW water temperature data was collected at several locations 

throughout river system (see Chapter 2). In autumn 2018, water temperature data was 

collected at Wayerton Bridge by DFO (John Hayward; DFO Gulf Region) for the NW 

and 0.1 rkm upstream of Catamaran Brook by DFO (Daniel Caissie; DFO Gulf Region 

for LSW (Figure 3.1C). Water level data was collected by the Government of Canada 
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real-time river monitoring stations on LSW (Lyttleton, 5.5 rkm upstream of Oxbow Pool) 

and NW (fyke net location, 19.9 rkm) throughout both study years (Figure 3.1C).  

 

Statistical Analyses and analytical definitions 

To examine differences in total length of the radiotagged Atlantic Salmon in the 

different tagged groups, a t-test with accompanying tests for underlying assumptions 

(normality, equality of variances) was used to detect differences in total length between 

sea-age and sex of fish for LSW and NW river systems. Also, a t-test was used to detect 

differences in total length between the years in LSW for male grilse and female MSW 

salmon. Differences in total length between seasons (i.e., summer and autumn; NW) and 

river systems (i.e., LSW and NW; autumn only) for sex of grilse and MSW was tested 

using a two-factor ANOVA. 

Migration data was described in three separate phases. These included, and were 

defined as 1) estuary residence as the time when salmon resided in tidal water; 2) 

upstream migration and spawning movements as the time of when salmon first actively 

ascended towards headwaters and then settled in proximity of spawning areas, including 

any searching behaviour; and 3) post-spawner outmigration as the time with directed 

downstream movement towards tidal water. Migration distance was calculated using 

ArcGIS desktop 10.6.1 and STARS 2.0.1 toolbox. Migration rate was calculated as the 

average rate of progress using the simple formula of linear river km divided by the time 

between two subsequent observations (rkm/d). Migration metrics where the effects of 

sea-age and sex were of interest, were generally analysed using single factor or two-way 

(fixed) factor ANOVA. If these two-way ANOVA’s suggested no effect of sea-age or 
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sex, pooled datasets across sea-age and sex were used in further comparisons, e.g. when 

examining between year or between river differences, and were generally carried out 

using t-test. The interaction term was tested in two-way ANOVA’s but are presented only 

if significant at the p < 0.05 level to improve the clarity of presentation.  

Habitat and substrate preference curves for NW Miramichi were calculated using 

Jacob’s Index and then scaled to range from 0 to 1. To detect any difference in habitat 

and substrate use versus availability (i.e., preference/avoidance), a two-sample 

Kolmogorov-Smirnov test (KS) was used. Chi-squared analysis was used to test the 

frequency of use of different habitat types between the two sea-ages and sexes of salmon. 

Because of a small sample size, a log-likelihood ratio, or G-test of independence with 

Williams' correction, was applied.  

Analysis for migration and habitat preferences of radiotagged salmon in summer 

2018 in the NW Miramichi River are described in Chapter 2; these data are compared to 

autumn migration data, where applicable. Data was analyzed in Microsoft Excel using a 

real statistics add-in.   

 

Results 

Morphometrics of radiotagged Little Southwest and Northwest Miramichi salmon 

In autumn 2017, a total of 28 salmon were radiotagged in the LSW Miramichi River 

(Table 3.1, Appendix 6). Male grilse, female MSW, and male MSW salmon had an 

average total length of 57.7, 82.7, and 90.0 cm, and corresponding weight of 3.2, 5.3, and 

5.2 kg, respectively (Table 3.1). Differences in length, girth and weight between groups 

of fish were not statistically tested because no female grilse were sampled and a small 

sample size of male MSW (Table 3.1).  
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In autumn 2018, a total of 38 and 26 fish were radiotagged in LSW and NW, 

respectively (Table 3.1, Appendix 6; note, that two additional salmon were radiotagged, 

but not sampled for size). In LSW autumn 2018, female grilse, male grilse, female MSW, 

and male MSW fish had an average total length of 53.7, 55.3, 77.2, and 83.2 cm, 

respectively (Table 3.1). No differences in total length was detected between sexes of 

grilse (t18 = 1.23, p = 0.23) or MSW (t16 = 1.72, p = 0.11). In LSW, no interannual 

difference in total length was detected between male grilse (t34 = 1.68, p = 0.10) but 

female MSW were slightly larger in 2017 (t19 = 2.23, p = 0.04); differences in total length 

for female grilse and male MSW fish between the two study years were not tested due to 

small sample sizes (Table 3.1). In NW autumn 2018, no difference in total length 

between sexes of grilse was detected (t13 = 0.68, p = 0.51), and MSW were not tested due 

to a low sample size (Table 3.1). No difference in total length of radiotagged salmon was 

detected between summer (Chapter 2 data) and autumn for grilse (t25 = 1.05, p = 0.30) but 

the tagged MSW in autumn were smaller (76.8 cm; ±3.2 SD) than those tagged in the 

summer (82.1 cm; ±6.1 SD; t18 = 2.51, p = 0.02; data pooled for sex). Finally, there was 

no difference in the total length of the radiotagged grilse (t33 = 2.02, p = 0.05) or MSW 

(t26 = 0.71, p = 0.48; data pooled for sex) between LSW and NW. 

 

Adult salmon estuary residence and freshwater entry  

In 2017 and 2018, LSW Miramichi radio stations were operating between 29.2 % and 

100.0 % of the time depending on the station (Appendix 1 and 2). In the NW Miramichi, 

the radio stations were operating between 56.8 % and 100.0 % of the time during summer 
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2018 (Chapter 2; Appendix 1 and 2), and nearly 100.0 % of the time in autumn 2018 

(Appendix 1 and 2).   

In autumn 2018, river entry data were successfully collected for 34 and 14 fish in the 

LSW and NW Miramichi, respectively (Table 3.2; Appendix 6; note that river entry data 

were not collected in 2017 because the salmon were radiotagged after entry into the LSW 

Miramichi). On average, LSW fish remained in the estuary for 8.3 days, while NW fish 

remained for 9.6 days post tagging (Table 3.2). One LSW fish remained in the estuary for 

50 days post tagging, whereas the longest time was 23 days in the NW Miramichi. There 

was no difference in estuary residence between sea-age (F1,31 = 0.04, p = 0.83 for LSW; 

t12 = 0.59, p = 0.56; data pooled for sex in NW) or sex (F1,31 = 0.14, p = 0.71 for LSW; t12 

= 0.94, p = 0.36; data pooled for sea-age in NW) in either river. Fish entered freshwater 

between 09/10 – 10/20 in LSW and 09/26 – 10/17 in NW during autumn 2018. LSW 

freshwater entry occurred during twilight hours between 1700h – 0500h. No exact time of 

freshwater entry was available for NW during autumn 2018.  

No radiotagged salmon ascended either river when water temperature exceeded 15 °C, 

and was most active when water temperature declined below 13 °C but remained (for the 

most part) above 5 °C (Figure 3.2; Table 3.2). No difference in river temperature upon 

entry was detected between sea-age or sex in either LSW or NW (F1,30 = 0.86, p = 0.36 

for sea-age; F1,30 = 0.06, p = 0.82 for sex in LSW; t13 = 0.56, p = 0.59 data pooled for sex 

in NW; t13 = 0.12, p = 0.90 data pooled for sea-age in NW). There were also no 

differences in water temperature between the two rivers upon freshwater entry (pooled 

data within river; water temperature: t47 = 1.30, p = 0.20).  
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Radiotagged salmon entered both the LSW and NW Miramichi regardless of relatively 

low water levels that were experienced in early autumn 2018, although small raises in 

water level may have had a positive effect facilitating river entry (Figure 3.2 and Table 

3.2). Major increases in water level were not observed until the latter part of October in 

either study year or river, by which time the radiotagged salmon had already entered the 

river (Figure 3.2). No differences in water level conditions upon river entry were detected 

between either sea-age or sex in either river (LSW: F1,30 = 0.01, p = 0.91 for sea-age; F1,30 

= 0.23, p = 0.64 for sex; NW:  t13 = 0.42, p = 0.68 data pooled for sex; t13 = 0.21, p = 0.84 

data pooled for sea-age).  

 

Active upstream migration, and spawning movements and timing in autumn  

Upstream migration data was successfully collected for 10 radiotagged Atlantic 

Salmon in LSW Miramichi during autumn 2017 (Table 3.3). Fish that were tagged at 

Moose Landing pool (rkm 79.4) were not observed migrating further upstream from the 

tagging location and were not included in this part of analysis, however, these fish were 

included in spawning movement analysis, and thus included 13 radiotagged salmon 

(Table 3.3).  

In 2017, the upstream migration progressed at an average rate of 1.0 rkm/d (Table 

3.3), and the salmon migrated to areas in lower and middle reaches of the LSW 

Miramichi between 31.4 rkm and 57.0 rkm (Figure 3.3A and B, and Table 3.3). 

Radiotagged fish migrated during twilight hours between 2000h – 0700h. During the 

active migration period, only two radiotagged salmon moved downstream (0.8 rkm from 

Catamaran tagging location) before continuing migrating upstream. Intermittent holding 
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behaviour was observed in most actively migrating fish OX (N = 1; 7 days), CAT (N = 4; 

between 2 and 11 days) and LF (N = 3, between 1 and 4 days) (Figure 3.3A and B). A 

rain event that occurred on 26 October (Figure 3.2A), and a concomitant increase in 

water levels, triggered further upstream movement by one radiotagged salmon (Figure 

3.3A). Two radiotagged salmon (one male grilse and one male MSW salmon) migrated 

upstream to the Lower North Branch LSW (LNB; located at rkm 51.1 at the Little Forks 

radio station; Figure 3.1C), a major tributary of the LSW Miramichi, where they stayed 

throughout the spawning period. In general, the staging and spawning period (that 

followed the cessation of active migration upstream) lasted, on average, 15.1 days 

between 10/06 and 11/10 (Table 3.3). During this period, the movement behavior was 

characterized mostly by holding pattern, but searching behaviour was observed in two 

male grilse during the spawning window. Each of these fish was detected at CAT station, 

then detected 7.0 rkm and 9.5 rkm downstream before being returning to CAT (Figure 

3.3A). 

In LSW Miramichi autumn 2018, data on active upstream migration and the 

staging/spawning period were successfully collected for N = 34 and N = 22 radiotagged 

salmon, respectively (Table 3.3). Two male grilse first migrated into NW Miramichi 

before turning and migrating up into LSW Miramichi. The upstream migration proceeded 

at an average rate of 2.4 rkm/d (Table 3.3) and the extent covered linear distances 

between 6.0 rkm and 88.7 rkm (Figure 3.3C and D, and Table 3.3). Radio station 

detections indicated that upstream migration took place during twilight hours between 

1930h – 0730h. There was no difference in migration rate (F1,30 = 0.16, p = 0.69 for sea-

age; F1,30 = 1.27, p = 0.27 for sex) and distance (F1,30 = 1.56, p = 0.22 for sea-age; F1,30 = 
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0.33, p = 0.57 for sex) between sea-age and sex of fish in LSW 2018. No between-year 

differences in migration rate or distance were detected (pooled data within year; 

migration rate: t42 = 1.96, p = 0.06; migration distance t42 = 0.52, p = 0.61).  

Almost all migrating salmon were destined to the lower and middle reaches of LSW 

Miramichi in autumn; only two salmon (one male grilse and one female MSW) were 

observed migrating upstream into the headwaters (Figure 3.3C and 3.3D). Holding 

behaviour was observed at Oxbow, Catamaran, and Little Forks radio stations, and 

ranged between 1 – 7 days, 1 – 12 days, and 1 – 16 days, respectively (Figure 3.3C and 

D). Like the previous year, increase in water level had a positive effect on upstream 

migration for salmon following a rain event that increased water levels on 10 Oct., 23 

Oct., and 4 Nov. (Figure 3.2 and Figure 3.3C and D), and triggered upstream migration of 

salmon that had been holding in at Little Forks. Similarly to 2017, salmon utilized the 

Lower North Branch where two female MSW salmon and one male grilse were observed 

migrating. One male MSW salmon migrated into Shore Camp Brook: a small 3rd order 

tributary 2.0 rkm downstream of Little Forks radio station. Movement behaviour 

characterizing staging and spawning period was observed between 10/04 and 11/29, and 

lasted 16.8 days, on average when water temperature average 2.7 °C (Table 3.3). Some 

searching during the spawning period was observed (six male grilse) and ranged between 

1.2 rkm and 8.1 rkm (Figure 3.3C).  

In NW autumn 2018, fish (N = 23) migrated between 23.6 rkm and 65.3 rkm, with an 

average migration rate of 1.5 rkm/d (Figure 3.1C. 3.3E and F, Table 3.3). One male grilse 

migrated upstream in LSW before switching and migrating upstream in NW. According 

to station detections, fish moved during low light conditions between 1900h – 0630h. No 
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statistical difference was detected in migration rate between sea-age, (t21 = 1.80, p = 0.09; 

pooled data for sex) but a difference was detected between sex (t21 = 2.07, p = 0.05; 

pooled data for sea-age) with grilse (1.9 rkm; ±1.2 SD) having a greater migration rate 

than MSW (1.0 rkm; ±0.5 SD). There was no difference in migration distance between 

sea-age (t21 = 1.09, p = 0.29; pooled data for sex) and sex (t21 = 0.92, p = 0.37; pooled 

data for sea-age). No between-season differences in migration rate were detected, but a 

between-season differences in migration distance were detected with summer fish 

migrating further (56.4 rkm; ±14.8 SD) that autumn fish (40.1 rkm; ±13.5 SD; pooled 

data within season; migration rate: t38 = 0.24, p = 0.81; migration distance: t38 = 3.62, p = 

<0.001). When comparing migration between NW and LSW Miramichi in autumn 2018, 

no statistical difference was detected in migration rate between river (rate: t55 = 1.76, p = 

0.08; data pooled within river) or in migration distance between river (t55 = 1.61, p = 

0.11; data pooled within river). 

Most migrating salmon were destined to the lower and middle reaches of NW 

Miramichi in autumn; only 3 male grilse were observed migrating upstream into the 

higher reaches (Figure 3.3E and 3.3F). Holding behaviour was observed at Wayerton 

Bridge and Little River locations. Wayerton Bridge had longer holding time between 1 – 

15 days) where fish at Little River held between 1 – 6 days (Figure 3.3E and F). Increases 

in water level had a positive effect on upstream migration for salmon following a rain 

event that increased water levels on 10 Oct., 23 Oct., and 4 Nov. and triggered upstream 

migration of salmon that had been holding near Wayerton Bridge and Little River (Figure 

3.2 and Figure 3.3E and F). One male grilse was observed in Portage river 

(approximately 37.2 rkm upstream from Wayerton Bridge) during spawning window via 
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helicopter. One female MSW and one male MSW salmon were observed in Tomogonops 

River (approximately 2.8 rkm upstream from Portage River during spawning window. 

Two fish migrated further upstream to the Miramichi Fish and Game Club river stretch. 

One fish was located in a pool at the confluence of the mainstem NW and Mountain 

brook (herein after MB) and the other fish was 0.8 rkm upstream from MB, in the 

mainstem NW. Movement behaviour characterizing staging and spawning period was 

observed between 10/11 and 11/25 and lasted 12.9 days for all salmon, on average when 

water temperature average 3.4 °C (Table 3.10). In addition, searching behaviour was 

observed in two male grilse (between 4.8 and 6.8 rkm), and two female MSW (between 

0.7 and 4.8 rkm) (two movements between 1.5 and 7.4; Figure 3.3E and F).  

 

Habitat use in autumn 

Significant habitat preferences were observed in NW Miramichi during autumn 

(KSm28,914, D = 0.59, p < 0.001). The frequency of salmon use of all deep (>0.5m depth) 

habitat types was significantly higher than their availability (Figure 3.4A). Conversely, 

shallow (<0.5m depth) habitat types were either avoided or they were used in proportion 

to their availability (Figure 3.4A). A few habitat types (i.e., cascade, rapid, and flats) 

were not observed to be used at all, indicating their unsuitability as habitat for adult 

salmon in autumn (Figure 3.4A). There were no differences in habitat use between sea-

age (G = 2.27, df = 4, p = 0.69) or sex (G = 2.73, df = 4, p = 0.60) in autumn. However, 

in comparison to the habitat types that adult Atlantic Salmon used in the summer 

(Chapter 2), there was a between-season difference in habitat preference patterns (G = 

21.38, df = 7, p = 0.003). While the three deep mesohabitat types were preferred both in 
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summer and autumn, there was a higher preference towards the fast/deep habitat types in 

autumn (deep riffle / deep run) in comparison to the summer when the highest preference 

was for slow/deep (pool) habitats (Figure 3.4A; Chapter 2, Figure 2.8). Also, habitats 

interspersed with large boulders (i.e., boulder garden) were avoided in autumn, while 

used indifferently in summer.  

Similarly to habitat preferences, significant substrate preferences were also 

documented in autumn in the NW Miramichi (KSm28,389 D = 0.47, p < 0.001). Salmon 

preferred cobble (12 - 25cm) over all other substrates, but also preferred larger substrate 

(i.e., boulder and bedrock; Figure 3.4B). Small (6 - 12 cm) and large (25 – 38 cm) cobble 

were used according to their availability while areas with large boulder were avoided 

(Figure 3.4B). Substrates < 6 cm in diameter (i.e., pebble and smaller) were not observed 

to be used by radiotagged salmon in autumn (Figure 3.4B). No difference in substrate use 

was detected between sea-age (G = 3.89, df = 5, p = 0.56) or sex (G = 2.67, df = 5, p = 

0.75). Seasonal differences in substrate use existed (G = 26.36, df = 7. p <0.001) such 

that the preference in substrate changed slightly between summer and autumn with larger 

substrate and sand being preferred during the early migrating salmon, the latter reflecting 

the high association with the preferred pool habitat types (Chapter 2).  

No habitat or substrate preferences could be assessed in the LSW Miramichi because 

habitat availability was not mapped in 2018. However, there was no difference in habitat 

(G = 1.99, df = 4, p = 0.74) or substrate (G = 5.29, df =7, p = 0.63) use between the two 

studied rivers during autumn. Also, there was no difference in habitat or substrate use 

between sea-age (habitat: G = 3.42, df = 4, p = 0.49; G = 6.41, df = 6, p = 0.38) or sex 
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(habitat: G = 1.59, df = 4, p = 0.81; substrate: G = 7.89, df = 6, p = 0.25) in LSW 

Miramichi.  

 

Post-spawner outmigration  

In 2017 in the LSW Miramichi, salmon (N = 19) were observed migrating 

downstream immediately following spawning. The salmon migrated downstream 

between a total of 12.3 rkm and 74.1 rkm (35.1 ± 18.3; mean ± S.D.) with a migration 

rate of 1.9 ± 2.1 rkm/d (Table 3.3 and Figure 3.3A and B). This represented 40.6 % to 

109.4 % of the total upstream entry distance of each radiotagged salmon (83.8 % ± 19.6 

%; mean ± S.D.). There was no statistical difference in either outmigration rate or 

distance between sea-age (rate: t17 = 1.34, p = 0.20 data pooled for sex; distance: t17 = 

0.52, p = 0.61 data pooled for sex) or sex (rate: t17 = 1.34, p = 0.20 data pooled for sea-

age; distance: t17 = 0.52, p = 0.61 data pooled for sea-age).  

In 2018 in the LSW Miramichi, post-spawned salmon (N = 10) were observed 

outmigrating between 15.5 rkm and 51.4 rkm (30.7 ± 13.0; mean ± S.D.), with an average 

migration rate of 2.2 ± 1.0 rkm/d (Table 3.3 and Figure 3.3C and D). This represented 

38.7 % to 101.9 % of the total upstream entry distance of each radiotagged salmon (78.8 

% ± 21.2 %; mean ± S.D.). There was no statistical difference in either outmigration rate 

or distance between sea-age (rate: t8 = 0.98, p = 0.36 data pooled for sex; distance: t8 = 

0.01, p = 0.99 data pooled for sex) or sex (rate: t8 = 0.14, p = 0.89 data pooled for sea-

age; distance: t8 = 0.67, p = 0.52 data pooled for sea-age). No between-year differences in 

either out-migration rate or distance were detected (pooled data within year; migration 

rate: t27 = 0.38, p = 0.71;   distance: t27 = 0.67, p = 0.51). 
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In 2018 in the NW Miramichi, post-spawned salmon (N = 16) were observed out-

migrating between 1.8 rkm and 35.7 rkm (20.5 ± 9.3; mean ± S.D.), with an average 

migration rate of 2.0 ± 2.2 rkm/d (Table 3.3 and Figure 3.3E and F). This represented 7.2 

% to 123.3 % of the total upstream entry distance of each radiotagged salmon (61.7 % ± 

32.4 %; mean ± S.D.). There was no statistical difference in either outmigration rate or 

distance between sea-age (rate: t14 = 1.12, p = 0.28 data pooled for sex; distance: t14 = 

0.41, p = 0.69 pooled data for sex) or sex (rate: t14 = 1.02, p = 0.33 data pooled for sea-

age; distance: t14 = 1.36, p = 0.19 data pooled for sea-age). No difference was detected in 

either out-migration rate or distance between NW and LSW Miramichi in 2018 (pooled 

data within river; migration rate: t26 = 0.11, p = 0.91; distance t26 = 1.69, p = 0.10).  

Of all radiotagged salmon surviving the spawning (N = 45), 77.8 % stayed in their 

respective spawning river for the winter, and 22.2 % migrated downstream all the way to 

tidal parts of the NW Miramichi (upper) estuary near the town of Red Bank, NB (i.e., 

between the confluence of LSW and NW Miramichi and the Cassilis trap net; Figure 

3.1C). Post-spawned salmon remained in river or the upper estuary until ice out in the 

following spring, and while the expected battery life of all DFO-tagged salmon had 

expired, 13.3 % (N = 6) tagged salmon were observed migrating downstream in the 

estuary between April 22 and May 25 in a stationary antenna temporarily set up in lower 

estuary.  

 

Discussion 

 

This study documented in detail the migration characteristics and habitat use of 

autumn-migrating Atlantic Salmon in the main branch of Northwest Miramichi River, 
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and one of its major tributaries, the Little Southwest Miramichi River. Overall, it was 

observed that 1) entry from the estuary to freshwater is facilitated by decline in 

temperature to < 15 °C and even slight increases in flow; 2) autumn migration was 

mostly directed to lower and middle reaches of river; 3) deep mesohabitat types were 

preferred; and 4) outmigration after spawning was prompt with roughly an equal 

proportion of salmon remaining in their spawning rivers vs descending to the head of tide 

at upper part of the Northwest Miramichi estuary. 

 

Adult salmon estuary residence and freshwater entry 

In this study, the autumn-migrating “late run” fish, whether migrating upstream into 

the LSW or NW Miramichi, remained in the estuary between 7 – 14 days post tagging on 

average. Fish tagged by DFO at the Millerton trap-net (i.e., Southwest Miramichi, SW) 

remained in the estuary a week longer in comparison to the fish tagged at the Cassilis trap 

net (i.e., Northwest), regardless of which of the rivers studied herein (i.e., mainstem of 

NW or the LSW Miramichi) they chose to migrate into. Salmon tagged at Millerton 

presumably had a longer residence time in the estuary simply because they had to first 

migrate back downstream to the confluence of the SW and NW estuaries, before 

migrating upstream into the NW Miramichi. In a previous study on salmon migration in 

the Miramichi estuary, Atlantic Salmon showed slow movement through the estuary 

influenced by currents with upstream and downstream movements (Stasko, 1975). In 

other Atlantic Salmon rivers, tracked fish remained in the estuary anywhere from mere 

hours up to weeks before entering freshwater (Heggberget et al., 1988; Potter, 1988; 
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Priede et al., 1988; Solomon and Potter, 1988; Smith and Smith, 1997; Karppinen et al., 

2004).  

It appears that conditions (i.e., temperature and flow) in Miramichi River during 

autumn 2018 were not attractive for salmon which delayed freshwater entry until 

conditions improved. Freshwater entry in the Miramichi River in autumn 2018 was not 

observed until water temperature declined below 15 °C, however, river flow also had a 

very important influence on freshwater entry. This was evidenced by the fact that suitable 

river temperatures were observed a number of days before a larger number of radiotagged 

salmon started their freshwater entry, which, in turn, coincided with an increase in river 

flow. The exact thresholds for flow levels required to entice upstream migration from 

estuary were not precisely studied as flow patterns were measured as changes in water 

level, as a proxy, in this study. However, the flows experienced during the freshwater 

entry can be considered, generally speaking, low even with the moderate increases that 

coincided with the period of freshwater entry.  It is therefore not known whether the low 

water level in early part of September acted as a physical barrier for river entry, or 

whether the increase in flow simply acted as a cue for initiating migration. Other studies 

have also observed that upstream migration of Atlantic Salmon has been delayed due to 

high water temperature and low river flow (Alabaster et al., 1991; Smith et al., 1994). 

Many previous studies have observed a positive association between increases in river 

flow and Atlantic Salmon migration into freshwater from an estuary (Huntsman, 1948; 

Saunders, 1960; Banks, 1969; Mills, 1989; Jonsson, 1991; Trépanier et al., 1996; 

Karppinen et al., 2004; Archer et al., 2008; Milner et al., 2012). Nevertheless, if salmon 

cannot quickly migrate into freshwater they will hold in deep habitat within the estuary 
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(Brawn, 1982; Potter, 1988; Milner et al., 2012). Salmon have even been observed 

migrating out of estuaries if high water temperature and low river flow remains for long 

periods of time, making them subject to high mortality (Solomon and Sambrook, 2004; 

Milner et al., 2012). However, specific estuary movements were not recorded during this 

study because it was outside of the studied area and thus, movements in the Miramichi 

estuary prior to freshwater entry are not well understood. It is therefore unknown if 

salmon return to the ocean because of long periods of unfavorable river conditions. 

When river conditions allowed, freshwater entry was observed during the (dark) 

nighttime hours between 1700h – 0500h. This observation is corroborated by other 

studies that found river entry to occur at night, however, did not specify the exact timing 

(Jonsson, 1991; Karppinen et al., 2004). The migration during twilight hours and when 

river levels have increased may be an adaptation to avoid vulnerability to predators as has 

been suggested elsewhere (Smith and Smith, 1997; Jonsson et al., 2007).  

 

Adult salmon freshwater spawning migration and timing in autumn   

In 2018, salmon were observed migrating upstream both in LSW and NW, but later 

switching rivers. Straying between the main branches and various tributaries is 

consistently observed in traditional mark-recapture studies in the Miramichi, but 

represent a relatively low proportion of total tagged salmon (Douglas et al., 2012). It is 

unknown if any tracked fish strayed from their natal stream because the life history of the 

individual fish was not known. Wellband et al., (2019) reported recently that there is 

extremely weak overall population structuring in the Atlantic Salmon population in the 

Miramichi River, and that genetic data did not support hierarchical structure even 
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between the main (SW and NW) branches of the Miramichi, possibly due to an almost 

century-long history of stocking of various life stages. In other studies, straying between 

tributaries has been noted in Atlantic Salmon populations (Priede et al., 1988; 

Heggberget et al., 1988). Also, upstream migration into the “wrong” tributary has been 

observed in Pacific salmon before selecting their native stream (Hallock et al., 1970; 

Power and McCleave, 1980).  

After salmon ascended to freshwater, the autumn migration progressed similarly to 

described as a “standard” by Økland et al. (2001) for adult Atlantic Salmon. This is, 

Atlantic Salmon have been observed to migrate upstream quickly, hold in an area, and 

then migrate short distances to spawning grounds (Baglinière et al., 1990; Økland et al., 

2001). In this study, the radiotagged salmon systematically progressed upstream until 

they reached the proximity of their putative spawning area, and then entered into staging 

pattern with interspersed searching behaviour. Migration was, however, only observed to 

proceed during twilight, and essentially ceased during daylight when radiotagged salmon 

entered into holding pattern. As the data in this study was reported as migration rate 

between subsequent observations at stationary radio stations, the overall migration rate 

captured periods of active upstream movement (twilight) and periods of holding 

(daylight), and resulted in moderate overall migration rates varying on average between 

1.0 to 2.4 rkm/day. Additionally, the slow overall average migration rate in LSW 

Miramichi in 2017 was further affected by the fact that some Atlantic Salmon were 

radiotagged late in their upstream migration when they were already close to (or at) their 

spawning grounds.  For example, fish tagged in the Moose Landing headwater pool were 

not observed migrating upstream. In a previous study in the 1970’s, late run Miramichi 
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River adult salmon migrated between 5.9 rkm/d (i.e., grilse; range between 1.2 – 12.4 

rkm/d) and 6.6 rkm/d (i.e., MSW, range between 1.1 – 15.4 rkm/d; Turner, 1975). Also, 

salmon migration rates appear slower in the Miramichi River than in salmon rivers in 

Norway and Finland. For example, in the River Lærdalselva, a small river in Norway 

(i.e., total length of 44 km), salmon were observed migrating at 15 rkm/d (Finstad et al., 

2005). Also, Atlantic Salmon in the River Tana had an average migration rate of 18.1 

km/d (range 4.9-32.0 km/d) over a three-day period and 27.1 km/d over a one-day period 

(range 9.6 and 48.6 rkm/d) (Økland et al., 2001). The faster migration rate in these 

northern rivers could reflect the fact that the migration there may be more continuous due 

to the lack of differentiation between light and dark hours of day in summer. 

Another aspect affecting migration rate of the late run salmon in this study was related 

to river conditions. In both LSW and NW Miramichi, upstream migration increased with 

increasing water levels, and on the contrary, the number of holding days increased as 

river flow decreased. For example, when capturing fish in NW during autumn 2018 for 

tagging, no salmon were caught before an increase in water level. Also, when river flow 

increased in LSW, radiotagged salmon that had been holding for a few days migrated 

quickly upstream of Oxbow pool. Similarly, radiotagged salmon that held at Little Forks 

pool near the confluence of the Lower North Branch and mainstem LSW Miramichi 

continued their migration upstream only after river flow increased. The same pattern was 

also observed in the NW during autumn 2018, where fish held near Wayerton Bridge and 

Little River before continuing upstream migration after increase in flows. The holding 

locations in the LSW and NW were downstream of shallow riffle habitats, making it 

difficult for fish to migrate upstream at lower water level. Studies have shown that 
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Atlantic Salmon upstream migration can be slowed or stopped due to external factors 

such as low water levels and natural migration obstacles (i.e., waterfalls or rapids) even if 

they are not large (Banks, 1969; Jensen et al., 1986; Økland et al., 2001). In the current 

study, it is not fully known if low water levels were preventing salmon migrating 

upstream or if these locations simply provided attractive holding (i.e., resting) areas 

before furthering their upstream migration. Previous studies in Miramichi area (Mitchell 

and Cunjak, 2007a; Cunjak et al., 2013) and elsewhere support this finding that Atlantic 

Salmon migration is influenced by rising water levels (Alabaster, 1970; Buck and 

Youngson, 1982; Dunkley and Sheaer, 1982; Jensen et al., 1986; Baglinière et al., 1990; 

Økland et al., 2001). The role of water temperature in influencing adult salmon upstream 

migration in the LSW and NW Miramichi in autumn seemed limited to the possible 

initial estuary/freshwater entry, and may have been co-incidental in nature. While warm 

water temperatures may cause large delays in the upstream migration in the Miramichi 

(Chapter 2), other Atlantic Salmon populations (Power and McCleave 1980; Frechette et 

al., 2018) or in Pacific salmonids (Major and Mighell, 1967; Hallock et al., 1970; Snyder 

and Blahm, 1971; Monan et al., 1975;), such warm temperatures were not experienced 

during the autumn migration.  

The majority of radiotagged salmon migrated into the lower to middle sections of LSW 

and NW river systems during the late run. Only two late run fish were observed migrating 

into the headwaters in LSW, and two NW fish migrated upstream to the MFGC river 

stretch, but not into the headwaters. This was in contrast to the migration data observed in 

the summer (in NW; no data for LSW) when the majority of especially MSW salmon 

were observed in the MFGC section, where their migration was hindered by the high 
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water temperatures and low flows (Chapter 2). The data in this study thus supports the 

notion from earlier mark-recapture studies that autumn-migrating fish rarely migrate to 

the headwaters. For example, data from returning tagged adults to Camp Adams counting 

fence on the NW (i.e., upstream camp in the MFGC river stretch) suggested that most 

salmon returned in the spring with only a few returning in autumn (Saunders, 1967). 

Similarly, analysis of more recent mark-recapture data highlights a strong link between 

headwater observations and early run in lieu of late run (Chaput et al., 2016). Chaput et 

al., (2016) further point out that the extent of migration by the two contingents (early vs 

late run) is best explained by a relationship of timing and the elevation above sea level, 

than by distance from head of tide per se, such that salmon destined to high-elevation 

spawning sites (e.g., the so-called Miramichi Highlands in the headwaters of both NW 

and LSW Miramichi; O’Sullivan et al., 2017) are migrating early in the season. Similar 

migration other salmon rivers, for example, early migrating salmon in three Scottish 

rivers, the Spey, Aberdeenshire Dee, and Eden (i.e., large rivers), tend to migrate to 

spawning grounds in the upper reaches of the rivers (Milner et al., 2012).  

When upstream migration ceased, salmon entered into typical staging/holding 

behaviour, with occasional searching behaviour indicated by downstream-upstream 

movements. Searching behaviour was observed during the spawning window both in the 

LSW and NW Miramichi, with male grilse searching more than female fish. Searching 

behaviour has been suggested to occur to select spawning area, potential mates, or to find 

a holding habitat until spawning, and Økland et al. (2001) observed slightly longer 

distances (males avg. 18.1km; females avg.13.2 km) during this stage than was seen in 

this study. While wide differences between individuals in duration of the 
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stating/searching period was observed, it typically lasted approximately two weeks and 

culminated in spawning by mid- to late November as has been previously documented for 

a smaller stream in the LSW Miramichi system (Cunjak et al., 2013). Spawning occurred 

primarily in the mainstem (i.e., LSW and NW), but some use of both large and small 

tributaries was also observed. This has also been observed in some European rivers, such 

as the Tana (i.e., Finland) and the Sélune (i.e., France) where salmon were observed 

migrating upstream in smaller tributaries to spawn (Baglinière et al., 1990; Karppinen et 

al., 2004).  

Exact spawning habitat of salmon was not identified in either river that was studied 

herein, because mobile tracking was conducted during daylight hours whereas spawning 

activity generally occurred at night as has also been observed in other studies (Baglinière 

et al., 1990). Water temperature during spawning activity was > 6°C in this study. These 

results are similar to an earlier study on the Miramichi River, where salmon spawning 

occurred when water temperatures were 6°C and falling (Peterson et al., 1977), and to 

Norwegian populations where peak spawning water temperature varied between 1.9 – 

5.2°C and was on average 3.3°C (Heggberget, 1988). This is in contrast to a study 

conducted in Maine, USA, where water temperatures varied between 8.3 – 10.5°C at the 

beginning of spawning (Beland et al., 1982).  

 

Post-spawner migration  

Once spawning was complete, salmon began immediately migrating downstream in 

both LSW and NW Miramichi. It was observed that female kelts (both grilse and MSW) 

tended to migrate downstream before male kelts. This may be because males remain on 
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the spawning ground for a longer period of time because they search for other breeding 

opportunities (Fleming, 1996), but may also be related to nest guarding behaviour by 

males (Jones, 1959; Baglinière et al., 1990; Bardonnet and Baglinière, 2000). The 

downstream migration of post-spawners was slightly quicker than the upstream migration 

in LSW 2017 and NW 2018, but not in LSW 2018. A slower downstream migration rate 

in LSW during autumn 2018 was likely due to early freeze-up that resulted in large 

portions of the LSW river system being completely ice covered in late November and 

early December. The downstream migration rate appeared to be within the lower range in 

comparison to previous studies. For example, in the LaHave River, Nova Scotia, kelts 

were observed migrating downstream at a rate of 1.61 – 16.2 km/d (Hubley et al., 2008), 

and 22.1 – 29.7 km/d in spring in the Saint John River (Babin et al., Submitted).  

Nearly three-fourths  of post-spawned radiotagged salmonremained in their spawning 

river until ice break-up the following spring and the remaining descended into the NW 

estuary where they occupied the first 1-2 km at the head of tide. In a previous study, 

similar kelt migration in the Miramichi has been documented, with post-spawners 

overwintering in the estuary avoiding winter conditions (Komadina-Douthwright et al., 

1997; Cunjak et al., 2013). It has been shown that post-spawners can survive in 

freshwater during winter, if quality overwintering habitats are available such as pools, 

lakes, and complex river channels (Cunjak et al., 1998). Additional research needs to be 

conducted to better understand kelt migration and their behaviour in spring in the 

Miramichi River.  

This study also documented habitat preference and use patterns of the radiotagged 

salmon during the autumn migration. Despite the fact that Atlantic Salmon is among the 
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most studied fishes in the world (Aas et al., 2011), the habitat preferences are rarely, if 

ever, documented for adult salmon during freshwater migration, and no other study was 

found documenting habitat use for autumn migration. Miramichi Atlantic Salmon showed 

clear preference for deep mesohabitat types (i.e., deep riffle, deep run, or pool) in 

autumn. This was similar to habitat preferences in summer, when salmon also selected 

deep habitat that occasionally doubled as thermal refugia during stressful warm water 

events (Chapter 2). While deep mesohabitats were preferred during both seasons, there 

seemed to be a stronger preference towards faster moving deep mesohabitats in autumn 

in comparison to the summer. During autumn, the preferred deep habitat was likely near 

the spawning site of individual salmon and was being used for resting while salmon 

waited for spawning to start. Other studies have also documented that deep habitat close 

to a spawning location is important to allow resting for male and female salmon (White, 

1942; Jones, 1959), and Armstrong et al. (2003) stated that salmon may move to different 

spawning areas, irrespective of suitability of their current location for spawning, if deep 

habitats are not available as salmon a-wait for spawning. Habitat preference data in this 

study also indicated, not surprisingly, that shallow mesohabitats are avoided (although 

used on rare occasion) and that high gradient habitats (cascades, rapids), or shallow, 

slow-moving, non-turbulent habitats (flats) are unsuitable for adult Atlantic Salmon, and 

thus not used. Substrate preference data were also collected in this study and indicated 

that coarse habitat types are either used or used according to their availability, while 

small substrate sizes are not suitable for salmon. It is not known if the substrate data for 

adult salmon during upstream migration represents “collateral” information that stems 

from actual preference towards the mesohabitats, and thus stem from correlation of 
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substrate with depth/velocity fields. Naturally, substrate size selection specifically during 

spawning has been frequently studied, and a wide range of substrate sizes (i.e., <1 – 

30cm) have been noted to be used by Atlantic Salmon in the literature (Bell, 1986; Crisp 

and Carling, 1989; Kondolf and Wolman, 1993; Moir et al., 1998, 2002, 2004; 

Armstrong et al., 2003).  

To have a successful spawning migration, Atlantic Salmon rely on appropriate water 

flow, water temperature, habitat, and water quality (Reiser and Bjournn, 1979; Bendall et 

al., 2012). Salmon populations have adapted to their native river conditions, allowing 

them to survive even when conditions are not suitable. For example, salmon populations 

native to a certain river have developed behaviours to cope with temporary unfavorable 

river conditions such as selecting thermal refugia during summer or delayed freshwater 

entry and migration in autumn. To account for delays in migration, maturation, and 

spawning, salmon enter rivers ahead of actual spawning time (Davidson et al., 1943; 

Saunders, 1967; Raleigh and Chapman, 1971; Reiser and Bjournn, 1979, Power and 

McCleave, 1980). However, it is critical that managers understand the behaviour of wild 

adult Atlantic Salmon during their upstream migration, to be better able to conserve 

stocks and genetic diversity (Wilkens, 1972; Power and McCleave, 1980; Karppinen et 

al., 2004). To improve management of a fishery, knowledge is required to understand the 

interactions between environmental factors and migration of Atlantic Salmon (Hayes, 

1953; Mills, 1989; Karppinen et al., 2004). This study documented the autumn migration 

and habitat use patterns of wild Atlantic Salmon in the NW Miramichi River and its 

major tributary. The findings can be used by managers to restore and protect salmon 

habitat and the salmon population throughout the NW Miramichi river system. For 
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example, habitat restoration projects may utilize the preference data, or management 

could increase protection of kelts during spring fishing by establishing a protective area 

where kelts were observed to overwinter in the NW estuary.  
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Tables 

Table 3.1 Average (± S.D.) biological data for adult Atlantic Salmon radiotagged in the 

Little Southwest Miramichi River (LSW) and Northwest Miramichi River (NW) in 

autumn 2017 and 2018. Fork length, girth, and weight were not recorded on DFO tagged 

fish in 2018. MSW = Multi-sea-winter; M = male; F = female.  

Total 

Number 
River  Year Sex 

Sea-

Age 

Fork 

length 

(cm) 

Total 

length 

(cm) 

Girth 

(cm) 

Weight 

(kg) 

0 LSW  2017 F Grilse     

21 LSW  2017 M Grilse 
55.5 

(±3.1) 

57.7 

(±4.8) 

23.3 

(±1.8) 

3.2 

(±0.7) 

6 LSW  2017 F MSW 
79.8 

(±3.1) 

82.7 

(±2.9) 

38.0 

(±2.4) 

5.3 

(±0.5) 

1 LSW  2017 M MSW 85.5 90.0 38.5 5.2 

5 LSW  2018 F Grilse  
53.7 

(±2.0) 
  

15 LSW  2018 M Grilse  
55.3 

(±2.5) 
  

15 LSW  2018 F MSW  
77.2 

(±5.7) 
  

3 LSW  2018 M MSW  
83.2 

(±4.5) 
  

2 NW  2018 F Grilse  
57.8 

(±1.8) 
  

13 NW  2018 M Grilse 
54.5 

(±3.2) 

56.4 

(±2.7) 

22.5 

(±1.2) 

1.4 

(±0.4) 

10 NW  2018 F MSW 
74.4 

(±2.6) 

76.8 

(±3.2) 

32.5 

(±2.6) 

4.9 

(±0.6) 

1 NW  2018 M MSW  76.0   

* Note, that one additional male grilse, and one female MSW salmon were radiotagged 

and tracked in LSW and NW, respectively, in 2018, however, no data on size were 

recorded; Appendix 6. 
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Table 3. 2 Post-tagging residence time in estuary, and range of river entry dates into the 

Little Southwest Miramichi River (LSW) and Northwest Miramichi River (NW) and 

corresponding river conditions (water temperature and level) for the adult Atlantic 

Salmon radiotagged in the Miramichi Estuary by Fisheries and Ocean Canada staff in 

autumn 2018. Numbers are averages ± S.D. with range of days in brackets. MSW = 

Multi-sea-winter; M = male; F = female. 

River Sex 
Sea-

Age 

# of 

fish 

Average 

number of 

days in 

estuary 

River 

entry 

Water 

temp. (°C) 

Water 

level (m) 

LSW 
All 

salmon 
 34 

8.3 (±9.2) 

(1 – 50) 

09/10 – 

10/20 

9.1 (±2.9) 

(3.9 – 14.5) 

1.3 (±0.1) 

(1.1 – 1.4) 

 F Grilse 5 
9.6 (±7.8) 

(3 – 19) 

09/29 – 

10/20 

9.0 (±3.9) 

(4.4 – 12.6) 

1.2 (±0.1) 

(1.2 – 1.3) 

 F MSW 13 
8.8 (±12.9) 

(2 – 50) 

09/10 – 

10/13 

9.7 (±2.4) 

(7.0 – 14.5) 

1.3 (±0.1) 

(1.1 – 1.4) 

 M Grilse 14 
7.6 (±6.2) 

(1 – 19) 

09/27 – 

10/18 

8.4 (±3.1) 

(3.9 – 14.1) 

1.3 (±0.1) 

(1.1 – 1.4) 

 M MSW 2 
11.0 (±8.0) 

(3 – 19) 

10/02 – 

10/16 

8.5 (±2.1) 

(7.0 – 9.9) 

1.3 (±0.1) 

(1.2 – 1.3) 

NW 
All 

salmon 
 14 

9.6 (±6.0) 

(2 – 23) 

09/26 – 

10/17 

10.2 (±2.6) 

(5.5 – 13.0) 

0.5 (±0.1) 

(0.4 – 0.6) 

 F Grilse 1 
6.0 

(6.0) 
10/16 

8.0 

(8.0) 

0.5 

(0.5) 

 F MSW 6 
11.7(±7.6) 

(2 – 23) 

09/28 – 

10/17 

10.0 (±3.4) 

(5.5 – 12.6) 

0.5 (±0.1) 

(0.4 – 0.5) 

 M Grilse 7 
8.9 (±5.2) 

(3 - 15 

09/26 – 

10/13 

10.6 (±2.1) 

(7.3 – 13.0) 

0.4 (±0.1) 

(0.4 – 0.6) 

 M MSW 0     
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Table 3. 3 Adult salmon migration in the Little Southwest Miramichi River (LSW) and Northwest Miramichi River (NW) in autumn 

of 2017 and 2018. MSW = Multi-sea-winter; M = male; F = female. Upstream and downstream movements are taking place pre-

spawning and post-spawning, respectively, and are given as liner river km distance from estuary confluence. Migration distance, rate 

during active upstream migration, and water temperature and duration of the staging / spawning period are reported as avg. ± S.D. 

with range (where relevant) in brackets. 

Active upstream migration  Staging / spawning period 

Movement River Year Sex Age N 

Range of total 

distances 

(rkm) 

Migration 

rate 

(rkm/d) 

N 
Duration 

(days) 

Water 

temp. °C 

Upstream LSW 2017 All   10 
42.7 ± 9.4 

(31.4 – 57.0) 
1.0 ± 0.9 13 

15.1 ± 10.8 

(1.0 – 35.0) 
 

   F Grilse 0   0   

   F MSW 0   3 
14.3 ± 17.9 

(3.0 – 35.0)  
 

   M Grilse 9 
13.8 ± 9.7 

(31.4 – 57.0) 
1.0 ± 0.9 10 

15.3 ± 9.1 

(1.0 – 32.0) 
 

   M MSW 1 52.9 1.6 0   

 LSW 2018 All   34 
39.0 ± 22.0 

(6.0 – 88.7) 
2.4 ± 2.1 22 

17.1 ± 10.8 

(3.0 – 35.0)             

2.7 ± 1.0 

(0.0 – 4.9) 

   F Grilse 4 
33.7 ± 18.0 

(8.4 – 51.1) 
2.3 ± 0.9 1 29.0 2.6 

   F MSW 14 
48.8 ± 19.7 

(9.4 – 88.7) 
3.2 ± 2.0 9 

8.2 ± 4.4 

(3.0 – 14.0)     

2.8 ± 0.7 

(1.9 – 3.5) 

   M Grilse 14 
30.4 ± 23.8 

(6.0 – 83.4) 
1.7 ± 2.3 11 

24.3 ± 8.9 

(9.0 – 35.0)      

2.6 ± 1.3 

(0.0 – 4.9) 

   M MSW 2 
40.5 ± 12.9 

(31.4 – 49.6) 
1.6 ± 0.2 1 7.0     

2.6 ± 0.5 

(2.2 – 3.1) 

 NW 2018 All   23 
40.1 ± 13.5 

(23.6 – 65.3) 
1.5 ± 1.1 16 

12.9 ± 8.4 

(1.0 – 31.0) 

3.4 ± 1.4 

(0.7 – 6.4) 

   F Grilse 2 37.1 ± 17.3 1.8 ± 2.2 2 9.5 ± 4.9 2.2 ± 2.1 
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(24.9 – 49.4) (6.0 – 13.0) (0.7 – 3.7) 

   F MSW 9 
36.9 ± 11.6 

(23.6 – 50.7) 
1.0 ± 0.5 8 

12.9 ± 9.6 

(1.0 – 31.0) 

3.5 ± 1.2 

(1.2 – 5.4) 

   M Grilse 12 
43.1 ± 14.9 

(24.9 – 65.3) 
1.9 ± 1.1 6 

14.0 ± 8.5 

(3.0 – 22.0) 

3.7 ± 1.4 

(2.5 – 6.4) 

   M MSW 0   0   

Downstream LSW 2017 All   19 
-35.1 ± 18.3 

(-12.3 – -74.1) 
-1.9 ± 2.1 

   

   F Grilse 0      

   F MSW 5 
-31.3 ± 24.9 

(-12.8 – -74.1) 
-0.9 ± 0.9 

   

   M Grilse 14 
-36.4 ± 16.3 

(-12.3 – -66.0) 
-2.3 ± 2.3 

   

   M MSW 0      

 LSW 2018 All   10 
-30.7 ± 13.0 

(-15.5 – -51.4) 
-2.2 ± 1.0 

   

   F Grilse 1 -16.3 -1.0    

   F MSW 5 
-33.5 ± 15.2 

(-15.5 – -51.4) 
-2.1 ± 0.7 

   

   M Grilse 4 
-30.8 ± 10.8 

(-19.8 – -41.2) 
-2.5 ± 1.1 

   

   M MSW 0      

 NW 2018 All   16 
-20.5 ± 9.3 

(-1.8 – -35.7) 
-2.0 ± 2.2 

   

   F Grilse 2 
-12.0 ± 14.4 

(-1.8 – -22.2) 
-1.9 ± 2.5 

   

   F MSW 8 
-23.6 ± 10.2 

(-5.6 – -35.7) 
-1.5 ± 1.0 

   

   M Grilse 6 
-19.3 ± 5.3 

(-12.8 – -24.5) 
-2.8 ± 3.3 

   

   M MSW 0      
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Figures 

 
Figure 3.12 Province of New Brunswick in Canada (A), and the Miramichi River system 

(B), where the red square highlights the Little Southwest River and Northwest Miramichi 

River. Panel C highlights the area where adult Atlantic Salmon were radio-tracked, 

generally upstream from the confluence of the Little Southwest Miramichi River and the 

Northwest Miramichi River. Zero point for calculating upstream distances (rkm) was 

located at the confluence of the Northwest and Little Southwest Miramichi Rivers, is 

indicated with a red circle (●) in panel B. Panel C also highlights the 2017 capture 

locations of salmon (▲; N = 3)  for the study at Oxbow pool (OX; rkm 4.9), “94” or Ice 

pool (rkm 30.5; i.e., 0.9 rkm downstream from Catamaran Brook (CAT), and Moose 

Landing pool  (ML; rkm 79.4), and capture locations (▲; N = 3) in 2018 at Millertion 

(SWM estuary; DFO), Cassilis (NWM estuary; DFO), and Trout Brook (TB; rkm 19.9). 

Locations of stationary radio tracking units (■; N = 8) were at DFO NW (rkm 6.4), 

Wayerton Bridge (WB; rkm 24.9), the confluence of Little River (LR; rkm 49.4) and the 

Barrier Fence in the Northwest Miramichi and Oxbow (OX; rkm 4.9), DFO LSW (rkm 

6.4), Catamaran Research Station (CAT; rkm 31.4), Little Forks fishing camp (LF; rkm 

51.1), and Charlie’s Rock crown reserve camp (CR; rkm 72.8). Water temperature and 

depth logger sites (●; N = 5) in LSW and NWM. The Miramichi Fish and Game Club 

(MFGC) river stretch is indicated by –. 
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Figure 3.13 Water temperature (solid line) and level (stippled line) for Little Southwest 

(2017, top; 2018, middle), and Northwest Miramichi River (2018, bottom). The red 

horizontal lines indicate the entry times of individual radiotagged salmon from estuary to 

the each corresponding river in 2018 (entry data not available in 2017 because fish were 

tagged in the river).    
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Figure 3.14 Migration distance by date of Grilse (A, C, and E) and Multi Sea-Winter (B, 

D, and F) radio-tagged adult Atlantic Salmon in the Little Southwest 2017 (LSW) (Top), 

Little Southwest Miramichi River (LSW) 2018 (Middle), and Northwest Miramichi River 

2018 (Bottom) during autumn. Red (●) dot indicates a rain event. Horizontal dash lines 

indicate key locations in the Northwest Miramichi River at Wayerton Bridge (WB; rkm 

24.9), Little River (LR; rkm 49.4), lower part of Miramichi Fish and Game Club (MFGC; 

rkm 64.4), and upper part of Miramichi Fish and Game Club (MFGC; rkm 73.9). In the 

Little Southwest Miramichi River marked key locations were at Oxbow (OX; rkm 4.9), 

DFO (rkm 6.4), Catamaran Brook (CAT; rkm 31.4), Little Forks (LF; rkm 51.1), 

Charlie’s Rock (CR; rkm 72.8) and Moose Landing (ML; rkm 79.4). 
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Figure 3.15 Preferred habitat (A) and substrate (B) for radio-tagged adult Atlantic 

Salmon in the Northwest Miramichi River during autumn 2018. Dashed horizontal lines 

indicate preferred (P; suitability values > 0.70), indifferent (I; suitability 0.30 – 0.69), and 

avoided (A; suitability < 0.30) habitat or substrate.   
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Chapter 4: General conclusion 

The two projects described in this thesis were designed to achieve the common 

objective of better understanding wild adult Atlantic Salmon migration in the Miramichi 

River. In the first project described in Chapter 2, I observed the early (i.e., summer) 

salmon run in the NW Miramichi, and specifically examined the thermal and non-thermal 

habitat use, migration rate and distance of salmon. This study expands the amount of 

information regarding salmon behaviour in freshwater during summer, which can be used 

by fisheries managers to set fishing regulations, manage and protect salmon waters, and 

implement habitat restoration. In the second project, described in Chapter 3, I observed 

the late salmon run in the LSW and NW Miramichi River. I specifically examined 

autumn habitat use, general spawning migration movements, migration rate and distance. 

I also used data from Chapters 2 and 3 to compare salmon migration and spawning 

behaviour between rivers and seasons. Overall, this thesis increases the vast amount of 

data on Atlantic Salmon freshwater migration but adds critically needed knowledge on 

the adult habitat preferences both during thermally challenging and thermally benign 

conditions and provides specific information regarding spawning migration in the 

Miramichi River both in summer and autumn, which can be used by fisheries managers 

in future salmon management and enhancement projects. This general discussion first 

summarizes the main findings of my research chapters. I will then discuss how the 

methods used in this thesis can be applied in future telemetry studies and I propose 

potential changes to the methods to improve future studies. I then conclude with a brief 

discussion of implications for future fisheries management for Miramichi salmon. 
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4.1 Main findings of the thesis 

This study showed the following conclusions:  

1. NW Miramichi early run salmon moved quickly to the river reach locally 

known as the Miramichi Fish and Game Club (MFGC) but could not continue 

upstream migration likely because of environmental conditions, namely low 

flow levels.  

2. Salmon started using thermal refugia on occasion when water temperatures 

surpassed 19 °C, but more commonly when water temperatures exceeded 22 

°C. 

3. Environmental conditions regulate when river entry from estuary occurs, 

which were triggered by increases in flow, while water temperatures may play 

a role even in autumn.   

4. In general, migration rate was similar between the two study rivers, the two 

seasons, sea-ages, sexes, and that the overall migration rate in the Miramichi 

River was moderate compared to other salmon rivers. 

5. Salmon utilize relatively deep mesohabitats, which confirmed anecdotally 

reported information, unless thermally stressful conditions dictated the use of 

shallower habitats where thermal refugia may be available and, to my 

knowledge, documented the first habitat preference curves for migrating adult 

Atlantic Salmon but certainly a first for the Miramichi River.   

6. Post-spawners utilized both freshwater and upper estuary environments for 

overwintering.  

It was confirmed that salmon tagged in summer ascended further in the NW system 

than those salmon tagged and tracked in autumn. These findings were similar in LSW, 
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where autumn run salmon migrated to the low-mid reaches. This supports the notion that 

late run salmon are destined to colonize the lower reaches of the river system. This 

finding is valid even though the environmental conditions experienced during summer 

2018 did not allow salmon to continue migrating upstream of MFGC; by the time of 

suitable conditions resuming for migration, either mortality or tag loss had occurred, 

preventing my ability to study further upstream migration. 

 

4.2 Methodological recommendations and improvements 

Atlantic Salmon freshwater migration is a complex biological event that operates on a 

range of temporal and spatial scales. To obtain a complete understanding of Miramichi 

salmon migration and habitat, future telemetry studies are required as well as integration 

of studies between scientific disciplines (i.e., geology and engineering). In the study of 

Miramichi River Atlantic Salmon freshwater migration, it would be important to 1) 

identify spawning grounds in headwater locations in LSW and NW Miramichi and assess 

specific habitat requirements (e.g., habitat use, substrate size, temperature), 2) determine 

specific external factors (i.e., precise temperature, velocity, and tides) that influences 

salmon migration, behaviour, and spawning, 3) attempt to identify more tributaries where 

salmon spawn throughout the Miramichi river system, 4) monitor kelt behaviour 

throughout winter in freshwater and the estuary, 5) identify a relationship between adult 

salmon behaviour, water and habitat quality, and land use (i.e., forestry and mining) in 

the Miramichi catchment. Continuing to use radio telemetry to understand Miramichi 

River adult salmon migration would improve the overall knowledge of the wild adult 

salmon life cycle and set a baseline for potential future management strategies (e.g., 

Smolt-to-Adult-Supplementation (SAS) program; see DFO, 2018).  
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A few minor changes to the study methods could improve the results of future 

telemetry studies. During my first field season in autumn 2017 (Chapter 3), adult salmon 

were captured using a fyke net and a seine net designed to scare fish from a pool. This 

method was successful in capturing fish but was not efficient and required several staff to 

operate. In addition, some fish were captured, tagged, and released too far upstream in the 

river system as well as too late in their adult freshwater migration. The tagging of these 

salmon close to headwaters was not insightful for studying the autumn migration rate and 

distance in the LSW 2017. The method of capturing fish during my second field season in 

2018 (Chapters 2 and 3) changed to using a modified fyke net set to allow fish moving 

upstream to enter the net at their own leisure. This method proved to be more efficient at 

capturing fish as well as less stressful on fish. It required fewer staff and other resources 

(i.e., time and gas for transportation) to operate the fyke net. I chose to set the net in the 

same location in both summer and autumn for two reasons. First, the location was easy to 

access, depth was appropriate for fishing, and was outside of the study area. Second, 

capturing all fish in the same location allowed easier calculation of migration rate and 

distance during analysis. In autumn 2018, I collaborated with the DFO, who were also 

radio tagging salmon throughout the Miramichi River and it allowed me to track these 

fish. DFO tagged fish in the estuaries (i.e., SW and NW) of the Miramichi river (Douglas 

et al., 2015), and such future joint efforts are strongly encouraged. Another method that 

should be considered for capturing fish in an estuary are bag nets. Several telemetry 

studies have successfully used bag nets as a primary means of capturing fish (Smith and 

Smith, 1997; Økland, et al., 2001; Karppinen et al., 2004; Thorstad et al., 2008). I believe 

tagging and tracking fish in the estuary should be used in all future telemetry studies in 
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the Miramichi. This allows researchers the opportunity to track fish as they transition 

from seawater to freshwater, migrate upstream, spawn, and return to the ocean.  

Another recommendation regarding any future radio telemetry projects is the 

consideration of the tagging method, with specific attention to river condition and season. 

In future Miramichi River telemetry studies, using external tagging should not be 

considered when tagging prior to summer season. External tagging method creates a 

wound on the surface of the fish’s skin where tag is attached and a potential location for 

the tag to irritate the skin. This can increase bacteria and fungus growth on fish during 

summer (i.e., warm water conditions), causing additional stress and potentially leading to 

fish mortality. Therefore, future adult salmon telemetry studies during the summer should 

use a different tagging method (e.g., gastric tagging) in the Miramichi River. In gastric 

tagging, the tag is inserted into the fish’s stomach via mouth, which eliminates wounds to 

the fish’s skin. As the adult salmon do not feed during their freshwater spawning 

migration, the retention of the tags is ensured; full details on methods on gastric tagging 

are described, for example, in Goniea et al., (2006). External tagging should only be used 

when telemetry studies occur during autumn when water temperatures are cooler. 

Because no fish mortality was observed during autumn (Chapter 3), this leads me to 

believe that the combination of tagging method and river temperature during summer was 

in part causing the mortality (or tag loss) that was observed in Chapter 2. Other studies, 

using similar external tagging methods as in Chapters 2 and 3 reported no mortality, but 

these studies, like the Chapter 3 data, occurred in cool water temperatures (Erkinaro et 

al., 1999; Økland, 2001).  
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In addition to the tagging method, tag type and modification should also be considered 

when designing a telemetry study. The tags used in Chapter 2 and 3 of this study were 

internal radio tags that I modified to be attached externally. In 2017, tags were modified 

using shrink tube, steel coated wire, plastic back plates, and wire crimps. During autumn 

2017, when mobile tracking efforts were being conducted, it was discovered that the 

shrink tube was splitting allowing the tag to fall out. To correct this problem, tags were 

modified using a nail knot, JB marine epoxy, plastic back plates, and wire crimps in 

2018. This modification method held up to the river environment much better. When I 

ordered thermal radio tags (Chapter 2), they were specifically designed to be attached 

externally, meaning tags were made with pre-drilled holes, soft foam backplate, and 

coated wire. Unfortunately, I was unable to deploy enough tags to determine if the pre-

drilled external tags are sufficient, but I assume they would be better than modifying tags 

in retrospect. In future studies, if external tagging is the method of choice, the externally 

designed radio tags are recommended.   

Detecting the tagged fish is critical, so improving radio station operation is crucial in a 

telemetry study. Passive radio stations were used to track fish throughout the LSW and 

NW Miramichi systems. Overall, the radio stations worked as intended and collected 

critical data at times when I was not available or in the area. There are just a few slight 

modifications I would make to the set-up of radio stations:  1) replace the mobile tracking 

unit, SRX-800MD, located at Oxbow or Catamaran, with a permanently located SRX-

800D unit, 2) change solar panels to be larger 100-watt panels, and 3) placing additional 

radio stations in headwater sections in both LSW and NW Miramichi. When using the 

mobile tracking unit as a stationary datalogger there was an increase in error codes and 
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interferences, which could have resulted in tagged fish to not be detected. Each radio 

station had solar panels which supplied power to a battery back-up to power the station. 

In autumn 2017, small 40-watt Coleman solar panels were used. Larger 100-watt solar 

panels were used in 2018. I noticed that the larger solar panels would charge quicker, 

even on days with low light conditions (e.g., cloudy or as days became shorter throughout 

autumn), and would keep a station charged for a much longer time. This means that 

stations could be left for longer periods of time allowing me to put more effort into 

actively tracking fish. In future studies, I would use 100-watt solar panels as they are 

more reliable. Also, having four additional radio stations (e.g., two in LSW and two in 

NW) would improve tracking efforts by narrowing down sections of river that are 

difficult to access. I would not change mobile tracking methods as these were reliable 

throughout, to a point that many of the tagged fish were visually observed.  

Monitoring fish migration was well covered with both methods of tracking, but in 

future studies increasing the number temperature loggers and pressure meters should be 

considered.  

There were enough temperature loggers deployed in NW during summer 2018 to 

capture a temperature profile of the NW, thermally stressful events, and thermal habitat 

available for adult salmon. I failed, however, to ensure temperature loggers and pressure 

meters were deployed in autumn 2017 and 2018 in both river systems. River level data 

(Chapter 2 and 3), was collected by the real-time hydrometric station operated by the 

Government of Canada. These stations collect data nearly year-round and are a great 

source of data but are typically far downstream in the river system at one location. Water 

temperature data was collected by MREAC within a few kilometers of where the river 
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level data was collected, but these stations do not operate throughout winter and are 

typically removed in October every year (Collins and Trajkovic, 2018). In future studies, 

temperature loggers and pressure meters should be deployed at least at every radio station 

site. Additional temperature loggers and pressure meters could be placed throughout the 

river system (e.g., fish location or thermal habitat) but would have to be chosen by the 

project leader. Loggers would remain in the river for the entire study, so they would have 

to be secured well in the river to prevent them from being lost to high water and ice 

conditions.  

  

4.3 Implications for Miramichi salmon research and management 

Based on this thesis, I believe that full-scale telemetry studies should continue for the 

next three – five years in the LSW and NW branches of the Miramichi River. Continuing 

these studies would ensure that interannual variability, inherent in any natural system, is 

accounted for. This thesis reported when adult salmon utilize thermal refugia and may 

help DFO make decisions when fisheries closures are needed (Breau and Cassie, 2013) 

and indicates a few locations on the NW that warrant cold-water protection. Also, this 

thesis reported the preferred habitat of salmon in the Miramichi River and non-

government organizations (i.e., NGO) such as the Miramichi Salmon Association should 

use this data in future cold-water habitat restoration efforts (MSA, 2015). In addition, 

habitat data should continue to be collected on the NW in the sections where it has not 

yet been and begin to be collected habitat data on the LSW. Habitat mapping by remote 

sensing is proving to be a promising method to assess habitat throughout the Miramichi 

system, but remotely-sensed data will require some ground-truthed data (O’Sullivan et 

al., 2020). This could also be expanded to major tributaries such as the Lower North 
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Branch LSW and the Little River (NW) which were both observed to be utilized by 

salmon. Also, management suggestions related to New Brunswick forestry buffer zones 

and effects on Atlantic Salmon summer migration described in Chapter 2 should also be 

considered throughout the entire adult migration. For example, Atlantic Salmon spawn in 

small tributaries during autumn rainy season when soils in certain areas are subject to 

erosion, and these high-risk areas should be avoided by forestry operations until soils 

become stabilized to protect aquatic habitat and species (Cunjak, 2007). Lastly, this thesis 

reported that post-spawned salmon overwinter in the upper section of the NW estuary 

which should be designated as a protective area for kelts. It is important to protect large 

salmon because they have a significant contribution to reproduction when compared to 

grilse, and large salmon require more time to recover from a population decline 

(Paloheimo and Elson, 1973; Elson, 1974; Cunjak et al., 2013; Chaput et al., 2016). An 

increase in management of Atlantic Salmon should be occurring in the Miramichi based 

on Canadian policy for conservation of Atlantic Salmon (DFO, 2009). If this fails to 

occur, intervention will be necessary to recover the Miramichi wild Atlantic Salmon 

population. These future options may include, for example, a so-called Smolt-to-Adult 

Supplementation program currently evaluated in the small experimental areas of the 

Miramichi (D. Roth; University of New Brunswick, Faculty of Forestry and 

Environmental Management; unpubl. data). Such strategy would increase spawning 

escapement, which potentially may result in an increased number of smolts out-migrating 

and then returning adults to spawn. If no management action is taken now, then in the 

future management will have to place a temporary or permanent closure on all Atlantic 

Salmon fishing, including recreational and aboriginal fishery for food, social and 
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ceremonial purposes in the NW Miramichi River to prevent pre-spawn mortality. It is 

obvious that if current management strategies for Atlantic Salmon continue on the 

Miramichi there will be only few adult salmon returning to the Miramichi and eventually 

not enough returning adult salmon will be available to recover this steadily declining 

population.   
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Appendices 

Appendix 1. Operation dates of stationary radiotracking stations in (A) Little Southwest Miramichi in autumn 2017, (B) Northwest 

Miramichi in summer 2018, (C) Northwest Miramichi in autumn 2018, and (D) Little Southwest Miramichi in autumn 2018. Stations 

are in order from downstream (bottom) to upstream (top) in each graph and (▲) indicates station used for mobile tracking. OX = 

Upper Oxbow; CAT = Catamaran Brook; LF = Little Forks; CR = Charlie’s Rock; WB = Wayerton Bridge; LR = Little River; BF = 

Barrier Fence. 
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Appendix 2. The proportional time each stationary radiotracking station was actively 

operating by study season in the Little Southwest Miramichi River (LSW) and the 

Northwest Miramichi (NW). N/A = the stations were not operated in the given river or 

season.  

River Station Year 

  
2017 

(autumn) 

2018  

(summer) 

2018  

(autumn) 

LSW Oxbow 96.9 N/A 86.4 

 Catamaran 69.7 N/A 65.8 

 Little Forks 29.2 N/A 100.0 

 Charlies Rock 90.6 N/A 84.9 

NW Wayerton Bridge N/A 100.0 100.0 

 Little River N/A 58.6 97.3 

 Barrier Fence N/A 100.0 100.0 
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Appendix 3. Active tracking effort in Northwest Miramichi River during summer and 

autumn 2018 and Little Southwest Miramichi during autumn 2017 and 2018.  

Date Section Method 
Time spent 

tracking (hrs.) 

10/09/2017 LSW DFO; CAT Truck; Foot 4 

10/13/2017 LSW DFO; CAT Truck; Foot 7 

10/18/2017 LSW DFO; CAT Truck; Foot 8 

10/19/2017 CAT; LF Foot 10 

10/20/2017 LSW DFO; CAT; ML Truck; Foot 6 

10/24/2017 Upstream Lower North Branch LSW Truck; Foot 5 

10/26/2017 LSW DFO; CAT Truck; Foot 7 

10/31/2017 LSW DFO; CAT Truck; Foot 7 

11/01/2017 CAT; LF Truck; Foot 5 

11/07/2017 LSW DFO; CAT Truck; Foot 6 

11/08/2017 LSW DFO; CAT Truck; Foot 5 

11/09/2017 LSW DFO; CAT Truck; Foot 5 

11/14/2017 LSW DFO; CAT Truck; Foot 6 

11/15/2017 LSW DFO; CAT Truck; Foot 5 

11/16/2017 LSW confluence Truck 3 

11/21/2017 LSW DFO; CAT Truck; Foot 6 

11/22/2017 LSW confluence; CAT Truck; Foot 5 

11/28/2017 LSW confluence; CAT Truck; Foot 5 

11/29/2017 LSW confluence; CAT Truck; Foot 7 

6/29/2018 Lower Kayak 8 

7/05/2018 Little River Confluence; MFGC Foot 10 

7/06/2018 Lower Truck 5 

7/09/2018 Lower Truck; Foot 5 

7/10/2018 Lower Kayak 8 

7/10/2018 MFGC Foot 8 

7/11/2018 MFGC Foot 8 

7/13/2018 Little River Confluence; Elbow Crown Reserve Foot 8 

7/16/2018 Lower Foot 8 

7/17/2018 Stoney Brook Foot 8 

7/17/2018 MFGC Foot 8 

7/18/2018 Lower Truck; Foot 5 

7/18/2018 MFGC Foot 8 

7/19/2018 Lower Truck; Foot 8 

7/19/2018 MFGC Foot 8 

7/20/2018 MFGC Foot 4 
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7/23/2018 MFGC Foot 8 

7/24/2018 MFGC Foot 8 

8/1/2018 MFGC; Sullivan Crown Reserve Foot 8 

8/2/2018 MFGC Foot 8 

8/7/2018 Lower Foot 3 

8/8/2018 MFGC Foot 8 

9/27/2018 Estuary Truck; Foot 3 

10/01/2018 NW Confluence; WB Truck; Foot 6 

10/02/2018 LSW DFO; CAT  Truck; Foot 6 

10/03/2018 LSW DFO; CAT Truck; Foot 6 

10/04/2018 LSW DFO; LF Truck; Foot 8 

10/05/2018 LSW DFO; CAT; NW Confluence; WB Truck; Foot 7 

10/10/2018 WB; Portage River confluence Truck; Foot 9 

10/11/2018 LSW DFO; CAT Truck; Foot 8 

10/16/2018 LSW DFO; LF confluence  Truck; Foot 10 

10/17/2018 LF; Upstream ML Truck; Foot 8 

10/19/2018 WB; Upstream LR confluence Truck; Foot 6 

10/21/2018 LR confluence; Elbow Crown Reserve; MFGC Truck; Foot 7 

10/22/2018 Downstream LF confluence Truck; Foot 7 

10/25/2018 WB; Upstream Tomogonops River confluence Truck; Foot 8 

10/27/2018 LSW DFO; CAT Truck; Foot 4 

10/28/2018 LSW DFO; CAT Truck; Foot 6 

10/29/2018 Downstream LF confluence Truck; Foot 2 

10/30/2018 WB; Portage River confluence Truck; Foot 7 

10/31/2018 Upstream LR confluence; Upstream in LR Truck; Foot 6 

11/02/2018 Upstream LF confluence Truck; Foot 6 

11/03/2018 LSW confluence; CAT; NW confluence; WB Truck; Foot 7 

11/05/2018 LSW; NW  Helicopter 8 

11/06/2018 LSW DFO; CAT Truck; Foot 5 

11/07/2018 LSW DFO; CAT Truck; Foot 5 

11/14/2018 LSW Confluence; CAT; NW confluence; WB Truck; Foot 6 

11/16/2018 Estuary; NW Confluence; WB Truck; Foot 6 

11/20/2018 Estuary; LSW confluence; CAT Truck; Foot 6 

11/21/2018 LSW DFO; CAT; NW confluence; WB Truck; Foot 7 

11/22/2018 Estuary; LSW confluence; NW confluence Truck; Foot 5 

11/27/2018 Estuary; LSW confluence; CAT; NW 

confluence; WB 

Truck; Foot 9 

11/28/2018 Estuary; LSW confluence; NW confluence Truck; Foot 5 

11/29/2018 Estuary; NW Confluence; WB Truck; Foot 6 

12/05/2018 Estuary Truck; Foot 3 
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Appendix 4. Modified Borsányi et al., (2004) scale used to objectively classify 

mesohabitat types based on four categorical variables, with category threshold that were 

used indicated.  

Surface 

pattern 

Surface 

gradient 
Surface velocity Depth Name Code 

 (<4%; >4%) (<0.5m/s; >0.5m/s) (<0.5m; >0.5m)   

Smooth 

Steep 

Fast 
Deep Glide A 

   

    

    

Moderate 

Fast 
Deep Deep run B1 

Shallow Shallow run B2 

Slow 
Deep Pool C 

Shallow Flat D 

Riffling 

Steep 

Fast 
Deep Rapid E 

Shallow Cascade F 

    

    

Moderate 

Fast 
Deep Deep riffle G1 

Shallow Shallow riffle G2 

Slow 
   

Shallow Rill H 

* * * * Other***  
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Appendix 5. Modified Wentworth scale used to assess substrate categories. 

Class Size Name Lay term description 

1 n/a Fine organic  

2 n/a Coarse organic  

3a <0.004mm Clay Non-grainy, but consolidated, thus hard 

3b 0.004mm – 0.1mm Silt “Mud”; soft, squishy, non-grainy 

4 0.1mm – 2mm Sand Sand; feel “grainy” if moved between fingers 

5 2mm – 2cm Gravel Fine gravel 

6 2 – 3cm Small pebble “Raisin size” 

7 3 – 6cm Pebble Grape size to egg size 

8 6 – 12cm Small cobble Fist size 

9 12 – 25cm Cobble Grapefruit to Watermelon size 

10 25 – 38cm Large cobble Head size 

11 38 – 52cm Boulder Beach ball caliber 

12 >52cm Large boulder  

13 n/a Bedrock  
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Appendix 6. Miramichi River Atlantic Salmon biological data. The (●) signifies the 

salmon that were detected entering freshwater, (♦) are fish that strayed in one river 

system before choosing another, (*) are salmon tracked during upstream migration, (°) 

indicates fish known to spawn, (■) are fish that migrated into a tributary, and (+) fish 

tracked out migrating. 

Tagging 

Location 

River 

Destination 
Year Sex 

Age 

(D) 

Age 

(N) 

FL 

(cm) 

TL 

(cm) 

Girth 

(cm) 

Weight 

(cm) 

94/Ice 

pool LSW
*°■+

 2017 M Grilse 1+ 53.5 56.5 23.5 3.2 

94/Ice 

pool LSW
°+

 2017 M Grilse 1+ 56.0 59.5 25.0 3.4 

94/Ice 

pool LSW
*°+

 2017 M Grilse 1+ 53.0 56.0 22.5 2.6 

94/Ice 

pool LSW
*°+

 2017 M Grilse 1+ 56.0 59.0 25.5 3.2 

94/Ice 

pool LSW
*
 2017 M Grilse 1+ 56.0 58.0 23.0 3.2 

94/Ice 

pool LSW
*
 2017 M Grilse 1+ 60.0 63.0 23.0 3.0 

94/Ice 

pool LSW
*°+

 2017 M Grilse 1+ 56.0 59.0 24.0 3.0 

94/Ice 

pool 
LSW 2017 M Grilse 1+ 57.0 60.5 24.5 3.7 

94/Ice 

pool LSW
+

 2017 M Grilse 1+ 51.0 54.0 21.5 2.4 

94/Ice 

pool LSW
°+

 2017 M Grilse  49.0 41.0 20.0 2.1 

Oxbow LSW 2017 M Grilse 1+ 57.0 60.0 22.0 3.3 

Oxbow LSW 2017 M Grilse 1+ 55.5 58.0 23.5 3.3 

Oxbow LSW
*°+

 2017 M Grilse 1+ 54.5 58.0 24.0 2.9 

94/Ice 

pool LSW
°+

 2017 M Grilse 1+ 57.0 60.0 24.0 3.1 

94/Ice 

pool LSW
°+

 2017 M Grilse 1+ 60.0 63.5 28.0 5.2 

94/Ice 

pool LSW
*
 2017 M Grilse 1+ 53.5 56.5 23.0 3.2 
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94/Ice 

pool LSW
+

 2017 M Grilse 1+ 53.0 56.0 22.0 2.9 

94/Ice 

pool LSW
*°+

 2017 M Grilse 1+ 50.0 53.0 22.5 2.6 

Moose 

Landing 
LSW 2017 M Grilse 1+ 61.0 64.0 25.0 4.4 

Moose 

Landing LSW
+

 2017 M Grilse 1+ 53.0 56.0 21.5 2.6 

Moose 

Landing LSW
+

 2017 M Grilse 1+ 54.0 56.5 21.0 3.0 

94/Ice 

pool 
LSW 2017 F MSW 2+ 78.0 81.0 41.0 5.7 

94/Ice 

pool LSW
°+

 2017 F MSW 2+ 75.0 78.0 36.5 5.0 

94/Ice 

pool LSW
°+

 2017 F MSW 2+ 81.4 83.5 39.0 5.4 

94/Ice 

pool LSW
+

 2017 F MSW 2+ 79.0 82.5 38.5 6.1 

94/Ice 

pool LSW
°+

 2017 F MSW 2+ 82.5 85.0 39.0 5.2 

Moose 

Landing LSW
+

 2017 F MSW 2+ 83.0 86.0 34.0 4.6 

94/Ice 

pool LSW
*■

 2017 M MSW 2+ 85.5 90.0 38.5 5.2 

Millerton LSW
●*°+

 2018 F Grilse   50.8   

Millerton LSW
●*+

 2018 M Grilse   56.0   

Millerton LSW
●*■°+

 2018 M Grilse   54.9   

Millerton LSW
●*°+

 2018 F MSW   77.0   

Millerton LSW
●*■

 2018 F MSW   84.5   

Millerton LSW
●*

 2018 F MSW   75.9   

Millerton LSW
*°+

 2018 F MSW   72.9   

Millerton LSW
●*■°

 2018 M MSW   86.3   
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Cassilis LSW
●*

 2018 F Grilse   53.9   

Cassilis LSW
●*

 2018 F Grilse   55.5   

Cassilis LSW
●

 2018 F Grilse   55.5   

Cassilis LSW
●*

 2018 F Grilse   53.0   

Cassilis LSW
●*°+

 2018 M Grilse   60.0   

Cassilis LSW
●*°

 2018 M Grilse   53.7   

Cassilis LSW
●*°+

 2018 M Grilse   54.2   

Cassilis LSW
●*

 2018 M Grilse   57.8   

Cassilis LSW
●*°

 2018 M Grilse   55.2   

Cassilis LSW
●♦*°

 2018 M Grilse   51.4   

Cassilis LSW
●*

 2018 M Grilse   57.5   

Cassilis LSW
●♦*°

 2018 M Grilse   53.3   

Cassilis LSW
°+

 2018 M Grilse   55.9   

Cassilis LSW
●*°

 2018 M Grilse   50.4   

Cassilis LSW
●*°

 2018 M Grilse   55.3   

Cassilis LSW
°
 2018 M Grilse      

Cassilis LSW
●*

 2018 M Grilse   55.5   

Cassilis LSW
●*

 2018 M Grilse   57.8   

Cassilis LSW
●*■

 2018 F MSW   76.7   

Cassilis LSW
●*°+

 2018 F MSW   74.1   
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Cassilis LSW
●*°

 2018 F MSW   73.8   

Cassilis LSW
●*°+

 2018 F MSW   77.1   

Cassilis LSW
●*

 2018 F MSW   70.1   

Cassilis LSW
●*°+

 2018 F MSW   78.0   

Cassilis LSW
●*°

 2018 F MSW   82.9   

Cassilis LSW
●*

 2018 F MSW   78.3   

Cassilis LSW
°
 2018 F MSW   72.9   

Cassilis LSW
●*

 2018 F MSW   92.0   

Cassilis LSW
●*°

 2018 F MSW   71.3   

Cassilis LSW
●*

 2018 M MSW   85.3   

Cassilis LSW
+

 2018 M MSW   78.0   

Millerton NW
●*°+

 2018 F Grilse   59.1   

Millerton NW
●*°+

 2018 F MSW   78.1   

Millerton NW
●*

 2018 F MSW   72.1   

Millerton NW
■

 2018 M MSW   76.0   

Cassilis NW
●*

 2018 M Grilse   56.7   

Cassilis NW
●*■°+

 2018 M Grilse   59.6   

Cassilis NW
●*°+

 2018 M Grilse   51.2   

Cassilis NW
●♦*

 2018 M Grilse   55.6   

Cassilis NW
●*

 2018 M Grilse   55.7   

Cassilis NW
●*°+

 2018 M Grilse   60.0   
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Cassilis NW
●*

 2018 M Grilse   52.6   

Cassilis NW
●*°+

 2018 F MSW   74.1   

Cassilis NW
●*°+

 2018 F MSW   74.9   

Cassilis NW
●

 2018 F MSW   77.4   

Cassilis NW
●

 2018 F MSW      

Trout 

Brook NW
*°+

 2018 F Grilse 1+ 53.2 56.5 24.1 1.7 

Trout 

Brook NW
*°+

 2018 M Grilse 1+ 55.5 58.1 22.3 1.3 

Trout 

Brook NW
*
 2018 M Grilse 1+ 54.5 57.8 23.5 1.2 

Trout 

Brook NW
*
 2018 M Grilse 1+ 54.4 57.5 22.2 1.5 

Trout 

Brook 
NW 2018 M Grilse 1+ 52.4 55.6 21.0 2.2 

Trout 

Brook NW
*°+

 2018 M Grilse 1+ 59.9 59.4 24.4 1.3 

Trout 

Brook NW
*°+

 2018 M Grilse 1+ 50.5 53.7 21.8 1.2 

Trout 

Brook NW
*°+

 2018 F MSW 2+ 70.5 73.9 28.9 4.3 

Trout 

Brook NW
*°+

 2018 F MSW 2+ 76.9 80.2 35.0 5.5 

Trout 

Brook NW
*■°+

 2018 F MSW 2+ 76.0 80.8 33.5  

Trout 

Brook NW
*°+

 2018 F MSW 2+ 75.5 79.9 34.5 5.3 

Trout 

Brook NW
*°+

 2018 F MSW 2+ 73.0 77.5 30.7 4.5 
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