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ABSTRACT 
 

 

Boulder clusters were placed at three sites with small, homogeneous substrate in the 

 
Little Main Restigouche River in northern New Brunswick, Canada, in late summer 

 
2005 to improve the rearing habitat for pre-smolt Atlantic salmon (Salmo salar). 

Population estimates were conducted at enhancement, control and reference sites 

between 2005-2007 prior to enhancement and for two years following enhancement to 

compare response of salmon parr.  Age-2 parr density increased at enhancement sites 

following enhancement.  During December 2005, a 25-year flood event and 

subsequent ice up and freshet in spring disturbed the study sites.  A method was 

designed to interpret and rank boulder cluster stability degradation, and the data were 

compared with electrofishing estimates of abundance of salmon ages 0+, 1+ and 2+.  

Age 2+ parr abundance and biomass  and age 1+ parr abundance were significantly 

higher at clusters ranked stable than at clusters ranked degraded. 
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1 In-stream enhancement on the Little Main Restigouche River, New 
 

Brunswick 
 
 
 
 

1.1 The status of Atlantic salmon 
 
The Atlantic salmon (Salmo salar) is an economically and socially important 

species throughout its range worldwide.  In New Brunswick direct 

expenditures for the recreational fishery for Atlantic salmon is $28.6 million 

annually (MacIntosh 2001). Salmon also contribute to the traditional lifestyle 

component for First Nation people as a food source and ceremonial 

centerpiece. 

 

Adult salmon numbers returning to spawn in rivers worldwide have declined 

steadily in recent decades (WWF 2001; Ward et al. 2003). This decline, 

coupled with a decrease in available freshwater habitat due to increasing 

human land-use activity, has lead to a frenzy of research on every life stage 

of the salmon (O’Neil et al. 2000; White 2008). Although it is likely that the 

decline in adult returns is largely due to poor survival at sea (increased post-

smolt mortality) (Friedland et al. 2000) much of the research and attention 

has been focused on the fresh water life stages, largely because oceanic 

research is difficult and expensive (Holm et al. 2003). 

 

The status of Atlantic salmon in New Brunswick is closely monitored by 

various government and non-government organizations throughout all of its 
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life stages. Throughout many New Brunswick rivers, which historically carried 

runs of Atlantic salmon, the returns of adults range from “strong decline” (Bay 

of Fundy drainage) to “declining” to “stable” (Department of Fisheries and 

Oceans (DFO) 2003). The Restigouche River in northern New Brunswick has 

currently the second most abundant run of large salmon (adult salmon that 

have spent two or more years at sea, termed Multi Sea Winter or MSW) in 

eastern Canada (DFO 2003). These are the most prized fish, from both the 

recreational fishery and the Native food fishery, as well as from the 

perspective of conservation due to the predominance of females with large 

ovarian inputs. 

 

Numbers of Atlantic salmon escapement (the number of adult fish that 

return to spawn) have been in decline in the Restigouche River since a 

recent estimated high of nearly 16,000 fish in 1994 to an average 

estimated return of 9,000 since 1999 (DFO 2003). In an effort to manage 

the aboriginal and angler harvest of adult salmon, the Department of 

Fisheries and Oceans has set conservation requirements to ensure that 

the river is  meeting only its minimum saturation of eggs (DFO 2003). 

Logically, if the river is not rich in eggs it will not be rich in juvenile salmon. 

When target escapement values are not available for a specific river, 

standard conservation requirements are calculated using a value of 2.4 

eggs per m2 of suitable rearing habitat (Elson, 1967). Using this value the 

Restigouche River has met or exceeded the conservation requirements in 

12 of 18 years between 1986 and 2002 (DFO 2003; Whoriskey 2003). 
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1.2 Atlantic salmon biology - lifecycle 

The life cycle of the Atlantic salmon begins in freshwater.  Adult salmon in 

North America migrate into the rivers from early summer to late fall in 

preparation for spawning, which typically takes place between October and 

November.  Adult fish that enter the river spend much of their time in deep 

pools. Once the water is cool enough (i.e. < 5oC) (Fleming 1996) the adults 

congregate over cobble and gravel riffles and runs. The female salmon use 

their bodies and tails to lift the substrate into the current, building oval- 

shaped nests called redds that may be a half metre deep and a metre long.  

During spawning, the eggs are fertilized by her male migratory escorts, 

although a proportion of the eggs with estimates ranging from 5-40% (Fleming 

1996), are fertilized by precocious male parr.  After fertilization the female 

buries the eggs and leaves them incubating through the winter. 

 

The eggs remain buried, aerated by the cold water seeping between the 

interstitial spaces in the substrate until spring, when the eggs hatch. The 

alevins remain in the substrate, feeding off of their yolk sac until it is 

depleted, then emerge from their redd and disperse.  Dispersal distance 

varies depending upon availability of nursery habitat. The first alevin take 

residence nearby or just downstream of the redd and the subsequent fish fill 

niches not already occupied (Bardonnet and Bagliniere 2000). As the spring 

progresses the alevins completely absorb their yolk sac and become known 

as fry. These young-of-the-year fish grow to sizes up to 100mm by the end 
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of the first growing season (Scott and Crossman, 1998).  The fish vie for 

refuge from the ice, warm blooded predators (such as mink, otter, and 

various piscivorous birds), and the currents that require precious energy and 

resources to maintain position during the long winter months.  It has been 

suggested that salmon require substrate sizes that are proportional to their 

total length (Rimmer et al. 1984; Cunjak 1996). Therefore, winter habitat is 

not a limiting factor on production for juvenile salmon during the first winter in 

the river. During the second growing season the parr continue to add length 

and weight, defending their territories during optimal conditions and 

congregating at thermal refugia during warm water spells and droughts 

(Breau et al. 2007). 

 

Salmon parr typically reside in rivers for 2 to 4 years before emigrating as 

smolts in the spring.  However, in some European rivers smoltification can 

occur at age 1, and in many northern latitude rivers parr remain for as many 

as 8 years before migrating (Power 1969, Saunders & Schom 1985). In some 

rivers a “pre-smolt” downstream movement occurs in the fall (Cunjak et al. 

1998; Bjornn and Morrill 1972). Youngson and McLaren (1998) suggested 

that it is during the “pre-smolt” stage that salmon imprint on the surroundings 

to guide them back “within a 10 km reach” during their return from the ocean.  

Prior to migrating in the spring, the parr markings which were so effective as 

camouflage against the rocky river bottom fade,  the tips of the fins of the 

salmon turn black and its body colouration changes as dark scales are shed 

and replaced by silver scales in preparation for open water pelagic sea life 
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(Hoar 1988, McCormick et al. 1998).  In addition to the colour changes, the 

fish must complete the physiological transition from salt acquisition to salt 

excretion. The smolt migration is cued primarily by the physiological 

condition of the individual fish (increased length and decreased condition 

factor) and by several environmental factors that, according to McCormick et 

al. (1998) combine to form a “smolt window” during which the migration 

occurs. 

 

1.3 Atlantic salmon biology – juvenile requirements 

As a parr ages and grows it will seek cover that at least shelters its entire 

length to avoid detection by predators (Rimmer et al. 1968; Cunjak 1996). 

This habitat requirement is why a substrate bottleneck is theorized to occur 

in many salmon rivers (Heggenes et al. 1999; Cunjak 1996; Cunjak et al. 

1998; Armstrong et al. 2003). While sections of river may provide excellent 

nursery habitat for fry, it may not provide suitable rearing habitat for large 

parr if large substrate are in short supply; thus emigration of pre-smolt parr 

can occur. According to Bjornn and Morrill (1972) chinook salmon 

(Oncorhynchus tshawytscha) and steelhead trout (Oncorhynchus mykiss) 

migrating downstream in the fall ceased moving when placed in channels 

with large rock piles (which contained interstitial spaces used in winter), but 

continued moving downstream when placed in channels without the rock 

piles. Bjornn and Reiser (1991) and Riddell and Leggett (1981)  suggested 

that a pre-smolt movement occurs as fish seek better overwintering habitat in 

main stem rivers where water is generally slower, deeper and less affected 
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by anchor ice.  In rivers where severe winters occur juvenile salmon will 

shelter under rocks or in interstices between rocks (Rimmer et al. 1983; 

Cunjak et al. 1998); this occurs primarily in the daytime to avoid detection by 

predators (Heggenes and Dokk  2001). When boulder and large cobble 

which would provide interstitial space is limited, larger parr may move, 

seeking areas of deeper water or coarser substratum (Riddell and Leggett 

1981; Cunjak et al. 1998). In extreme environments when ice completely 

covers the surface of the river and limits mammalian and avian predators, 

salmon parr will use habitat that otherwise does not provide adequate cover 

(Linnansaari et al. 2010). 

 

Reports of rearing habitat used by Atlantic salmon parr varies between 

seasons and size class (Table 1.1).  In their 2000 review of Atlantic salmon 

habitat, Bardonett and Bagliniere wrote that parr preferred shallow to 

intermediate depths (20-70cm), relatively high water velocities (10-60cm/s), 

and cobble substrate. Smaller parr were generally found towards the lower 

range of these values. However, they noted that only in the presence of 

competition and during severe winter conditions did the difference between 

small and large parr habitat selection become apparent.  During these 

instances substrate size and water depth can increase while velocity can 

decrease proportionately with age class (Armstrong et al. 2003; Rimmer et 

al. 1984; Cunjak 1996). Dominant fish will reside in faster water than less 

dominant fish to be in better proximity to the food that the water carries 

(Fausch 1984).  Rimmer et al. (1984) and Morantz et al. (1987) noted that 
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larger parr preferred faster velocities than small parr, probably to maximize 

food capture. 

 

Since the range of utilized habitats varies so much between life stages, it is 

clear that the “most obvious advice is to maintain habitat complexity” 

(Cunjak 1996). Complexity of substrate habitat provides a variety of sizes 

of interstitial spaces at a variety of depths, velocities and at a variety of 

distances from the thalweg. Additionally, increasing heterogeneity of the 

substrate can increase visual isolation from other fishes (Grant et al.1998; 

Imre et al. 2002), and thus could decrease defended territory size which 

could increase the carrying capacity of the reach. 

 

1.4 Habitat enhancement history 

 
When the amount of suitable habitat has been determined to be contributing 

to the declining fisheries, researchers and managers have attempted 

mitigating those factors by enhancing or rehabilitating the habitat (White 

1996).  Previous in-stream fish habitat enhancement work had variable goals, 

accomplishments and failures (O’Grady 2000; White 1996, van Zyll de Jong 

et al. 1997). Typical efforts have attempted to increase density or abundance 

of salmonids (Ward et al. 2003, Gowan and Fausch 1996; Yrjana 1997; 

Mitchell et al. 1998; van Zyll de Jong et al. 1997), to rehabilitate channelized 

and straightened salmonid rivers (Hendry et al. 2003; Gargan et al. 2009; van 

Zyll de Jong et al. 1997), and to increase macroinvertebrates and flora or 
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capture and retain organic matter (all of which fall under food or food creating 

mechanisms for salmonids) (Negishi and Richardson 2003).  Density of all 

fishes and the carrying capacity of a water body are closely related to the 

amount of suitable habitat. In the case of the freshwater parr life stage of 

Atlantic salmon the amount of suitable rearing habitat is often the bottleneck 

to freshwater production of salmon.  By increasing the amount of habitat the 

predicted response is an increased probability of more returning adults (Ward 

1997). Cowx and Van Zyll de Jong (2004) suggested steps for the 

rehabilitation of fisheries that included attention to bottlenecks in the life cycle 

of fish species from the point of view of the habitat. 

 

In-stream habitat enhancement projects aimed at increasing density and/or 

abundance in salmonids range in scale from work done in steep, high 

elevation streams (Gowan and Fausch 1996, Riley and Fausch 1995, Roni 

and Quinn 2001) to work done in large, gently sloped rivers (Gilbert 1978).  

One method of in-stream habitat enhancement involves boulder clusters 

placed mid-stream in various size streams and rivers. Huusko and Yrjana 

(1997) were able to sustain a larger trout population in a Finnish river by 

placing boulder clusters in an effort to increase the substrate heterogeneity of 

the river.  Their efforts to increase the complexity of the river were designed to 

create habitat during all seasons at all flow regimes for all cohorts of brown 

trout. Van Zyll de Jong et al. (1997) placed several types of enhancement 

structures in Newfoundland rivers to distinguish habitat preferences of 
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juvenile Atlantic salmon; boulder clusters proved to be the most effective 

structure as density of age-1 parr increased from 0.1 per m2 to nearly 0.5 per 

m2 two years after treatment.  Boulder clusters also have been observed 

“funneling” drift of macro-invertebrate food sources near the structures 

(Mitchell et al. 1998). 

 

Not all attempts at in-stream habitat enhancement have been successful.  

Much of the blame for this can be placed on the scientists’ preparation for the 

elements.  However,  there is variation in success between projects and even 

within projects (Roni and Quinn 2001). 

 

1.5 Salmon and habitat characteristics in the Little Main Restigouche 

River 

Juvenile salmon abundance varies in the Restigouche River and its 

tributaries. The Department of Fisheries and Oceans  electrofishing surveys 

conducted between 1972 - 2005 indicated that although the Little Main 

Restigouche River (LMR) had similar densities of young-of-the-year (YOY 

or 0+) juvenile salmon, it had lower densities of parr (both 1+ and 2+ age 

salmon) than other major tributaries and the main stem of the Restigouche 

River (Figure 1.1).  Additionally, J.D. Irving, Ltd (JDI) electrofishing surveys 

conducted between 2000 and 2004 and DFO surveys conducted between 

1972 - 1986 and 1998 – 2005, detected a trend that a long section 

(approximately 20 km) of the LMR had lower densities of parr and “pre-
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smolts” than the adjacent Gounamitz River, and other sections of the LMR 

(Fig 1.2) (J.D. Irving, Limited 2005). 

 

According to Chaput et al. (2004) the “unexpected” lower productivity in the 

LMR could be attributed to several factors including extensive outmigration of 

one-year old parr in the spring, and a fall emigration of pre-smolts. The study, 

however, was not able to determine the reason(s) underlying outmigrations, 

and whether the Goumamitz River differed from the main stem of the LMR. 

The Little Main Restigouche River smolts average 13 - 14 cm in length and 

are typically 3-year old.  Additionally, there is a large component (about 66% 

of the run) of 1-year old parr migrating out of the LMR and presumably into 

the main stem of the Restigouche River (Chaput et al. 2004). These smaller 

fish are hypothesized to be migrating out of the LMR as a response to 

insufficient habitat and/or a pre- smolt movement using the spring freshet as a 

vehicle to move closer to the ocean in preparation for an eventual smolt 

migration.  Studies of the Atlantic salmon smolt migration have been made on 

the main stem Restigouche River and its major tributaries (Chaput et al., 

2004; Peppar, 1982). These studies did not, however, tease apart the 

characteristics of the fall movement, nor did they distinguish between the 

specific sub-basins such as the Gounamitz and upper Little Main Restigouche 

Rivers.  Following a study of juvenile Atlantic salmon in Clearwater Brook in 

New Brunswick, Mathews (2006) speculated that a large parr movement 

occurs in the autumn, possibly because of increased overwinter survival 
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between the fry and parr life stages. 

 

One hypothesis is that the limiting factor in parr and pre-smolt production 

may be lack of coarse substrate in the aforementioned 20 km stretch in the 

LMR.  The Gounamitz River may have a higher density of parr due to the 

coarser and more heterogeneous nature of the substrate.  Substrate 

surveys conducted by JDI in 2003-2004 support the hypothesis; the 

substrate in the Gounamitz is 57% boulder, rock and cobble (1%, 19% and 

37% accordingly) versus 42% boulder, rock and cobble (0%, 8% and 34% 

accordingly) in the LMR (Figures 1.3 and 1.4) (J.D. Irving, Ltd, 2005). 

 

1.6 The NSERC - CRD project 

The purpose of the joint University of New Brunswick (UNB) and JDI project 

funded by the Natural Sciences and Engineering Research Council 

Cooperative Research and Development (NSERC-CRD) grant is to optimize 

juvenile Atlantic salmon smolt production by enhancing portions of the LMR 

that has small and homogenous substrate. A Master’s thesis project was 

initiated in 2003 to determine a method to enhance a 20 km reach of the LMR.  

After a thorough literature review Gallant (2006) chose to place boulder 

clusters throughout the cross-sectional area of the LMR in three locations. 

During 2004/2005, hydraulics, substrate composition and cross-sectional 

areas were measured in the three proposed enhancement sites, one control 

site (also in the LMR) and one reference site (in the Gounamitz River which 

held both larger substrate and higher densities of parr).  A laboratory flume 
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study helped to determine the best design of the individual boulder clusters, 

as well as the structure of the clusters at each site. During late August 2005 

over 300 boulder clusters were set in place. 

 

During spring 2005, my research was initiated in the LMR and Gounamitz 

Rivers with these specific objectives:  

1) To assess the quality of habitat at enhanced sites and assess the 

change relative to pre-enhancement, control and reference sites.  It was 

predicted that enhancement site substrate would be more heterogeneous 

than pre- enhancement site substrate. It was predicted that enhancement 

site substrate would be comparable to reference site substrate. 

2) To assess the response of age 1+ and age 2+ (large parr) density at 

enhanced sites relative to pre-enhanced sites, control sites and reference 

sites. It was predicted that large parr density and abundance would increase 

at enhancement sites as compared to pre-enhancement sites and control 

sites, and that enhancement site density and abundance would compare 

similarly to reference sites. 

3) To assess the emigration of Passive Integrated Transponder (PIT) 

tagged fish and Visible Implant Elastomer (VIE) marked fish at enhanced 

sites relative to emigration at control and reference sites. With a large 

number of PIT and VIE tagged fish it should be possible to track movement 

between sites. Specifically, it was predicted that fish from control sites 

would be found more commonly at enhancement sites, and that tagged fish 

would remain in enhancement sites in greater proportions than at control 
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sites, and in similar proportions to reference sites. 

 

1.7 Thesis overview 

The main components of my thesis are covered in Chapter 2, which 

discusses the response of juvenile salmon density two years post-treatment 

relative to control and reference sites.  Chapter 2 also discusses PIT tagged 

and VIE marked fish retention and PIT tag tracking at the three 

enhancement sites and how these compare to retention and tracking of 

salmon at control and reference sites. 

 

One year after installation many of the boulder clusters shifted following high 

water events during the winter and spring of 2005/2006.  Chapter 3 discusses 

the method of ranking derived from the opportunity to group clusters in order 

to predict juvenile salmon utilization. 

 

Chapter 4 provides a summary of the thesis project, management 

implications of boulder cluster enhancement and future research 

suggestions using the boulder cluster ranking system. 
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Table 1.1 A summary of habitat characteristics for juvenile Atlantic salmon from selected 
 

references (modified from Amiro 2006). Life Stage: Age-1 Parr (except where noted) 

 
 

 

 
Reference 

 

 
Water depth 

 

 
Velocity (cm/s) 

 
Substrate 

composition 

 

Cover or home 
stone diameter 

(cm) 

Armstrong et al. 
(2003) 
Maki-Petays et 
al. (2002) 
Roussel et al. 
(2004) 

 
 

25-65 
 

20-30 early 
winter, 60 late 
winter (age-1 
and age-2 parr). 

 
 
20-80 

Cobble to boulder 
 
Cobble to boulder 
 
20-30 cm early 
winter, 
>40 cm late 
winter (age-1 and 
age-2 parr) 
 
 

 

 
Rimmer et al. 
(1984) 

 
24-36 (age-1 
and age-2 
parr). 

 
*29.3 summer, 
<10 autumn (age- 
1 parr); summer 
30-50, winter<10 
(age- 
2 parr). 

  
*<20 summer, *20.9 
autumn (home 
stone of age-1 parr); 
summer *6.4, autumn 
*24.4 (home stone of 
age-2 parr) 

Cunjak (1988) 40-50 38-46  17-23 (home) 

 

Coulombe- 
Pontbriand and 
Lapointe (2004) 

  
 

Boulder  

Range 20-65 <10 - 80 cobble to boulder <20 - *24.4 

* = mean value +/- Standard Deviation where available.
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Figure 1.1 Annual densities of juvenile Atlantic salmon based on electrofishing results of 
age-1 and age-2 parr for the period 1972 through 2005 in the Restigouche River and its 
major tributaries. Little Main refers to Little Main Restigouche River including the 
Gounamitz and Little Main Restigouche headwater reaches in this paper. Main Stem 
refers to the Main stem of the Restigouche River which begins at the confluence of the 
Little Main Restigouche River and the Kedgwick River. (Courtesy of the Canadian 
Department of Fisheries and Oceans). 
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Figure 1.2 Densities of juvenile Atlantic salmon parr based on electrofishing of age-1 
and age-2 parr results during the period 2000 through 2004 in the Little Main 
Restigouche and Gounamitz Rivers in New Brunswick. Modified from JD Irving, 
Limited. 2005. 
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Figure 1. 3 Percentages of substrate composition in the Gounamitz River 
based on surveys conducted in 2003-2004 (courtesy J.D. Irving, Limited). 
 

 
 

                     
    

Figure 1.4 Percentages of substrate in the Little Main Restigouche River based on 
surveys conducted in 2003-2004 (courtesy of J.D. Irving, Limited). 
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2 The response of Atlantic salmon parr to boulder enhancement in the 

 
Little Main Restigouche River, New Brunswick 

 
 
 
 
2.1  Abstract 

 
Boulder clusters were placed at three sites with small, homogeneous 

substrate in the Little Main Restigouche River in northern New Brunswick, 

Canada, in late summer 2005 to improve the rearing habitat for pre-smolt 

Atlantic salmon. Population estimates were conducted at treatment, control 

and reference sites between 2005-2007 prior to treatment and for two years 

following treatment to compare response of salmon parr.  Fish were marked 

with Visible Implant Elastomer (VIE) and Passive Integrated Transponder 

(PIT) tags to assess emigration from and immigration into treatment sites.  

Age-2 parr density increased at enhancement sites following treatment. VIE 

and PIT recapture rates were too low to assess movement in or out of 

treatment reaches.  More sites and/or more years of sampling are 

necessary to determine boulder cluster effect in relation to control and 

reference sites, although trends in mean density at treatment sites suggests 

boulder clusters are effective at increasing large parr density. 

 
2.2 Introduction 

 
Cold, clear unpolluted rivers and streams are associated with salmonid 

habitat. While those waters are still abundant they are becoming the 

focus of attention following decades of anthropogenic disturbance and 

global climate change (Holliday 2003).  In conjunction with attention to 
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rivers is the attention given to declining salmonid production worldwide, in 

particular the decline of wild Atlantic salmon (Salmon salar) (Parrish et al. 

1998). This decline is not fully understood, although overexploitation of 

the resource and poor post-smolt survival at sea are likely causes (WWF 

2001; Holliday 2003; Friedland et al. 2000). 

 

Many efforts are directed at increasing smolt production with the intent to 

maximize freshwater production. Ward (1997) stated that “techniques that 

improve the quality and quantity of rearing habitat at this (parr) life stage 

should result in increased returns of adults.” Many salmon rivers in North 

America have witnessed the homogenization of substrate following poor 

forestry and agriculture practices (Cunjak 1996; Solbe 2003; White 2008).  

Van Zyll de Jong et al. (1997) cited channelization and boulder removal for 

the purpose of floating pulpwood downstream as a primary cause of 

homogeneity of substrate and the associated low densities of Atlantic 

salmon in a river in Newfoundland.  Cunjak (1996) discussed the effects of 

land use activity on winter habitat with an emphasis on salmonids.  He cited 

loss of habitat complexity due to introduction of fine sediments from clear 

cuts and agriculture as a major reason for reduced freshwater productivity.  

Skille (1991) related interstitial space (the space between rocks large 

enough to provide refuge to juvenile fishes) to cutthroat trout (Salmo clarki) 

densities and found that densities decreased where interstitial spaces had 

been filled by sediments from road runoff and extensive timber harvest. 

Bjornn et al. (1977) conducted a study where juvenile coho salmon 
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(Oncorhynchus kisutch) and steelhead trout (Oncorhynchus mykiss) were 

gradually exposed to sediment and observed lower densities of those 

species in winter and summer as fine sediments embedded boulders and 

cobble.  Cunjak (1996) stated that during winter several species, including 

Atlantic salmon, “prefer sheltering beneath rubble-boulder where rock 

diameter is often directly proportional to the size of the fish beneath”. The 

infilling of interstitial space or removal of boulder and cobble deleteriously 

affect the production of parr, particularly large parr/pre-smolt life stages.  In 

two rivers in eastern Quebec, Atlantic salmon parr abundance, measured at 

the reach scale (1-5 km), was correlated to boulder abundance with the 

strongest association found in the Bonaventure River, where boulder-rich 

reaches were common throughout compared with the Petite Cascapedia 

River where boulder-rich reaches occurred infrequently (Coulombe-

Pontbriand and Lapointe 2004). The authors concluded that “in rivers with 

severe winter(s)… occasional boulder-rich channel units may be necessary 

to support high parr abundances in boulder-poor valley segments…” 

Substrate coarseness is one of many factors that affect juvenile Atlantic 

salmon production (Armstrong et al. 2003), and the lack of coarse substrate 

may be a limiting factor for smolt production. 

 

Juvenile salmonids, including anadromous salmonids, reside in streams 

in numerous cohorts, many of which have differing velocity, depth, and 

substrate preferences (Bjornn and Reiser 1991; Armstrong et al. 2003; 

Bardonnet and Bagliniere 2000). Since they typically grow from egg to 
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smolt in 1-5 years they must transition from one range of habitat 

characteristics into another (Table 2.1). Thus, diversity and 

heterogeneity of habitat are a requisite for smolt production in a system.  

Rivers and streams where a habitat bottleneck to fish production is 

identified are often the focus of fish habitat enhancement projects 

 

Freshwater fish habitat enhancement has a long and storied history in 

North America (White 2002), particularly for the restoration and 

rehabilitation of salmonids (Duff et al. 1995; Orth and White 1999; Hunt 

1988).  Habitat enhancement project objectives and methods are diverse; 

ranging from efforts to increase fish densities, efforts to promote macro-

invertebrate growth, and efforts to rehabilitate channelized rivers through 

the construction of meanders, riffles and pools (Roni and Quinn 2001; 

Negishi and Richardson 2003; O’Grady 1993; Newbury and Gaboury 1993; 

Riley and Fausch 1995). These projects have all attempted to mitigate the 

precipitous declines in salmonid abundance through active management. 

 

The placement of in-stream structures is one method of enhancement that 

has occurred throughout the range of salmonids. The technique is meant to 

increase the habitat heterogeneity of target streams and rivers where 

channelization, straightening, siltation and general homogeneity have often 

occurred (Fischenich and Seal 1999). Boulder clusters have been used 

successfully to increase density of Pacific anadromous salmonids. House 

(1996) reported significantly higher density and biomass of coho salmon 
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and anadromous cutthroat trout in a coastal Oregon stream, and Ward and 

Slaney (1981) significantly increased juvenile steelhead densities using 

boulder clusters in the Keogh River.  Juvenile Atlantic salmon densities 

increased in a Newfoundland stream where boulder clusters were the most 

successful of the three types of enhancement structures tested by Van Zyll 

de Jong et al. (1997). Gilbert (1978) conducted a large scale boulder 

enhancement project in the Tracadie River, New Brunswick, and found that 

juvenile Atlantic salmon densities greatly increased within three years 

before eventual sedimentation and burying of the boulders occurred. 

 

The Little Main Restigouche River (LMR) and its tributary, the Gounamitz 

River, in northern New Brunswick are ideal research rivers for a study aimed 

at assessing the effectiveness of fish habitat enhancement.  Both rivers have 

been surveyed by the principal landowner (J.D. Irving, Limited) and the LMR 

has a long boulder- poor segment which carries high densities of young-of-

the-year Atlantic salmon (fry) but low densities of older juveniles (parr).  J.D. 

Irving, Limited (2005) biologists noted that a 20 km reach of the LMR had 

unusually low densities of age 1+ and 2+ Atlantic salmon parr relative to 

those of salmon fry (0+), and related the scarcity of large parr to the lack of 

coarse substrate. The LMR above its confluence with the Gounamitz River 

is dominated by homogenous thin substrate particle sizes reflecting the 

thinly layered friable metamorphic bedrock (Potter et al. 1979). Rotary screw 

trap sampling 1 km downstream of the confluence of the LMR and 

Gounamitz rivers in the autumn and spring between 2003 and 2005 



31  

indicated a large migration of juvenile Atlantic salmon, predominantly age 1+ 

parr (Chaput et al. 2004). This migration might be a response to inadequate 

winter habitat, similar to the situation encountered by Cunjak and Randall 

(1993) in three streams in eastern Canada where pre-smolts and parr were 

observed migrating during autumn and early winter. 

 

During summer 2005, Gallant (2006) managed the installation of > 300 

boulder clusters at three locations in the LMR. The final design and 

arrangement of the boulder clusters in the LMR was based on hydraulic 

modeling results and boulder cluster guidelines identified in previous 

projects (Rundquist and Baldridge 1990, Ward 1997, FISRWG 1998, 

Fischenich and Seal 1999, Saldi- Caromile et al. 2004). The research 

project was unique in its hydro-engineered approach to the design and 

construction of the habitat enhancement structures, and in its attempt to 

assess the biological response to the enhancement by measuring juvenile 

Atlantic salmon density and retention in the enhanced sites. Additionally, 

enhancement sites were also compared to sites with homogeneous 

substrate similar to enhancement sites prior to treatment (control sites) and 

compared to sites with heterogeneous substrate with optimum habitat and 

density of juvenile Atlantic salmon (reference sites). 

 

To evaluate the degree of attraction to, and retention of, the boulder 

clusters by juvenile Atlantic salmon, both spatially and temporally, a 

method of marking and tracking them over time was necessary.  Riley and 
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Fausch (1995) concluded that emigration rates of individually marked 

brook (Salvelinus fontinalis), brown (Salmo trutta) and rainbow trout 

(Oncorhynchus mykiss) were high before and after treating 6 mountain 

streams using log drop structures. To my knowledge, there is no such 

research focused on the response of juvenile Atlantic salmon to boulder 

cluster habitat enhancement. 

 

Passive Integrated Transponder (PIT) tags are glass encapsulated 

individually coded numeric microchips.  Their small size, durability, 

longevity and low cost make them an ideal fit for studying fish behaviour 

and movement (Barbin- Zydlewski et al. 2001; Roussel et al. 2000; 

Cucherousset et al. 2005; Mathews 2006).  Recent developments have 

allowed researchers to track the PIT-tagged fish, including Atlantic 

salmon, using backpack mounted units with hoop antennae (Roussel et 

al. 2000; Linnansaari et al. 2008).  Visible Implanted Elastomer (VIE) 

tags are coloured fluids that can be injected under the skin of fish, 

including fish too small to insert PIT tags.  Numerous species of fish have 

been marked, and the longevity and visibility of the tag in salmonids is 

well documented (Olsen et al. 2001; Josephson et al. 2008). 

 

2.3 Research Objectives 

The general objective was to evaluate the juvenile Atlantic salmon 

response to the boulder cluster enhancements.  Specific objectives were: 

1) To assess the quality of habitat at enhanced sites and assess the change 
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relative to pre-enhancement, control and reference sites.  It was predicted 

thatenhancement site substrate would be more heterogeneous than pre- 

enhancement site substrate. It was predicted that enhancement site substrate 

would be comparable to reference site substrate. 

2) To assess the response of age 1+ and age 2+ (large parr) density at 

enhanced sites relative to pre-enhanced sites, control sites and reference 

sites. It was predicted that large parr density and abundance would increase 

at enhancement sites as compared to pre-enhancement sites and control 

sites, and that enhancement site density and abundance would compare 

similarly to reference sites. 

3) To assess the emigration of PIT tagged fish and VIE marked fish at 

enhanced sites relative to emigration at control and reference sites. With a 

large number of PIT and VIE tagged fish it should be possible to track 

movement between sites. Specifically, it was predicted that fish from control 

sites would be found more commonly at enhancement sites, and that 

tagged fish would remain in enhancement sites in greater proportions than 

at control sites, and in similar proportions to reference sites. 

 

2.4 Study Area 

The Gounamitz River (47° 32’ N; 67° 48’ W) is a 4th order river in north 

western New Brunswick, Canada (Fig. 2.1). The shallower gradient and 

less-coarse headwaters of the LMR (47° 25’ N; 67° 48’ W) is a 4th order 

river upstream of its confluence with the Gounamitz River.  Together they 

are both major tributaries of the Restigouche River, a gently sloping, large 
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7th order river that flows 108 km to its mouth in the Bay of Chaleur (NB 

Aquatic Data Warehouse). The LMR has a drainage area of 473 km2 and 

a valley slope of 0.24%. The Gounamitz River has a drainage area of 457 

km2 and a valley slope of 0.43% (New Brunswick Aquatic Data 

Warehouse; Gallant 2006). In midsummer, mean daily water 

temperatures rarely exceed 20° C and chemical water properties of both 

rivers are within parameters suitable for salmon production (Table 2.2). 

 

The Restigouche River basin remains in a largely natural state, with low 

human population density and no main stem dams. Most of the forested 

land within the Gounamitz River and LMR drainage areas is privately owned 

by JD Irving, Limited (JDI) and the remainder of the drainage is owned by the 

province of New Brunswick (crown land) and leased to forest land 

management corporations (>90% of the LMR headwater drainage and 

roughly 50% of the Gounamitz River drainage are owned by JDI) (New 

Brunswick Aquatic Data Warehouse).  Access within the privately owned 

land is regulated so angling pressure is light.  Most of the fishing activity 

takes place at the private fishing camp at Boston Brook Lodge situated 1 km 

downstream of the confluence of the LMR and Gounamitz River (Fig. 2.1). 

Anthropogenic disturbances are mostly in the form of forest harvesting. 

Roughly 50% of the JDI owned lands is softwood plantation crops of black 

spruce, white spruce and jack pine (Pinus spp.). The rest is naturally 

regenerating hardwood species (sugar and red maple – Acer spp., yellow 
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and white birch – Betula spp., aspen – Populus spp., ash – Fraxinus spp., 

and cherry – Prunus spp.) and softwood species (spruce, balsam fir – Abies 

alleghaniensis, eastern white cedar – Thuja occidentalis, tamarack – Larix 

laricina, red and white pine – Pinus spp., and eastern hemlock – Tsuga 

canadensis).  Riparian corridors are well-respected (15 to 30 metres along 

the main stem), and mature aspen, black ash, cedar, hemlock, spruce and fir 

are found throughout the study area.  Much of the riverside is overgrown with 

alder (Alnus glutinosa) and beaked hazelnut (Corylus avellana) except where 

bank erosion or beaver (Castor canadensis) browse occurs. 

 

Fishes present in the LMR include diadromous species; both wild and 

hatchery reared Atlantic salmon (Salmo salar), resident and sea-run brook 

trout (Salvelinus fontinalis), round whitefish (Prosopium cylindraceum), 

American eel (Anquilla rostrata) and sea lamprey (Petromyzon marinus).  

Potamodromous species include black-nose and northern red-belly dace 

(Rhinichthys atratulus and Chrosomus eos, respectively), white and long-

nose sucker (Catostomus commersoni and Catostomus catostomus), 

stickleback (Gasterosteus spp.), and the ubiquitous slimy sculpin (Cottus 

cognatus). 

 

The geology of the study area is largely of Ordovician, Silurian and 

Devonian ages. The northern portion of the LMR and Gounamitz 

headwaters are of Devonian age and are primarily shale, sandstone 

and limestone (Potter et al. 1979). An approximately 5 km wide band of 
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easily erodible Silurian slate, greywacke and sandstone begins 5 km 

north of the Camp 5 bend and continues easterly to 5 km north of the 

Gounamitz and LMR confluence.  One finger of the slate bends south to 

form the bedrock underlying the course of the river for approximately 7 

km in the middle of the homogeneous stretch between Camp 5 and the 

Gounamitz River- LMR confluence. 

 

For the purposes of this project a total of 9 sites were surveyed and 

sampled for substrate and/or fish density.  Six sites were in the LMR. 

These sites were chosen because of their small, homogeneous substrate 

and, where possible, because of their previous fish sampling history.  Skin 

Gulch, Macintosh and Straight Reach sites (Fig. 2.1) were selected by 

Gallant (2006) as enhancement sites which would be treated with boulder 

clusters.  Old Lodge and Rocky Brook were selected as control sites which 

were similar in substrate to the pre- enhancement sites.  A third control 

site, named “New Control Reach” was selected in 2007 to balance the 

number of treatment and control sites. Two reference sites, Camp 10 and 

Ice Bridge were located in the Gounamitz River. These sites were chosen 

due to their coarse and heterogeneous substrate and, where possible, 

because of their previous sampling history.  A third reference site, named 

“New Reference Reach” was selected in 2007 to balance the number of 

treatment and reference sites. 

 

Boston Brook Lodge (Fig.  2.1) has been a base of operations for Atlantic 
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salmon and brook trout research and management since the early 1990’s. A 

fish counting fence was operated between 1995 and 2005 and traps set to 

capture out-migrating smolts; operation of rotary screw traps was conducted 

between 2002 and 2007. An Atlantic salmon fry satellite rearing facility is 

based at the Lodge, with water from Boston Brook, a tributary to the LMR 1 

km below the confluence of the LMR and Gounamitz Rivers.  Annual 

electrofishing surveys have been carried out by Department of Fisheries and 

Oceans (DFO) personnel in the LMR at Boston Brook Lodge, Macintosh 

Brook and Camp 5 and in the Gounamitz River at Camp 10 (Fig. 2.1). 

Additional electrofishing survey sites were sampled by JDI personnel 

annually beginning in 2000. By 2002, four sites were sampled annually; 

Camp 10 and the Ice Bridge in the Gounamitz River, and Macintosh and 

Skin Gulch sites in the LMR. 

 

Gallant (2006) designed and managed the construction of the three 

enhancement sites situated in the LMR in the 20 kilometre segment of 

homogenous substrate between the confluence of the LMR and the 

Gounamitz River and the right angle turn at Camp 5 (Fig. 2.1) (Table 2.3). 

 

2.5 Methods 

 

2.5.1 Substrate surveys 

Substrate surveys were conducted at all nine sites between 2005 and 

2007. Enhancement sites were surveyed twice, immediately prior to 
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placement of boulder clusters (July 2005) and again one year after the 

placement of boulder clusters (summer of 2006).  One enhancement site 

(Straight Reach) was not surveyed in 2005 due to high water during the 

sampling period.  Reference and control sites were surveyed once during 

the summers of 2006 and 2007.  One site was sampled twice (reference 

site “Ice Bridge”) to determine if any changes occurred between 2006 and 

2007. The substrate sample assessment was modified from Skilles’ 

(1990) Interstitial Space Index (ISI) to; 1) compensate for the abundance 

of small, flat stones which comprised much of the substrate in the LMR 

and 2) account for the large boulders that were part of the boulder 

clusters. The Area Interstitial Space Index (AISI) created a more realistic 

account of the refuge provided by the addition of large rock to the reach, 

accounting for the area, rather than the vertical height of the unembedded 

rock. 

 

Each site (2 pre-enhancement, 3 post-enhancement, 3 control and 3 

reference) (Figure 2.1) was delineated and divided into a grid (using 10 m 

increments along the length of the river and 10 m increments across the 

river), and each intersection was given a number designation. Sample 

points were randomly selected with a calculator.  At each sample point a 

0.25m2 steel “hoop” was placed on the substrate. Within the hoop the 

largest 30 rocks were selected and five measurements made: the total 

height (vertical dimension) of the rock (Dt), the embedded depth of the rock 

(De), and X, Y, and Z dimensions of the rock. The height (m) of rock 
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exposed vertically from the river bottom (Dt – De) was calculated using a 

rock scaler (Atkinson et al. 2004). If 30 rocks were not available (for 

instance; when the grid landed on a boulder cluster) measurements were 

taken on every exposed rock that was inside the grid.  Measurements were 

taken of a rock only if > 50% of its exposed surface area was inside the 

grid. Area Interstitial Space Index (AISI) was calculated using a 

modification of the Interstitial Space Index (ISI) formula (Equation 1), as 

described in Skille (1991). 

 

Equation 1. 

Modified AISI = Σ((Dt-De)* L)/a (1) 

 

where Dt = the total height of the rock, measured in metres 

De = the embedded height of the rock, measured in metres. 

L = the length of the face of the rock being measured parallel 

 to the substrate floor and, perpendicular to the height of 

 the rock, measured in metres. 

a = the area of the sample hoop in m2. 

 

Ten AISI sample values were collected at each of two pre-enhancement 

sites, three enhancement sites, three control sites, and three reference 

sites (110 values in total).  The average per site was calculated (11 site 

AISI values), as well as the average per site type (4 site type AISI 

values; pre-enhancement, post-enhancement, control and reference site 
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types) (Table 2.6). 

 

2.5.2 Electrofishing and tagging 

Fish were captured from sample areas using Smith-Root LR24 backpack 

electrofishers and Pollet lip seines (as described in Elson 1962). Electrofish 

sampling was carried out at the three enhancement sites (Straight Reach, 

Macintosh and Skin Gulch), the original two control sites (Rocky Brook and 

Old Lodge) and the original three reference sites (Camp 5, Camp 10 and Ice 

Bridge) in July 2005, one month prior to enhancement. The crew consisted of 

one person wearing the backpack shocker, two persons handling the ends of 

the lip seine, and a fourth person carrying a net and a bucket. Data from one 

reference site (Camp 5) was discarded as the steepness and bedrock-

confined channel at the site resulted in water velocities too great to 

consistently estimate fish densities. Each of the remaining seven sites was 

subdivided into riffle and run sections separated by 10-150 metres.  Each 

electrofishing section was sampled with three or four passes from one bank 

of the river to the other, covering the entire wetted area of the habitat. The 

area of the electrofishing sections varied from a low of 139 m2 at Rocky 

Brook (control site) to a high of 713 m2 at Straight Reach (enhancement site). 

 

Population and biomass estimates were calculated using 3-pass depletion 

methods (Zippin 1958) except in July 2005, when a single pass was made 

and density and biomass were calculated using Catch Per Unit Effort 

(CPUE) of fish per 500 seconds. An explanation of the work done to 
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correlate CPUE and density estimates is discussed under the “Statistical 

Analysis” subheading in the Methods section. 

 

All Atlantic salmon captured were counted, weighed, measured and, 

dependent upon their length, marked with either Visible Implant Elastomer 

(VIE) or Passive Integrated Transponder (PIT) tags.  All Atlantic salmon 

captured were anaesthetized in clove oil (0.4mL/L water).  During the July 

2005 sampling period, all parr > 84 mm were measured (total length) and 

weighed, and a mid- ventral incision made according to methods described 

in Linnansaari (2008), approximately 20 mm anterior of the pectoral girdle 

and just long enough to implant a 23mm x 3.9 mm PIT tag (Texas 

Instruments TIRIS series 2000: RI- TRP-WRHP) in the body cavity of the 

fish.  Silk braided sutures (Ethicon, 6-0 taper C-1 needle) closed the 

incision. Sutures, scissors to cut the suture thread, scalpel and PIT tags 

were disinfected in isopropyl alcohol between operations. During all 

sampling periods except September 2007 all Atlantic salmon received VIE 

tags (Northwest Marine Technology, Inc.).  The compound was placed in a 

hypodermic needle and injected as a fluid into the one of four body 

locations: adipose tissue of right eye, adipose tissue of left eye, upper 

caudal peduncle and lower caudal peduncle as per Breau et al. 2007. The 

elastomer eventually hardens as a brightly coloured line that can be 

identified upon close examination of the fish.  Unlike a PIT tag, VIE marks 

represent a batch mark for a group of fish, not an individual identifier.  VIE 

marks have been used in a wide range of species, including many 
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salmonids (Breau et al. 2007; Josephson et al. 2008). Tag retention and 

identification is varied over long durations, but a recent study tagging >2,000 

brook trout reported 75-100% retention and identification after >900 days in 

both wild and hatchery fish (Josephson et al. 2008).  For the purpose of this 

project, salmon captured from the same site were all marked with the same 

body tagging combination and colour. 

 

Twenty-four hours prior to boulder cluster placement (24-28 August, 2005) 

attempts were made to remove all fish from the enhancement sites using 

backpack electrofishers and Pollet lip seines. No effort was made to 

determine density, since sampling covered > 3800 m2 of river at each of 

the three sites.  All Atlantic salmon were inspected for VIE (behind eyes 

and on upper and lower caudal peduncle), and PIT (dorsal surface scar) 

tags from the July 2005 sampling, as well as for adipose fin clips 

(indicating hatchery origin); Atlantic salmon > 100mm were scanned with 

a handheld PIT tag receiver.  All unmarked Atlantic salmon were given 

VIE and PIT tags. The exception being, after observing repeated 

mortality (>25%) in fish less than 100mm, PIT tags were implanted only in 

fish > 100mm beginning in August 2005. Also beginning in August 2005, 

juvenile salmon were double-marked with VIE tags.  Previously only one 

tag was given, either behind an eye or on the caudal peduncle. Beginning 

in August 2005 and continuing through to September 2006 all salmon 

were tagged behind either the left or right eye and tagged on either the 

upper or lower caudal peduncle. 
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In late August 2005, during low flow conditions, 308 boulder clusters were 

placed in staggered rows (Fig. 2.2 and Fig. 2.3) spaced roughly 5-10 metres 

apart. 

 

Post-enhancement electrofish sampling commenced in September 2005 to 

assess juvenile Atlantic salmon response to the cluster structures. 

Electrofishing sites were the same as during the July 2005 surveys, although 

enhancement site dimensions were adjusted marginally to ensure that a 

similar number of boulder clusters were sampled at each of the three sites.  

Therefore, two rows of clusters were fished at each site.  Due to high flows in 

September 2005 only three of seven sites were surveyed, and at one of 

those sites (Macintosh) depletion attempts failed in the rising water and 

density estimates were not possible. We inspected all Atlantic salmon 

captured for VIE and PIT tags and adipose fin clips (indicating hatchery 

origin).  All Atlantic salmon > 100mm were scanned with a handheld PIT tag 

receiver. No further electrofishing was possible in autumn 

2005, as water levels stayed high.  Three-pass depletion electrofishing 

surveys continued in summer 2006, autumn 2006 and autumn 2007, 

although in 2007 only five of the seven sites were sampled. 

 

All fish were separated by species; we measured and weighed all Atlantic 

salmon, American eel (Anguilla rostrata) and brook trout, and enumerated all 

other species. Atlantic salmon were separated into three year classes (0+, 

1+ and 2+) determined by plotting length frequency distributions.  A sub-
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sample of scales were collected and aged to verify age assignments.  Slimy 

sculpin (Cottus cognatus), northern redbelly dace (Chrosomus eos), 

blacknose dace (Rhinichthys atratulus), white sucker (Catostomus 

commersoni), three-spine stickleback (Gasterosteus aculeatus), and 

longnose sucker (Catastomus catastomus) were counted. 

 

2.5.3 PIT tracking 

Tracking tagged fish in situ occurred during spring, summer, and fall 2006 

and in early winter 2006/2007 using a backpack-mounted tag detection and 

identification unit (Roussel et al. 2000; Linnansaari et al. 2008).  A 55 cm 

hoop antennae mounted on an 8 foot fibreglass pole was connected to a 

Texas Instruments TIRIS System S-2000 tuner module (TIRIS RI-ACC-008) 

which in turn was connected to a radio frequency identification, half-duplex 

reader module (TIRIS RI-RFM-008) and control module (TIRIS RI-CTL-

MB2A). The system was powered by one 12 volt and one 6 volt 

rechargeable DC lead-acid batteries connected in series. The tuner, reader 

and control modules were housed in a waterproof case, the batteries were 

housed in a second case, and both cases were mounted to an external 

frame backpack. The tuner module was adjusted to maximize the detection 

range of the 134.2 kHz PIT tags.  Connected to the control module was a 

piezoelectric buzzer to sound an alarm when a fish was detected and a palm 

computer (Hewlett Packard HP200LX) to identify any fish detected. When a 

tagged fish was detected, the operator would record the date, time, PIT tag 

identification number and location as determined by the iron pipes 
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delineating the site boundaries.  All sites were tracked in their entirety.  

Areas ranged from 2033 m2 at Rocky Brook (control site) to 7378 m2 at 

Straight Reach (enhancement site).  All sites were tracked in an upstream to 

downstream direction. 

 

2.5.4 Statistical analysis 

Statistical analyses were conducted using Statistica 7 software (Statsoft, 

Incorporated 2004).  Substrate AISI data were analyzed using one-way 

analysis of variance (ANOVA) with type of site as a fixed factor.  

Electrofishing population density estimates were calculated using Zippin 

depletion methods and density estimates attained using Microfish 3.0 

software (Van Deventer and Platts, 1985). To be able to use 2005 

electrofishing data, two plots of log(2006 density estimate (fish per 

100m2)) versus log(2005 CPUE) were made for each age cohort. One 

was a plot of homogeneous substrate (pre-enhancement and control 

sites) and one of heterogeneous substrate (enhancement sites and 

reference sites). The regression equations (r2 = 0.74/0.55, p-value = 

0.028/0.093 for homogeneous sites age-1/age-2 and 0.79/0.76, p-value 

<0.001/<0.001 for heterogenous sites age-1/age-2) were then used to 

estimate a fish density for the July 2005 electrofishing sample (Table 

2.4).  While the CPUE and multiple pass depletion surveys utilized 

different teams and were different methods, a relationship between CPUE 

values and density estimate values for age-0 parr, age-1 parr, and age-2 

parr was determined, particularly for the target size cohorts of age-1 and 
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age-2 “large parr”.  As a result, the CPUE surveys from 2005 were 

transformed into density data and plotted together with data from 2006 

and 2007. 

 

Density and weight of age-0, age-1 and age-2 cohorts were analyzed using 

two- way ANOVAs with type of site (2 levels) and sample dates (4 dates) as 

fixed factors. I actually had three types of sites (enhancement, control and 

reference sites), but these could not be analysed all in one analysis without 

violating the assumption of independence of data. The enhancement and 

control sites are on the same river (LMR), and the reference sites are on the 

nearby Gounamitz.  So, I performed two kinds of ANOVAs: one comparing 

enhancement sites to control sites, and one comparing enhancement sites to 

reference sites .  Results of the three site types were plotted together, with 

fish density on the y-axis and survey date on the x-axis.  Analysis of 

enhancement sites versus references sites was interpreted with caution 

since the replicate sites are segregated. Significant fixed effects were 

further examined using Tukey’s post-hoc tests. Comparisons of density of 

age-0, age-1 and age-2 cohorts between the three enhancement sites were 

analyzed using one-way ANOVA, with site as a fixed factor.  Normality of 

residuals was assessed visually, and homogeneity of variance was 

assessed using Cochran’s test.  All data fit the assumptions of homogeneity 

of variance and normality. 

 

2.6 Results 
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2.6.1 Substrate surveys 

Substrate AISI was significantly larger at enhancement sites following 

treatment with boulder clusters than at control sites (ANOVA, F[1,4] = 8.75, p 

= 0.042). Substrate dimensions (X, Y and Z-axis values) were also largest at 

enhancement sites (averaging 122.5, 77.7 and 35.6 mm, respectively) and 

smallest at control sites (averaging 99.6, 61.4, and 25.0 mm, respectively).  

A significant difference in AISI was not detected between pre-enhancement 

and enhancement site types (ANOVA, F[1,3] = 4.17, p = 0.134), nor between 

enhancement and reference site types (ANOVA, F[1,4] = 4.3, p = 0.179) ( 

Table 2.5).  However, only two pre- enhancement sites were sampled, 

lowering the likelihood of detecting a significant difference. Power analysis 

determined that the minimum detectable difference was 4.47, whereas the 

smallest mean value of AISI was 2.18.  AISI was 200% and 240% higher at 

enhancement sites than at pre-enhancement sites and control sites, 

respectively.  Following enhancement of the three treatment sites all surveys 

indicated larger rocks and increased interstitial space. Mean X, Y and X-axes 

increased 10%, 16% and 55% respectively, from pre- treatment values 

(Table 2.6). The highest AISI values were at Macintosh and Straight Reach 

enhancement sites; lowest AISI values were at New Control site and 

Macintosh pre-enhancement site. 

 

2.6.2 Electrofishing and tagging 

Over 5600 juvenile Atlantic salmon were captured and enumerated during 
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sampling in enhancement, control and reference sites on the LMR and 

Gounamitz Rivers.  For the sample of 8 sites during July 2005, 458 age-1 

and age-2 parr were captured.  During population estimate sampling 

conducted in August and September 2006, 525 age-1 and age-2 parr were 

captured, and during population estimate sampling in September 2007, 458 

age-1 and age-2 parr were captured. This totals to 1441 age-1 and age-2 

parr out of roughly 5600 juvenile salmon (roughly 25%) The remainder of the 

5600 fish (~4150 juvenile salmon) were captured during the removal of fish 

prior to the placement of boulder clusters, salmon captured during the failed 

attempt at sampling during September 2005 or young-of-the-year captured 

during any of the sampling efforts. 

 

2.6.3 Pre-treatment dates versus post-treatment dates 

Density of age-2 parr increased from 1.14 parr per 100m2 in July 2005 

at the three pre-treatment sites to values ranging from 14.66 to 18.96 

parr per 100m2 during 2006 and 2007 (ANOVA, F[3,7] = 5.78, p = 

0.026) (Table 2.7, Figure 2.4).  I compared density of parr at control 

and reference sites across dates to determine if a similar increase in 

density occurred over time.  Density of age-2 parr at control sites varied 

widely, ranging from 2.11 parr per 100m2 in July 2005 to values ranging 

from 1.69 to 7.39 parr per 100m2 during 2006 and 2007 (ANOVA, F[3,4] 

= 2.17, p = 0.234). Density of age-2 parr at reference sites also varied 

widely, ranging from 3.64 parr per 100m2 in July 2005 to values ranging 

from 1.80 to 7.64 parr per 100m2 during 2006 and 2007 (ANOVA, F[3,3] 
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= 1.45, p = 0.384) (Fig 2.4).  Parr density was 320% and 185% greater 

at reference sites and control sites, respectively, than at enhancement 

sites at the pre-treatment date (July 2005).  During the post-treatment 

surveys, parr density at enhancement sites surpassed parr density at 

control sites by between 867% in September of 2006 to 257% in 

September of 2007, and at reference sites by between 1053% in 

September of 2007 to 233% in August of 2006 (Fig. 2.4). 

 

No significant differences of mean density in any age class was detected 

between the three enhancement sites (Fig. 2.5). 

 

2.6.4 Enhancement versus control – fish density 

Enhancement sites had significantly higher densities of age-2 parr than 

control sites and a significant temporal trend was detected as age-2 parr 

density increased following the treatment date (Table 2.7, Fig. 2.4).  A 

significant temporal trend was detected as age-1 parr density increased 

following the treatment date (Table 2.7, Fig. 2.6).  Control sites had 

significantly higher densities of age-0 parr than enhancement sites (Table 

2.7). 

 

2.6.5 Enhancement versus reference – fish density 

Age-2 parr density differences between enhancement and reference sites at 

each sample date detected no statistical significance at any date (Table 2.7, 

Fig. 2.4), although density values differed more over time.  Enhancement sites 
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did have significantly higher densities of age-2 parr than reference sites (Table 

2.7). A significant temporal trend was detected as age-1 parr density increased 

following the treatment date (Table 2.7, Fig. 2.6). 

 

2.6.6 Enhancement versus control – fish weight 

There was a significant interaction between sample date and site type for 

weight of age-2 parr between enhancement sites and control sites at the 4 

sample dates. The age-2 parr captured during the September 2006 survey 

at control sites had significantly lower weights than enhancement sites in 

all three post- treatment surveys (Fig. 2.7).  Only one small (15.8 grams) 

age-2 parr was captured between the two control sites during September 

2006.  Weights increased significantly between age-1 parr at both 

enhancement and control sites captured prior to treatment than the weights 

of age-1 parr captured following treatment (Fig. 2.8).  The sample date pre-

treatment is in mid-summer, however, and surveys following treatment 

were one to two months further into the growing season. 

 

2.6.7 Enhancement versus reference – fish weight 

The increase in age-2 parr weight between pre- and post-treatment 

enhancement sites is a significant difference (Table 2.8, Fig. 2.4).  This is 

largely due to the extra month to grow between the early summer sample 

and sampling later in the year during 2006 and 2007. 

 

A trend appears indicating a switch in mean weight of age-2 parr at 
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enhancement sites relative to weights at reference sites. Preceding 

treatment, parr at reference sites were almost 4 grams heavier than parr at 

enhancement sites, but following treatment, mean parr weights at 

enhancement sites were within 0.3 grams in 2006 and over 2 grams heavier 

than reference sites in 2007 (Fig. 2.7). Similarly, weights increased 

significantly between age-1 parr at both enhancement and reference sites 

captured prior to treatment than the weights of age-1 parr captured following 

treatment (Fig. 2.8). Again, the sample date pre-treatment is in mid-

summer, however, and surveys following treatment were one to two months 

further into the growing season. 

 

2.6.8 Other species 

Other species of fish were captured and enumerated (Table 2.9). Slimy 

sculpin was the most abundant species beside the salmon (n = 5456 all year 

total). Brook trout was the only other species measured that occurred at all 

sites during all sample dates, although it occurred too infrequently for 

analysis. 

 

2.6.9 VIE and PIT recapture 

A total of 4,410 juvenile salmon were marked with VIE tags between July 

2005 and September 2006.  55% were marked at enhancement sites, 20% 

at control sites and 25% at reference sites (Table 2.10).  A total of 151 were 

recaptured between August 2005 (during the removal of fish prior to 
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boulder placement) and September 2007, and 112 of those were captured 

during September 2006 sampling. Those recaptures came just a few 

months after the fish were tagged in August 2006.  82 were re-captured at 

enhancement sites, 39 at control sites and 32 at reference sites (Table 

2.11). 

 

A total of 424 salmon parr were inserted with PIT tags between July 2005 

and September 2006.  59% were tagged at enhancement sites, 14% at 

control sites and 26% at reference sites (Table 2.10).  Recapture rates 

were poor, only 7.5% (32/424) of tags were recaptured in the 2 year period 

between August 2005 and September 2007, and 29 of those were 

captured during September 2006 sampling. Those recaptures came just a 

few months after the fish were tagged in August 2006.  Most recaptures 

occurred at enhancement sites (29/32), where the majority of the tags 

were inserted (Table 2.11). 

 

2.6.10 PIT tracking 

PIT tag tracking samples detected a total of 106 PIT tagged parr during 

the course of sampling in 2006 and 2007 (Table 2.12). Three over-

wintering parr were detected during the summer 2006 and 4 over-

wintering parr were detected during the summer 2007. 

 

Our attempt to track large parr retention in boulder enhanced reaches 

failed to detect a response between site types.  More PIT tagged parr 
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were observed in enhancement sites, but that was misleading since 4 

times more parr were tagged in enhancement areas than in control sites 

and enhancement sites were generally larger in area.  PIT tracking during 

autumn of 2006 detected 80 of 283 parr (28.3%) which were tagged only 

1-2 months prior.  However, as those same locations were tracked during 

and following winter ice freeze-up (4-5 months following insertion of PIT 

tags) only 19 (6.7%) were detected.  By the time tracking commenced 

10-11 months following tagging only 4 (1.4%) salmon remained in 

the study reaches 

 

2.7 Discussion 

 

2.7.1 Habitat 

The first objective of this project was to determine if the addition of boulder 

clusters significantly increased the habitat available for juvenile salmon. 

Measurements using the AISI indicate that significantly more interstitial area 

is available for larger parr at enhancement sites than at control sites, and 

trends in the data indicate that more habitat is available at enhancement 

sites than at pre- enhancement and reference sites. The change could be 

visibly discerned upon viewing and excavation of the clusters after one year.  

Additionally, the amount of available shelter and refuge for fish made 

electrofishing surveys much more difficult (and therefore likely led to lower 

than actual density estimates) than in the homogenous reaches.  

Frequently, salmon and other fish (including the only adult eel observed in 
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three years of electrofishing surveys) would appear briefly at the presence 

of the electric field, only to disappear into the cluster and evade capture. 

 

Prior to the addition of boulder clusters, JDI staff conducted habitat surveys of 

the LMR and Gounamitz Rivers (Connell 2004) that included substrate surveys 

(Fig 2.9 and 2.10). The substrate measurements were qualitative, but were 

able to tease out a substantial difference in substrate composition between the 

Gounamitz and LMR. The Gounamitz River has 2.5 times the percentage of 

boulder and rock (>76 mm diametre) than the LMR. This is the size of 

substrate that is preferred for parr rearing (Maki-Petays et al. 2002; 

Armstrong et al. 2003). 

 

2.7.2 Biological response 

The second and main objective of this project was to assess the 

hypothesized increase in production of large parr at enhancement sites 

relative to control and reference sites.  Electrofishing samples were 

conducted at all sites in July of 2005, prior to boulder cluster placement.  

Mean salmon density at enhancement sites prior to treatment was lower 

than both control and reference sites, although no significant values were 

attained, even between control and reference sites. The inability of the 

study to detect significant results was most likely due to the low replication 

in the study design. 

 

For a month the sites were left unsampled to allow fish to transition to 
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the boulders undisturbed. Follow-up sampling was not attainable until 

August of 2006 due to high waters in the fall of 2005.  One year after 

enhancement the mean density and mean weight of age-2 parr and 

age-1 parr was greater at enhancement sites than both control and 

reference sites with the exception of the incomplete sample of 2007 

(only 5 of 7 sites were sampled). The results show that installing 

boulder clusters significantly increased the density of large (age-2) 

juvenile Atlantic salmon.  Significant differences between site types 

were not always detected, but a trend was detected indicating 

increased production resulted from enhancement reaches which might 

be displayed with better replication across either spatial or temporal 

scales. Following the treatment of the three reaches, age-2 parr 

density and mean weight increased and mean density and mean 

weight were greater than pre-enhancement, control and reference 

values.  These conclusions hold across most sample periods for two 

years following treatment. 

 

Increased abundance of salmonids at reaches enhanced with boulder 

clusters is well documented (Gilbert 1978; Ward and Slaney 1981; Riley 

and Fausch 1995; House 1996).  Placement of in-stream structure is 

meant to improve the heterogeneity and complexity of the substrate and 

flow in streams where habitat is the perceived bottleneck.  In the LMR 

River the low density of pre-smolt detected during electrofishing surveys 

conducted by J.D. Irving (JDI) and Department of Fisheries and Oceans 
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(DFO) biologists is hypothesized to be, at least in part, attributed to 

homogeneity of the substrate. The adjacent Gounamitz River is similar in 

stream order, water chemistry, fry densities and fish passage, yet has 

consistently produced higher densities of large parr during electrofish 

samples.  Electrofish sampling data provided by DFO recorded parr density 

at the Camp 10 sampling site in the Gounamitz and the Macintosh 

sampling site in the LMR beginning in 1972 and continuing until 2005 with 

a 12 year break between 1986 and 1998 (Fig 2.11). The DFO data were 

supported by JDI electrofish survey data collected between 2000 and 2004 

at Macintosh and Skin Gulch in the LMR and at Camp 10 and Ice Bridge in 

the Gounamitz River.  Both datasets indicate higher parr density (age-2 or 

age-1 and age-2 combined) at Gounamitz River sites and and lower parr 

density at LMR sites. Further, sites sampled at tributaries within the 20 km 

homogenous stretch on the LMR and sites sampled upstream of the 20 km 

homogenous stretch indicated higher densities of parr than in the 

homogenous stretch (Connell 2004). 

 

Sampling during the summer of 2005 confirmed both the scarcity of large 

parr and the prevalence of small, flat stones in the LMR.  Densities of age-2 

parr and age-1 parr were 200% and 50% lower, respectively, at pre-

enhancement and control sites in the LMR than at reference sites in the 

Gounamitz River, and mean widths (12%) and height (24%) of substratum 

were larger at reference sites than at pre-treatment sites. 
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As is the case with many previous enhancement projects, our 

experimental design suffers from insufficient replication to fully assess 

significant differences in treatment versus control sites. This thesis 

attempted to compare control and enhancement reaches with a 

reference reach that served as a target density, but the statistical 

design had too few replicates to fully understand the benefit/cost ratio 

that other researchers had suggested. Future studies in the LMR could 

utilize these boulder cluster reaches and assess the longevity and 

production over long periods of time, as is suggested by numerous 

authors (Ward and Slaney 1981; Hunt 1988; Riley and Fausch 1995; 

White 2008; Whiteway et al 2010). 

 

2.7.3 Tagging and emigration 

The third objective was to determine if the boulder clusters retained parr 

from emigrating out of the reach; no study known to the author has 

attempted to detect emigration of Atlantic salmon from, or immigration into 

boulder clusters. Immigration of trout into in-stream enhancement 

structures was noted by Riley and Fausch (1995) in high elevation streams.  

The addition of boulder clusters in a boulder-poor 20 kilometre-long stretch 

of the LMR was predicted to retain parr that otherwise may have emigrated 

downstream or been lost to predation. The apparent reason for increased 

abundance surrounding the boulder clusters was due to immigration of 

salmon into the enhancement reach. While more marked parr, either with 
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VIE or PIT tags, were found in enhancement reaches it was mostly a 

reflection of the larger number of fish marked at enhancement sites. 

 

Salmon injected with VIE during the summer were rarely discovered.  

Following the tagging of 1808 salmon in the summer and autumn of 2005 

only 6 (0.3%) were recaptured one year later during summer of 2006 

sampling. Only 4 VIE tagged salmon were recaptured in autumn of 2007 

sampling after 2602 fish were tagged during 2006 (0.2%).  Even when 

sampling occurred one month following a tagging event, such as the 2006 

September electrofish sample, recapture results were low.  Since there 

was no way to determine whether those fish originated from the August 

2006 tagging and not any of the three earlier tagging events the recap 

rate is even lower. A total of 2029 fish were tagged at enhancements 

prior to August 2006 when the aforementioned 52 fish were recaptured. 

The recapture rate taking all four tagging events into consideration is 

2.6%. 

 

The purpose of tagging salmon with VIE was to determine whether 

immigration and emigration could be detected between sites.  Only four 

fish were captured outside of the site that they were originally tagged. 

Two of those fish were tagged at enhancement sites and were recaptured 

at control sites. The remaining two fish were captured at enhancement 

sites, one originated from a reference site and the other from a control 

site. 
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Our attempt to track large parr retention in boulder enhanced reaches 

failed to detect a response between site types.  More PIT tagged parr 

were observed in enhancement sites, but that was misleading since 4 

times more parr were tagged in enhancement areas than in control sites.  

Additionally, PIT tracking during autumn of 2006 detected 80 of 283 parr 

(28.3%) which were tagged only 1-2 months prior.  However, as those 

same locations were tracked during and following winter ice freeze-up (4-

5 months following insertion of PIT tags) only 19 (6.7%) were detected. 

By the time tracking commenced 10-11 months following tagging only 4 

(1.4%) salmon remained in the study reaches. 

 

Low recaptures of VIE and PIT tagged fish are in part due to the small 

electrofishing sample area at each site, which was generally only 10 

metres of river length, although averaging over 20 metres in width.  This 

was particularly apparent at enhancement sites, where only four rows of 

boulder clusters at each enhancement site were sampled, the number of 

rows ranged from 23 to 28 at each of the 3 sites. 

 

A second factor that played a role in the recapture of juvenile salmon is the 

behaviour that parr may be genetically predisposed to migrate from the 

system before the fish is physically prepared to smolt. The large 

movement of pre-smolt and age-1 parr from the LMR is documented in 

smolt surveys (Chaput et al. 2004; Connell 2004). Additionally, between 
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2005-2007 smolt wheel surveys operated by the author on the LMR and 

Gounamitz Rivers detected large migrations of parr during autumn and 

spring that were not undergoing smoltification (indicated by deciduous, 

silver scales, absence of parr-bars, and black-tipped fins). This migration 

may be triggered by decreasing water temperature and functions as a 

survival mechanism to avoid higher mortality associated with anchor ice 

and ice scour in northern rivers (Cunjak 1996). Whiteway (2010) suggests 

that in-stream structures are more effective for resident fish than for 

anadromous fish.  This study results are consistent with this finding. 

 

To fully understand the retention response of parr to boulder clusters a 

more thorough survey should be attempted.  Ideally, a stationary 

antenna should be installed both upstream and downstream of 

enhancement sites to determine whether and when parr leave the reach.  

This is logistically challenging on 4th order rivers such as the LMR, but 

the challenge of assessing the reason and timing of departure from the 

enhancement reach is equally daunting with “snapshot” style tracking 

samples.  In order to fully understand the retention response of smaller 

parr and age-0 salmon to boulder clusters a large-scale 

tagging operation would be necessary.  Further, an expanded electrofish 

sample, both spatially and temporally, would be required in order to assess 

distance of travel and timing of migration. 
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Table 2.1 A summary of habitat characteristics for juvenile Atlantic salmon from 

selected references (modified from Amiro 2006). 
 

 

 
Reference 

 

 
Water depth 

 

 
Velocity (cm/s) 

 
Substrate 

composition 

 

Cover or home 
stone diameter 

(cm) 

Armstrong et al. 
(2003) 
Maki-Petays et 
al. (2002) 
Roussel et al. 
(2004) 

 
 

25-65 
 

20-30 early 
winter, 60 late 
winter (age-1 
and age-2 parr). 

 
 
20-80 

Cobble to boulder 
 
Cobble to boulder 
 
20-30 cm early 
winter, 
>40 cm late 
winter (age-1 and 
age-2 parr) 
 
 

 

 
Rimmer et al. 
(1984) 

 
24-36 (age-1 
and age-2 
parr). 

 
*29.3 summer, 
<10 autumn (age- 
1 parr); summer 
30-50, winter<10 
(age- 
2 parr). 

  
*<20 summer, *20.9 
autumn (home 
stone of age-1 parr); 
summer *6.4, autumn 
*24.4 (home stone of 
age-2 parr) 

Cunjak (1988) 40-50 38-46  17-23 (home) 

 

Coulombe- 
Pontbriand and 
Lapointe (2004) 

  
 

Boulder  

Range 20-65 <10 - 80 cobble to boulder <20 - *24.4 

* = mean value +/- Standard Deviation where available. Age-1 parr except where noted 



  

 
 

6
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Table 2.2 Chemical properties of the water of sites in and tributaries of the Little Main Restigouche and Gounamitz Rivers taken in 
summer 2006. 

 

 
Site 

 
Date 

 
Chemistry 

   
Metals 

       
Nutrients 

 

Full name dd mm yy Alk pH Cl   Colour Cond Hard Al Ca Fe Mg K Na NO3 TN   TP SO4 TOC 
Straight Reach 6 9 2006 72.60 8.17 0.85 13.3 144 73.90 0.019 24.5 0.053 3.08 0.37 1.78 0.25 0.4 0.005 3.33 2.0 

Cedar Brook 6 9 2006 73.70 8.15 0.95 5.6 146 73.50 0.009 24.4 0.014 3.06 0.37 1.75 0.22 0.3  3.57 1.1 

Boston Brook 6 9 2006 43.50 7.84 1.07 34.1 92.4 40.70 0.04 11.5 0.073 2.91 0.57 3.65 0.14 0.4 0.005 2.61 6.6 

Rest. @ Boston Brook 6 9 2006 69.70 8.25 0.85 9.6 139 70.20 0.011 23.3 0.028 2.88 0.36 1.79 0.16   3.56 1.4 
Gounamitz washout 7 9 2006 51.30 8.11 0.72 6.2 104 51.10 0.005 16.8  2.23 0.34 1.71 0.08 3.34 0.5 

 

Little Main Restigouche water chemistry site that is within the 20 km study reach is Straight Reach (enhancement site). Gounamitz 
washout is near the Ice Bridge reference site on the Gounamitz River. Boston Brook and Rest. @ Boston Brook are downstream of 
the confluence of the Gounamitz and LMR rivers and Cedar Brook is a tributary to the LMR just above Macintosh enhancement site. 
“Alk” is alkalinity (mg/L), “Cl” is chlorine (mg/L), Colour (PCU), “Cond” is conductivity (µs/cm), “Hard” is hardness (mg/L), “Al” is 
aluminum, “Ca” is Calcium, “Fe” is iron, “Mg” is magnesium, “K” is potassium, “Na” is sodium, “NO3” is nitrate, “TN” is total nitrogen, 
“TP” is total phosphorous, “SO4” is sulfate, and “TOC” is total organic carbon. The metals and the nutrients are measured in mg/L (or 
ppm). 
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Table 2.3 Characteristics of enhancement sites in the Little Main Restigouche River 

from 2005 surveys by Gallant (2006) and 2006 boulder cluster surveys. 

 

Reach name Skin Gulch Macintosh Straight Reach 

Location (Lat/Long) 
 

47o 30’ 37N 
67o 39’ 55W 

47o 28’ 37N 
67o 43’ 16W 

47o 27’ 42N 
67o 44’ 40W 

Reach avg. length  
riffle/run (metres) 
 

84 
66.5 

58.5 
54 

130 
97 

Reach avg. width 
(metres) 
 

34.5 34 32.5 

Reach area (m2) 
 

5192 3825 7378 

No. of boulder 
clusters 
 

94 101 113 

Boulder cluster area 
(m2) 

245 200 240 

% of reach enhanced 
 

4.7 5.2 3.3 

Reach slope %  
(riffle/run) 
 

0.423 
0.098 

0.017 
0.016 

0.021 
0.010 

Area per boulder 
cluster (m2/cluster) 

52.3 37.9 65.3 

 
 
 

Table 2.4 Result of regression analysis examining correlation of Log of Catch Per Unit Effort 
(CPUE) electrofish sampling method density estimate versus Log of Zippen three sweep 
depletion electrofish sampling method density estimate.  Electrofish sampling occurred at 
enhancement and control sites in the Little Main Restigouche River and at reference sites in 
the Gounamitz River between July 2005 and September 2007. “Homo” refers to control 
sites with homogeneous substrate, whereas “Hetero” refers to post enhancement and 
reference sites with heterogeneous substrate. 

 

Category Y-variable Variable Slope   Intercept df R
2 

p-

value 
 

Age-2 homo Log(CPUE) Log(Density) 1.1865 0.0671 4 0.55 0.093 

Age-1 homo Log(CPUE) Log(Density) 2.4755 -1.6194 4 0.74 0.028 

 

Age-2 hetero 
 

Log(CPUE) 
 

Log(Density) 
 

1.1787 
 

0.3292 
 

11 
 

0.76 
 

<0.001 

 

Age-1 hetero 
 

Log(CPUE) 
 

Log(Density) 
 

0.7999 
 

0.3029 
 

14 
 

0.79 
 

<0.001 
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Table 2.5 
Result of one-way ANOVA’s examining effect of site type on Area Interstitial Space Index 
(AISI), an index following surveys between July 2005 and September 2007 at three boulder 
cluster instream enhancement sites and three control sites on the Little Main Restigouche 
River and three reference sites on the Gounamitz River in northern New Brunswick. 
Significant p-values are in bold. 

 

 Dependent Variable Sources of Variation  df MS F p 

 Control vs enhancement AISI  1 11.5 8.8 0.042 

  Error  4 1.3   

 
 

Reference vs enhancement 
 

AISI  
 

1 
 

4.3 
 

2.6 
 

0.179 

  Error  4 1.6   

 
 

Pre-enhance. vs enhance. 
 

AISI  
 

1 
 

6.7 
 

4.2 
 

0.134 

  Error  3 1.6   
 
 

Table 2.6 Substrate size (mean ± SE) at 3 Pre-enhancement sites (Pre-Enh.), 3 

enhancement sites (Enh.), and 3 control sites (Control) in the Little Main Restigouche 

River and 3 reference sites (Ref.) in the Gounamitz River sampled between 2005 and 

2007. *Statistically significant difference (p<0.05) 
 
 
 

Site Site type AISI Mean X Mean Y     MeanZ 

 (m
2
/m

2
)  (mm)  (mm)              (mm)     

 

Macintosh Pre-enhance 2.179 (0.21) 116.3 (21.4) 68.6 (13.1) 21.9 (6.6) 

Skin Gulch Pre-enhance 2.589 (0.41) 108.2 (19.3) 66.7 (11.9) 24.6 (6.0) 
Avg. of Pre-Enh. site 
types (2005) 

Pre-enhance 2.384 (0.23) 112.3 67.8 23.3 

Straight Reach Enhancement 4.299 (1.84) 118.2 (40.4) 74.0 (23.1) 33.1(13.0) 

Macintosh Enhancement 6.459 (3.54) 118.7 (38.3) 78.4 (23.9) 37.2(14.0) 

Skin Gulch Enhancement 3.480 (0.53) 127.8 (39.2) 78.9 (23.5) 35.1(12.2) 
Avg. of Enh. site 
types (2007) 

Enhancement 4.747* 122.5 77.7 35.6 

Rocky Brook Control 2.295 103.0 (20.4) 65.0 (12.2) 25.1 (7.5) 

Old Lodge Control 2.248 99.7 (21.3) 61.8 (13.4) 29.0 (7.5) 

New Control Control 1.407 96.2 (13.0) 57.3 (7.8) 20.8 (5.3) 
Avg. of Control site 
types (2005/2007) 

Control 1.983* 99.6 61.4 25.0 

Camp 10 Reference 2.327 106.7 (19.7) 71.5 (13.7) 25.0 (6.1) 

Ice Bridge Reference 2.489 116.6 (20.5) 75.8 (12.7) 30.0 (7.3) 

New Reference Reference 4.137 120.0 (24.0) 69.0 (15.1) 29.3 (9.6) 
Avg. of Ref. site Reference 2.984 114.4 72.1 28.1 

  types (2005-2007)   

AISI refers to the Area Interstitial Space Index, Mean X, Mean Y and Mean Z 
refers to the length (in millimeters) of the X, Y and Z-axes of the rocks. 
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Table 2.7 

Result of 2-Way ANOVA’s examining effect of sample date and site type on density of 
juvenile Atlantic salmon (Salmo salar) following four electrofishing surveys between July 
2005 and September 2007 at three boulder cluster instream enhancement sites and two 
control sites on the Little Main Restigouche River and two reference sites on the 
Gounamitz River in northern New Brunswick. Significant p-values are in bold. Control 
refers to control sites with homogeneous substrate, Enhance refers to boulder cluster 
enhancement sites and Ref refers to heterogeneous reference sites on the Gounamitz. 

 
 Dependent Variable Sources of Variation df  MS F p 

 Age-2+ control vs enhance. Sample date  3 114.1 4.9 0.021 

 Density Site type  1 397.7 17.2 0.002 

  Sample date * Site type  3 57.2 2.5 0.116 

  Error 11 23.1   

 
 

Age-1+ control vs enhance. 
 

Sample date  
 

3 
 

6492 
 

37.2 
 

<0.001 

 Density Site type  1 153.5 0.9 0.368 

  Sample date * Site type  3 241.8 1.4 0.298 

  Error 11 174.4   

 
 

Age-0+ control vs enhance. 
 

Sample date  
 

2 
 

162 
 

0.1 
 

0.942 

 Density Site type  1 28071 10.4 0.012 

  Sample date * Site type  2 3010 1.1 0.374 

  Error  8 2696   

 
 

Age-2+ ref. vs enhance. 
 

Sample date  
 

3 
 

91.5 
 

3.6 
 

0.053 

 Density Site type  1 332.8 13.2 0.005 

  Sample date * Site type  3 70.0 2.8 0.096 

  Error 10 25.2   

 
 

Age-1+ ref. vs enhance. 
 

Sample date  
 

3 
 

2906 
 

10.8 
 

0.002 

 Density Site type  1 1130 4.2 0.068 

  Sample date * Site type  3 318.7 1.2 0.366 

  Error 10 270.5   

 
 

Age-0+ ref. vs enhance. 
 

Sample date  
 

2 
 

125 
 

0.0 
 

0.983 

 Density Site type  1 14153 2.0 0.200 

  Sample date * Site type  2 1352 0.2 0.831 

  Error  7 7101   

 
 

Age-2+ pre vs post enhance.t 
 

Sample date  
 

3 
 

189.7 
 

5.8 
 

0.026 

 Density Error  7 32.8   

 Age-1+ pre vs post enhance. Sample date  3 3241.6 32.1 <0.001 

 Density Error  7 100.9   

 

 

 

 

 

 

 

 



73 

  

 

 

Table 2.8 

Result of 2-Way ANOVA’s examining effect of sample date and site type on weight of 
juvenile Atlantic salmon (Salmo salar) following four electrofishing surveys between July 
2005 and September 2007 at three boulder cluster instream enhancement sites and two 
control sites on the Little Main Restigouche River and two reference sites on the 
Gounamitz River in northern New Brunswick. Significant p-values are in bold. Control 
refers to control sites with homogeneous substrate, Enhance refers to boulder cluster 
enhancement sites and Ref refers to heterogeneous reference sites on the Gounamitz. 

 
 Dependent Variable Sources of Variation df  MS F p 

 Age-2+ control vs enhance. Sample date  3 25.8 9.4 0.004 

 Weight Site type  1 42.1 12.3 0.004 

  Sample date * Site type  3 13.6 5.0 0.027 

  Error  9 2.8   

 
 

Age-1+ control vs enhance. 
 

Sample date  
 

3 
 

12.9 
 

33.6 
 

<0.001 

 Weight Site type  1 0.0 0.1 0.78 

  Sample date * Site type  3 0.3 0.7 0.556 

  Error 10  0.4   

 
 

Age-0+ control vs enhance. 
 

Sample date  
 

2 
 

0.1 
 

0.2 
 

0.799 

 Weight Site type  1 0.5 1.0 0.357 

  Sample date * Site type  2 0.5 1.0 0.440 

  Error  7 0.5   

 
 

Age-2+ ref vs enhance. 
 

Sample date  
 

3 
 

16.5 
 

3.4 
 

0.084 

 Weight Site type  1 0.2 0.1 0.844 

  Sample date * Site type  3 6.3 1.3 0.351 

  Error  7 4.9   

 
 

Age-1+ ref vs enhance. 
 

Sample date  
 

3 
 

9.4 
 

17.3 <0.001 

 Weight Site type  1 0.3 0.5 0.486 

  Sample date * Site type  3 0.6 1.0 0.425 

  Error  9 0.5   

 
 

Age-0+ ref vs enhance 
 

Sample date  
 

2 
 

0.0 
 

0.1 
 

0.919 

 Weight Site type  1 0.5 1.1 0.330 

  Sample date * Site type  2 0.3 0.6 0.590 

  Error  7 0.5   

 
 

Age-2+ pre vs post enhance. 
 

Sample date  
 

3 
 

30.5 
 

7.7 
 

0.018 

 Weight Error  6 4.0   

 Age-1+ pre vs post enhance. Sample date  3 8.7 16.7 0.001 

 Weight Error  7 0.5   
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Table 2.9 Slimy sculpin and brook trout abundance at enhancement and control sites in the 
Little Main Restigouche River and reference sites in the Gounamitz River in northern New 
Brunswick during four electrofish sampling dates between July of 2005 and September of 
2007. The area sampled within each site type was standardized between sample dates. 

 
Site type Sample date Slimy sculpin (n) Brook trout (n) 

Enhancement July 2005 350 10 
Enhancement August 2006 582 22 
Enhancement September 2006 371 21 
Enhancement September 2007 430 7 

Control July 2005 106 0 
Control August 2006 273 11 
Control September 2006 179 4 
Control September 2007 641 9 

Reference July 2005 503 10 
Reference August 2006 1238 25 
Reference September 2006 395 3 
Reference   September 2007   246   3   



75 

  

 

Table 2.10 The number of a) visible implant elastomer (VIE) tags and b) passive integrated 

transponder (PIT) tags inserted into juvenile Atlantic salmon at 3 enhancement, 1 reference 
(Camp 5) and 2 control sites in the Little Main Restigouche River and 2 reference sites in 
the Gounamitz River between 2005 and 2006. During August 2005 all fish were removed 
from treatment area while machinery placed boulders. During September 2005 and 2007 
sampling was incomplete due to high water that did not recede in time to continue 
sampling. Camp 5 site was abandoned due to difficulty of sampling. 

 
 

 
a) 

 
 

 
  Site   

 

 
Site type   

# VIE 
July 
’05   

 
# VIE 

Aug. ‘05   

 
# VIE 

Sep. ‘05   

# VIE 
Aug. 
’06   

# VIE 
Sep. 
’06   

# VIE 
Sep. 
’07   

 
Total 

Macintosh Enhanced 33 384 168 217 76 0 878 

Skin Gulch Enhanced 76 284 133 262 247 0 1002 

Str. Reach Enhanced 67 203 x 202 75 x 547 

Camp 5 Reference 29 x x 146 x x 175 

Camp 10 Reference 51 x x 288 94 x 433 

Ice Bridge Reference 103 x x 324 83 0 510 

Old Lodge Control 80 x 120 220 67 0 487 

Rocky Brk. Control 77 x x 214 87 0 378 

      Grand total    4410 

 
 

b) 
 

 

 
  Site   

 

 
Site type   

# PIT 
July 
’05   

 
# PIT 

Sep. ‘05   

 
# PIT 

Sep. ‘05   

# PIT 
Aug. 
’06   

# PIT 
Sep. 
’06   

# PIT 
Sep. 
’07   

 

 
Total   

Macintosh Enhanced 1 29 0 43 7 0 80 

Skin Gulch Enhanced 9 22 0 49 25 0 105 

Str. Reach Enhanced 1 24 x 42 0 n/a 67 

Camp 5 Reference 10 x x 22 x n/a 32 

Camp 10 Reference 11 x x 21 11 n/a 43 

Ice Bridge Reference 19 x x 18 0 0 37 

Old Lodge Control 10 x 0 13 6 0 29 

Rocky Brk. Control 5 x x 18 8 0 31 

      Grand total   424   
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Table 2.11 The number of juvenile Atlantic salmon recaptured with a) visible implant 
elastomer (VIE) tags and b) passive integrated transponder (PIT) tags at 3 enhancement 
and 2 control sites in the Little Main Restigouche River and 2 reference sites in the 
Gounamitz River during samples between 2005 and 2007. Number in parentheses 
indicates the number of VIE tagged fish that were originally marked at another site. Letter 
indicates which site type the tag originated (E = enhancement, R = reference, C = control). 
During August 2005 all fish were removed from treatment sites only while machinery placed 
boulders. During September 2005 and 2007 sampling was incomplete due to high water 
that did not recede in time to continue sampling. 

 
 

 
  

# VIE 
recaptured 

 

# VIE 
recaptured 

 

# VIE 
recaptured 

 

# VIE 
recaptured 

 

# VIE 
recaptured 

Aug. 2005 Sep. 2005 Aug. 2006 Sep. 2006 Sep. 2007 

Enhancement 12(0) 13(0) 2(1-R) 51(1-C) 2(0) 
Reference X x 2(0) 30(0) 0 

Control X 6(1-E) 0(1-E) 29(0) 2(0) 

    
b) 

  

  

# PIT 
 

# PIT 
 

# PIT 
 

# PIT 
 

# PIT 

 recapture recaptured recaptured recaptured recaptured 

 Aug. 2005 Sep. 2005 Aug. 2006 Sep. 2006 Sep. 2007 

Enhancement 1(0) 1(0) 0 27(0) 0 
Reference x X 0 0 0 

Control X 1(0) 0 2(0) 0 

 

 

Table 2.12 Passive integrated transponder (PIT) tag tracking results at 3 enhancement, 1 
reference and 2 control sites in the Little Main Restigouche River and 2 reference sites in the 
Gounamitz River between 2005 and 2007. Values indicate the number of PIT tags detected. 
The number in parentheses indicates the number of Atlantic salmon parr inserted with PIT 
tags at that site type prior to the tracking event. All tags detected originated from the site type 
they were found (no immigrants detected). Areas sampled within each site type were 
standardized between sample dates. 

 
Tracking period 

 
Site type 

Summer 
2006 

Fall 
2006 

Winter 
2006 

Summer 
2007 

 

 
Enhancement 

 
1 (86) 

 
54 (166) 

 
14 (166) 

 
3* (166) 

*plus 4 dead 
tags 

 
Reference 

 
1 (40) 

 
17 (72) 

 
4 (72) 

 
0* (72) 

*plus 2 dead 
tags 

 
Control 

 
1 (15) 

 
9 (45) 

 
1 (45) 

 
1* (45) 

*plus 2 dead 
tags 

a) 
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Figure 2.1 Map of study area showing the headwaters and tributaries of the Little Main 
Restigouche River (LMR) and the Gounamitz River. Boston Brook Lodge is shown 
approximately 1 km below the confluence of the LMR and Gounamitz. Three enhancement 
sites, 3 control and 3 reference sites and the location of the rotary screw traps (one on the LMR, 
the other on the Gounamitz River) are indicated. Roughly 20 km below Boston Brook Lodge the 
Kedgwick River joins the LMR to become the main stem of the Restigouche River. The 
Restigouche River delta at Chaleur Bay is approximately 130 km downstream of Boston Brook 
Lodge. 
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Photo: K. Cunjak 

 
 
Figure 2.2 Aerial photo of portion of Skin Gulch enhancement site in the Little Main 
Restigouche River following treatment in August 2005. 



  

 
 

7
9

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Photo: M. Gallant Photo: M. Gallant 

 
Figure 2.3 Macintosh enhancement site in the Little Main Restigouche River a) before (July 2005) and b) after (August 2005) 

placement of 101 boulder clusters. Note homogeneity of substrate preceding treatment. 
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Figure 2.4 Age-2 parr mean density at enhancement, control and reference sites in the Little 
Main Restigouche River and Gounamitz River in northern New Brunswick during four electrofish 
sampling dates between July of 2005 and September of 2007. Vertical bars denote 95% 
confidence intervals. Solid fill triangles indicate enhancement sites, open squares indicate 
control sites and open circles indicate reference sites. Dashed line represents date that boulder 
clusters were placed. Points sharing a common letter did not have significant post hoc temporal 
comparisons. 
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Figure 2.5 Mean density (± 95% confidence intervals, n=4 sample dates) of age-2 (open 

squares), age-1 (solid triangles) and age-0 (solid circles) salmon at three enhancement sites in 

the Little Main Restigouche River in northern New Brunswick following treatment in the river 

(Fall 2005-2007). Points sharing a common letter are not significantly different within age 

classes. Upstream to downstream sites are from left to right along x-axis. 
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Figure 2.6 Age-1 parr mean density at enhancement, control and reference sites in the Little 
Main Restigouche River and Gounamitz River in northern New Brunswick during four electrofish 
sampling dates between July of 2005 and September of 2007. Vertical bars denote 95% 
confidence intervals. Solid fill triangles indicate enhancement sites, open squares indicate 
control sites and open circles indicate reference sites. Dashed line represents date that boulder 
clusters were placed. Points sharing a common letter did not have significant post hoc temporal 
comparisons. 
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 Figure 2.7 The mean weight of age-2 parr at enhancement, control and reference sites in the 
Little Main Restigouche River and Gounamitz River in northern New Brunswick during four 
electrofish sampling dates between July of 2005 and September of 2007. Vertical bars denote 
95% confidence intervals. Solid fill triangles indicate enhancement sites, open squares indicate 
control sites and open circles indicate reference sites. Dashed line represents date that boulder 
clusters were placed. Points sharing a common letter are not significantly different. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ab
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  Figure 2.8 The mean weight of age-1 parr at enhancement, control and reference sites in the 

Little Main Restigouche River and Gounamitz River in northern New Brunswick during four 
electrofish sampling dates between July of 2005 and September of 2007. Vertical bars denote 
95% confidence intervals. Solid fill triangles indicate enhancement sites, open squares indicate 
control sites and open circles indicate reference sites. Dashed line represents date that boulder 
clusters were placed. Points sharing a common letter are not significantly different. 
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Figure 2.9 Percentages of substrate composition in the Little Main Restigouche River 
based on surveys sampled in 2003-2004 (courtesy J.D. Irving, Limited). 

 
 

 

 
 
 

                                            
 

Figure 2.10 Percentages of substrate composition in the Gounamitz River based 
on surveys sampled in 2003-2004 (courtesy J.D. Irving, Limited). 
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2007 
 
 

Figure 2.11  Density of age-1 and age-2 salmon parr captured at two sites (Camp 10 reference site in 

the Gounamitz River and Macintosh control site in the Little Main Restigouche River) between 1972 
and 2007 during electrofish sampling preceding and following boulder cluster enhancement.  1972-
2004 data are from Department of Fisheries and Oceans (DFO) electrofish samples conducted each 
autumn; 2005-2007 data were collected at the same locations by UNB staff for this study. Dashed line 
represents date that boulder clusters were placed (summer 2005). Macintosh was a regular sampling 
station for DFO (control site) prior to 2005, but became an enhancement site following treatment in 2006. 
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3 Performance of a boulder cluster habitat enhancement in the 

Little Main Restigouche River, New Brunswick and the response of 

juvenile Atlantic salmon (Salmo salar) 

 

3.1 Abstract 

In-stream boulder cluster enhancement structures were constructed in 3 sites in 

a 4th order stream in northern New Brunswick in August 2005 for the purpose of 

increasing heterogeneity of substrate and pre-smolt parr density.  During 

December 2005, a 25- year flood event and subsequent ice up and freshet in 

spring disturbed the study sites.  Detailed analysis of the clusters revealed 

variation in the integrity and embeddedness of clusters.  A method was designed 

to interpret and rank boulder cluster stability degradation, and the data were 

compared with electrofishing estimates of abundance of juvenile Atlantic salmon 

(Salmo salar) ages 0+, 1+ and 2+.  Age 2+ parr abundance and biomass and 

age 1+ parr abundance were significantly higher at clusters ranked stable than 

at clusters ranked degraded.  No significant trends were detected amongst 

cluster ranks for biomass of age 1+ parr or abundance and biomass of age 0+ 

parr. 
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3.2 Introduction 

The density of salmonids in a river will decline when sediments fill interstitial 

spaces between the rocks (Bjornn et al. 1977, Skille 1991). Sedimentation (i.e. 

embeddedness) and lack of interstitial space affects many life stages of 

salmonids, particularly the large parr/pre-smolt stage. Large rocks and 

substrate heterogeneity correspond to interstitial space which provides refuge 

from predation and high water velocity, and protection from winter ice scour 

(Bjornn and Reiser 1991; Bjornn 1978; Ward and Slaney 1993a; Rimmer et al. 

1984; Cunjak et al.1998; Rundquist and Baldrige 1990; Bardonnet and 

Bagliniere 2000). It also provides habitat required by macroinvertebrates that 

are primary food source of juvenile salmonids (Chapman and Bjornn 1969). In 

addition, large substrate can provide an interface between high velocity flows 

that carry drifting prey and low velocity flows that minimize energy 

expenditures and provide shelter from predation; a so-called “conveyor belt” 

delivering food (Fausch 1984, Mitchell et al. 1998). 

 

One method used to increase substrate heterogeneity and the amount of 

interstitial space is via stream habitat enhancement.  In-stream habitat 

enhancement has many forms. Weirs are constructed to create high flows that 

dig pools immediately down stream; these structures provide both channelized 

high velocity flow and deep, slow velocity pools that are suitable for a variety of 

fishes including salmonids (Burgess and Bider 1980; Lere 1982; Gowan and 

Fausch 1996).  Digger logs, or “kickers”, deflect flow which results in focused 

scour that can create deep pools without the effect of damming the river 
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(Saunders and Smith 1962; Wesche 1985).  Boulder clusters are constructed to 

increase substrate heterogeneity in rivers that lack coarse substrate suitable to 

rear larger fishes, including larger juvenile and adult salmonids (van Zyll de Jong 

et al. 1997; House 1996; Huusko and Yrjana 1997). 

 

In-stream habitat enhancement is effective at solving many problems for 

fisheries scientists.  In rivers where summer rearing is limited, adding boulders 

has increased juvenile salmonid densities (House 1996). Where rivers have 

been damaged by industrial channelization, adding in-stream structures helped 

sustain larger trout populations (Huusko and Yrjana 1997). Researchers have 

shown, that in-stream enhancements have increased cover and trout density 

(Riley and Fausch 1995; Fontaine 1987) and, through the stacking of rocks, 

that increasing interstitial space increases trout density (Jutila, Kaet al.1994; 

Shuler and Nehring1993). 

 

Boulder clusters are a tested structure that have successfully increased 

densities of brook trout (Salvelinus fontinalis), Atlantic salmon (Salmo salar), 

brown trout (Salmo trutta), steelhead (Oncorhynchus mykiss), and many Pacific 

salmon species (Van Zyll de Jong et al 1997; Ward and Slaney 1993; House 

1996; Huusko and Yrjana 1997). Juvenile Atlantic salmon “prefer sheltering 

beneath rubble-boulder where rock diameter is often directly proportional to the 

size of the fish” (Cunjak 1996).  Habitat enhancement is a good option to 

increase productivity in rivers that lack coarse, heterogeneous substrate suitable 

for rearing habitat. 
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Several projects have studied Atlantic salmon response to in-stream 

enhancement structures.  Bourgeois et al. (1993) performed an experiment 

using an experimental channel fitted with three types of cover: a control with no 

cover, mid- channel boulder clusters and v-dams, and stream bank deflectors 

and undercut banks. They concluded that both brook trout and juvenile 

Atlantic salmon “preferred the mid-channel structures over the stream bank 

treatment over the control area.” Using the same experimental channels as 

Bourgeois et al., Mitchell et al. (1998) concluded that, at higher discharges and 

higher densities, mid-channel boulders provided both refuge from high 

velocities and acted as funnels for drifting macroinvertebrates.  Juvenile 

Atlantic salmon moved nearer the boulders during both high flows and when at 

higher densities. Additionally, the salmon moved to the larger substrate during 

the day.  Van Zyll de Jong et al. (1997) tested three in-stream enhancement 

types in a second order stream in Newfoundland. They concluded that boulder 

clusters were the most effective structure for increasing densities of juvenile 

Atlantic salmon.  Following a large-scale substrate enhancement project in the 

Tracadie River, New Brunswick, Gilbert (1978) reported mixed results 

depending on rock size, type and placement. At enhancement sites that did 

not suffer fine sediment deposition, higher densities of juvenile Atlantic salmon 

and juvenile brook trout were found. 

 

Enhancement projects have had mixed success. Ward and Slaney (1993b) 

noted a 1 in 50 year flood that resulted in reach-wide boulder cluster failure, 
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although one reach retained most of the clusters and fish continued to use many 

of those.  House (1996) noted that gabions began failing 10 years after 

placement and suggested that “in-stream restoration projects are interim 

management tools” although boulder clusters remained intact 13 years after 

placement. Boelman and Stein (1997) conducted hydraulic assessments of 

boulder clusters 12-22 years after placement in a river in Montana and observed 

large variance in their performance, with some clusters suffering significant silt 

deposition or associated scour, especially following major flooding events.  Fish 

response was not tested, but hydraulic conditions prevailed that were assumed 

important for fish use.  Frissell and Nawa (1992) suggested that degradation of 

in-stream enhancement structures, specifically boulder clusters, might be 

predictable and that the variation in their performance could often be attributed to 

natural physical disturbances. 

 

The response of fish to the spatio-temporal changes in cluster attributes requires 

further study.  As the clusters begin to deteriorate following high flow and/or ice 

scour events, the degree of deterioration is variable in space and time.  Often, 

the clusters offer less ecological value to fish as time passes.  Some flow events 

embed or destabilize the clusters whereas other events may remove fine 

particles. Eventually, the cluster may lose all the attributes for which it was 

designed (i.e. interstitial shelter, space and flow complexity).  There have been 

few studies that focused on changes to habitat following enhancement (Huusko 

and Yrjana 1997; Roni and Quinn 2001; Whiteway et al. 2010). To my 

knowledge, no study has ranked or scored enhancement structures following 
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natural physical disturbance, or their subsequent value as fish habitat. 

 

A 20 km reach of the Little Main Restigouche River (herein called the LMR), a 

tributary to the Restigouche River in northern New Brunswick, had unusually 

low densities of age 1+ and 2+ Atlantic salmon parr relative to 0+ (fry) densities 

(J.D. Irving 2005; P. Cameron, unpublished report).  The lack of large parr was 

most likely related to the lack of coarse substrate. The LMR above its 

confluence with the Gounamitz River is dominated by homogenous flat 

substrate particle sizes reflecting the thinly layered friable metamorphic bedrock 

(Potter et al. 1979). To address this hypothesized habitat limitation, a 

collaborative research project involving J.D. Irving, Inc and the Departments of 

Civil Engineering and Biology at the University of New Brunswick was initiated 

resulting in the installation of over 300 boulder clusters at three locations in the 

LMR in 2005 (Gallant, 2006). The purpose was to increase the substrate 

heterogeneity and the corresponding availability of interstitial space, 

hypothesized to be the bottleneck for production of large parr and pre-smolt life 

stages of juvenile Atlantic salmon.  Ultimately, the project aimed to increase 

smolt production within the enhanced reach of river.  It was during this sampling 

period that a question was posed: did the degradation of boulder cluster habitat 

affect utilization by juvenile Atlantic salmon, particularly large parr? 

 

The goal of the present study was to assess the relationship between boulder 

cluster performance and habitat attributes and salmon parr abundance. This 

was done after a mid-winter flood event and subsequent spring freshet in 2006 
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had disturbed the integrity and placement of many of the clusters.  I devised a 

system of ranking boulder clusters qualitatively and quantitatively.  I predicted 

that density of Atlantic salmon parr would be inversely related to the stability 

rank. 

 

3.3 Study Objectives 

The two objectives of this study were: 1) to develop a ranking system to 

evaluate the stability of each boulder cluster that could be used to evaluate and 

compare boulder clusters in other stream enhancement projects, and 2) to 

determine the relationship between Atlantic salmon parr density and boulder 

cluster rank. 

 

3.4 Methods 

 

3.4.1 Study sites 

The Little Main Restigouche River (47o 25’N; 67o 48’W) is a 4th order river in 

northwestern New Brunswick.  Together with the Gounamitz River (47o 32’N; 

67o 48’W), a steeper and coarser 4th order river, both are major tributaries to 

the Restigouche River, a gently sloping, large 7th order river that flows 108 

km to its mouth in the Bay of Chaleur (New Brunswick Aquatic Bio-Web). 

 

Gallant (2006) designed and constructed three enhancement sites situated in 

the LMR in the 20 km segment of homogenous substrate between the 

confluence of the LMR and the Gounamitz River and Camp 5 (Fig 3.1). There 
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are a total of 308 boulder clusters at the three sites. The total reach area treated 

is 16,395 m2 over 391 meters of river length (Table 3.1). 

 

3.4.2 Boulder cluster construction 

Gallant (2004) provided a full description and hydraulic rationale of the boulder 

cluster design and construction.  Essentially, boulder clusters were designed as 

upstream facing “V’s with the apex rock being the largest of the cluster with a 

variable diameter but generally in the range of 1.2 – 1.4 metres.  Behind the 

apex rock, and on either side, are the “wing-rocks” of similar size (0.2 - 1.0 m. 

diameter) (Fig. 3.2). These are placed so that they are in contact with one 

another and/or the apex.  The intent is for the cluster to act as a wedge; the top 

of the wedge being the apex and the wings widening the course that the water 

would take.  In the centre of the cluster, behind the apex and between the wings, 

approximately 10 ”fill rocks” were randomly placed to increase the amount of fish 

habitat available per cluster.  Fill rocks ranged from 5 – 20 cm in diameter. 

 

A total of 308 boulder clusters were set in the LMR, directly on top of the 

substrate, in August 2005 by heavy machinery (forwarder logging 

equipment). Some “fine-tuning” (manipulation) of individual rocks was 

performed by hand. 

 

After the high water events of early winter and spring 2006, widespread 

variation in the structural integrity of the individual clusters was observed. To 

assess the variable habitat quality for salmon parr it was decided to 
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individually rank the clusters.  A preliminary ranking of clusters and 

subsequent electrofishing of the ranked clusters took place in summer 2006. 

A more thorough sampling regimen followed in summer 2007. 

 

3.4.3 Measuring the boulder cluster habitat 

All 308 boulder clusters were individually ranked based on a composite of three 

scoring measures: condition, embeddedness, and fill-rocks.  “Condition” scores 

(1-5) were qualified based on their appearance relative to their original 

configuration at time of construction. As the boulder clusters were surveyed in 

situ they were assessed based on the degree of change from the original “V” 

shape.  Best condition scores (=1) were given to clusters that were providing the 

intended hydraulic effect of funneling drifting insects towards the low-velocity 

refuges used by salmonids (Fausch 1984), caused by the “V” shape. 

Disassembled and scattered clusters could not act as a single unit; therefore the 

scoring reflected the deviation from the original cluster configuration design 

(Table 3.2).  Embeddedness scores were assigned based on the percentage of 

the cluster not buried in cobble, gravel, or fines.  Care was taken to ensure that 

the “V” of the cluster was viewed as a whole, not simply the apex rock or the fill 

rocks alone. If it was not obvious how much of any rock was buried (since there 

was no record indicating the actual height of the rock above the streambed) a 

quick dig in the embedding substrate allowed a percent estimate 

(Table 3.3). 
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Fill-rock scores were assigned based on a count of boulders that were available 

for shelter and refuge.  Since one boulder rarely creates interstitial space and 

two would rarely stand off the substrate high enough to create gaps between 

rocks it was decided that a minimum of 3 unembedded (<1/3 buried) fill-rocks 

were needed to establish a fill rock score (Table 3.4). 

 

All boulder clusters in the Straight Reach site and half of the boulder clusters in 

the Macintosh site were ranked according to a consensus reached by two 

observers (the author and a technician). The remainder of the boulder clusters 

were ranked by one observer (the author).  All scoring was determined by 

sight, no measurement tools were used to determine separation distances 

when assessing condition scores, or percentage of embeddedness scores. 

 

3.4.4 Measuring boulder cluster structural condition scores 

During the course of our cluster surveys we ranked the condition of the 

structures (Table 3.2) based on the location of the rocks relative to their original 

positions. The boulders were placed in the river in August 2005, but the points 

were not photographed or logged in any way that we could verify their specific 

positions. Therefore we decided to rank clusters based on the original 

construction design and scored them based on the proximity of the wing rocks to 

the apex boulder and the proximity of the wing-rocks to one another. Wing 

rocks were originally positioned to attain hydraulic “shelter” behind the apex 

rock.  A wing rock was considered sheltered if the upstream face of the wing 
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rock were touching, or nearly touching (within 5 centimeters), the downstream 

face of the apex rock, and positioned downstream of the apex rock so that it was 

not exposed to the full hydraulic force of the flowing water (Fig. 3.2). 

 

3.4.5 Measuring embeddedness within the boulder cluster 

Because clusters were intended as long-term habitat enhancement structures 

we considered embeddedness to be an important criterion for assessing fish 

habitat quality of the cluster. Often, clusters would be fully intact but behind 

the apex rock small cobble, gravel and silt would bury the fill rocks and 

interstitial space created by the enhancement. The volume of habitat available 

to fishes and benthic macroinvertebrates can decrease dramatically with in-

filling of the interstitial spaces (Bjornn et al. 1977). 

 

Numerous embeddedness measurement methods can be found in the literature 

(Sylte and Fischenich 2002, Burton and Harvey 1990, Skille 1991). Most are 

designed to measure cobble embeddedness and are targeting alevin, or fry, 

survival.  This project needed to measure extreme embeddedness around 

boulders that could not be lifted and measured individually.  It was decided to 

use a modification of the method developed by Bain and Stevenson (1999) 

where embeddedness levels are subdivided into 5 ranks.  Our scoring system 

(Table 3.3) was intended to objectively differentiate a stable cluster from a 

degraded cluster. 
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3.4.6 Measuring the habitat quality of fill-rocks within the boulder cluster 

Fill-rocks were added to the space behind the apex boulder and between the 

wing- rocks.  The intention of the fill-rock was to add interstitial space to each 

cluster in the protected and sheltered area behind the apex and between the 

wings.  This space was generally low flow (Gallant 2006) and often deposition 

of cobble, gravel and fines occurred. In an effort to compare clusters as 

habitat for juvenile Atlantic salmon we determined that a minimum of 3 or more 

fill-rocks that were < 33% embedded would increase the habitat quality of the 

cluster. Three unembedded or perched rocks, when stacked loosely between 

the wing rocks, could create the complex necessary to create interstitial space. 

A simple count of the partially or unembedded fill rocks would, thereby, 

contribute to the effect they had on the ranking of the cluster (Table 3.4). 

 

3.4.7 Rank scoring of boulder cluster habitat 

The rank scoring of individual boulder clusters (CR) was based on the 

composite assessment of condition score, embeddeness score, and number of 

unembedded fill- rocks (Equation 3.1). These three components encompassed 

the major concerns of the habitat change and allowed for an economical and 

efficient measurement of cluster habitat change. For example, a rank of 5 is 

assigned to a cluster it had either an embeddedness or a condition score of 5 

and a fill rock score of 0.  Alternatively, if the embeddedness score was 3, 

condition score was 5 and fill rock score was 0 then the cluster would be 

assigned a rank of 5 (the greater of the two component scores).  Boulder 

clusters of rank 1 or 2 were classified as “stable”, rank 3 “medium disturbance”, 
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and rank 4 and 5 as “degraded” clusters.  All 308 clusters were measured and 

ranked on a scale of 1 to 5. 

 

Equation 3.1 Cluster Rank (CR) = [Embeddedness 

Score OR Condition Score, whichever is greatest] – Fill-rock 

Score 

 

3.4.8 Biological response to boulder clusters - Electrofishing 

A subsample of clusters of each rank was randomly selected at each of the 3 

study sites for a total of 74 clusters electrofished to determine fish density.  At 

each of the 74 clusters a 2 m Pollet lip seine (as described in Elson, 1962) was 

set downstream of the cluster.  Electrofishing surveys were conducted over 3 

days in August 2007 using a Smith-Root LR-24 battery-powered backpack 

electrofisher. Each cluster was electrofished for 100 s of measured effort. 

Settings were adjusted to produce approximately 100 W of output power, 

using Burst of Pulse Direct Current.  In most cases, 100 s was ample time to 

electrofish all rocks in the cluster. 

 

The crew consisted of a minimum of four persons, two working the seine net, 

one operating the electrofisher, and another capturing fish with a dip net.  If 

the cluster was wider than the seine we would set the seine downstream and 

to one side, covering one half of the cluster, then move and set the seine to 

the other side to cover the second half of the cluster.  As a result of the 100 s 

limit per cluster, all clusters were equally sampled and the resulting Catch 
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Per Unit Effort (CPUE) sample could be estimated as the number of fish per 

100 s. 

 

As we sampled each boulder cluster we placed the fish into separate live-boxes 

and at the completion of the survey anesthetized the fish in a clove oil 

compound before measuring (total length), weighing and checking all fish for 

VIE, PIT or hatchery markings (adipose fin clips). We categorized Atlantic 

salmon into age 0+ fish, age 1+ fish and age 2+ fish based on size and time of 

year. We made no effort to determine age of brook trout. Once fish were fully 

recovered from the anesthetic they were released back into the reach where 

they were captured. 

 

3.4.9 Statistical analysis 

Statistical analyses were conducted using Statistica (version 7.0) software 

(Statsoft, Inc. Tulsa, Oklahoma) and a significance level of α = 0.05. Salmon 

abundance and biomass (dependent variables) were analyzed using two-way 

ANOVAs with site (3 levels) and rank (5 levels) as fixed factors.  Post hoc tests 

were conducted using Tukey HSD test to further investigate significant 

differences.  Residuals were plotted to assess normality, and Cochran’s test was 

performed to assess homogeneity of variance.  Normality and homogeneity 

assumptions were met for all data sets. 

 

Frequency of boulder cluster rank within the sites were analyzed using 

replicated G- test of goodness-of-fit statistics (row x column test of 
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independence) (Sokal and Rohlf, 2012) with site and rank as categorical 

variables and frequency of boulder clusters in each rank as the dependent 

variable. 

 

Inter-site comparisons analysis was conducted using one-way ANOVA with site 

as the categorical factor and abundance of salmon and biomass of salmon as 

the dependent variable. 

 

3.5 Results 

 

3.5.1 Boulder cluster assessment 

Boulder clusters ranked 1 and 2 comprised 72.2% of the clusters at Straight 

Reach and 63.8% at Skin Gulch compared with 55% at the Macintosh site.  

Boulder cluster ranks between sites were not significantly different (Table 3.5). 

Since the heterogeneity test was not significant, it allowed me to pool the boulder 

cluster data for all 3 sites.  In 2006, 65% of the boulder clusters set in late 

summer 2005 were classified as stable, that is boulder clusters with ranks 1 and 

2 (Table 3.5). Only 16% were classified as degraded; the remaining 19% were 

classified as rank 3 (medium disturbance) (G test Pooled sites value, p < 0.01, 

Table 3.5). 

 

A large number of boulder clusters (71% of total) were embedded between 10% 

and 66% of their depth (Fig. 3.3). Relatively few clusters had embeddedness 

scores of 4 or 5.  Nearly half (48%) of the boulder clusters had condition scores 
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of 1 (Fig. 3.4), reflecting an intact form of the apex and wing rocks.  Fewer than 

12% of the clusters received condition scores of 4 or 5 indicating major disruption 

of the boulder structure. Two-thirds of the boulder clusters had fill rock scores of 

1 (Fig. 3.5), meaning that they had at least three fill-rocks present that were less 

than 33% embedded. 

 

3.5.2 Biological response to boulder clusters 

Age 2+ salmon parr abundance was significantly higher at rank 1 boulder 

clusters than at boulder clusters ranked 3, 4 or 5 (Table 3.6 and Fig. 3.6c). Age 

2+ parr biomass had a significant rank*site interaction (Table 3.7).  Biomass of 

age 2+ parr was dependent on enhancement site. Post hoc tests indicate a 

trend of increasing biomass as cluster rank improves (Table 3.7; rank p < 0.01).  

Biomass of age 2+ salmon was analyzed separately since a significant 

interaction was detected between site and rank.  Age 2+ salmon biomass 

significantly differed only between clusters ranked 1 and clusters ranked 5 and 

only at Skin Gulch enhancement site (ANOVA, F[1,4] = 3.31, p = 0.046) (Fig. 3.8). 

 

Age 1+ parr were significantly more abundant at rank 2 clusters than at ranks 3 

and 4 (Fig. 3.6b, Table 3.6).  No significant trends were detected among cluster 

ranks for biomass of age 1+ parr (Fig. 3.7b).   

 

Age 0+ fish did not indicate significant preference for boulder cluster rank in 

abundance.  Age 0+ salmon were more abundant and had higher biomass at 

Straight Reach site than at Skin Gulch (Table 3.6 & Table 3.7).  
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When making inter-site comparisons, age 2+ abundance was statistically 

similar among sites, although biomass was higher at Skin Gulch compared 

with Straight Reach (Fig 3.9).  Age 1+ parr were more abundant and had 

higher biomass at Skin Gulch and Straight Reach than at Macintosh (Fig 3.9a 

& Fig. 3.9b) with highest values detected at Skin Gulch.  For age 0+ parr, 

abundance and biomass was significantly higher at Straight Reach (Fig. 3.9) 

than at Skin Gulch. 

 

3.6 Discussion 

 

3.6.1 Measuring the boulder cluster habitat 

Using the ranking system that we designed we were able to compare and rank 

clusters.  In doing so, we were able to effectively assess individual boulder 

clusters’ stability and determine whether they were effective as salmon habitat 

enhancement. The majority (65%) of the boulder clusters placed in the LMR 

during summer 2005 remained intact one year after placement. Moreover, 

only 16% were degraded sufficiently to question their effectiveness as salmon 

parr habitat structures. 

 

There is no clear reason why boulder clusters performed better at Straight 

Reach than at Macintosh, or why condition scores were significantly improved at 

Skin Gulch than at the other two enhancement sites.  Physical characteristics of 

boulder clusters show no significant relationship that might explain why one 

enhancement site had better ranks or scores. After reviewing 161 habitat 
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structures in 16 streams in Washington and Oregon, Frissell and Nawa (1992) 

determined that modes of failure were diverse and bore no simple relationship to 

structure design.  Boulder clusters failed to some degree in 60% of streams and 

rivers regardless of stream order, slope, width or flood level.  However, in the 

Little Main Restigouche River the condition score worsened with distance 

downstream; Skin Gulch scored significantly higher than the other sites, and the 

most upstream site, Straight Reach, had the best mean condition score. 

 

The clusters that fell into the degraded category (rank 4 and 5) were due either 

to poor structural condition or a high degree of embeddedness scores. High 

condition scores were likely the result of movement of boulders via ice or woody 

debris carried by high flow of December 2005 or the moderate ice freshet in the 

springs of 2006 and 2007 (Environment Canada). 

 

3.6.2 Biological response to boulder clusters - electrofishing 

In this study we were able to quantify the habitat into two major criteria; 

substrate embeddedness and the integrity or cohesiveness of a group of 

boulders (condition). If a boulder cluster is not embedded and is tightly stacked 

together it provides a combination of interstitial space and refuge from the 

current.  Age-2 salmon parr utilized boulder clusters with the best combination 

of interstitial space (which can be visualized as the inverse of embeddedness) 

and condition. The more intact a structure remained, the more space was 

available for refuge from high flows, predation and the more likely that a 

salmon could become visually isolated.  As clusters became more 
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disassembled and embedded the interstitial space and refugia was reduced. 

This may have decreased the density of parr.  Visual isolation and refuge from 

high velocity water limit the territory size of juvenile salmon (Imre, et al. 2002).  

Boulder clusters with ranks of 3, 4 and 5 had significantly fewer age-2 parr 

than did rank 1 clusters. Abundance of age-2 parr at rank 2 clusters was not 

significantly higher, but did have a higher mean abundance than rank 3, 4 and 

5. If boulder clusters were cohesive and unembedded larger salmon parr 

should be more abundant as a result of reduced territory size and availability 

of larger interstitial spaces with which to seek refuge. Salmonids do not 

disperse uniformly, and it is generally understood that as they disperse larger 

fish will displace smaller fish (Allen1969).  Since larger parr generally have 

larger territories than age-0 salmon (Grant et al. 1998) the biomass of salmon 

should increase surrounding boulder clusters of better rank, as more parr of 

larger size utilize the cluster. At all enhancement sites the boulder clusters 

had a higher mean biomass as rank improved, the exception being between 

rank 4 and rank 5. While there were differences in the mean cluster scores 

between sites, there was only significant difference in the abundance or 

biomass of similarly ranked clusters between Skin Gulch and Straight Reach 

regarding age-2 parr.  Total salmon mean abundance and mean biomass 

generally decreased as boulder cluster rank degraded. 

 

Over a billion dollars are spent annually in the U.S. alone in stream restoration 

projects (Roni et al. 2008), primarily for salmonid fisheries.  According to 

Whiteway et al. (2010), the average duration for monitoring in-stream 
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enhancement projects is three years. While greater than 70% of in-stream 

enhancement projects are successful in increasing productivity, few researchers 

report on the stability of enhancement structures, including boulder clusters, 

following treatment. Ward (1997) determined that researchers often fail to 

return to evaluate boulder structure durability several years after installation, 

instead assuming that the benefits associated with boulder clusters are 

maintained for 10 to 20 years. 

 

Salmon parr utilize various depths, nose water velocities and substrate sizes at 

various life stages and various times of the year (Bardonnet and Bagliniere 

2000; Armstrong et al. 2003). Boulder clusters provide heterogeneity of depth, 

water velocity and proximity to various water flows, and substrate size (Ward 

1997).  As salmon habitat requirements change, boulder clusters can provide 

multiple combinations of cover and flow.  As parr grow in length they require 

substrate whose diameter is proportional to their length (Cunjak 1996). Where 

this is unavailable the fish may be susceptible to predation, particularly during 

winter. In rivers and streams that lack substrate heterogeneity, such as the 

LMR, boulder clusters can increase the rivers’ carrying capacity for larger parr.  

Grant et al. (1998) suggested that juvenile Atlantic salmon abundance is 

affected by food abundance only after passing through the “filter” of territory 

size.  Ultimately, if boulder clusters increase interstitial space and refugia, 

increase visual isolation, and thus reduce the size of the territory then they 

should increase the carrying capacity of the river.  If rivers where homogenous 

and/or small substrate is the limiting factor to smolt production, boulder clusters 
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can be effective at increasing their density. 

 

Further studies on the distribution of parr around boulder clusters of various 

ranks should be performed to discern the seasonal utilization of various 

ranked clusters by all life history stages, particularly during winter conditions.  

The results of this study can guide managers of boulder cluster 

enhancement areas to better understand and evaluate the overall change in 

production spatio- temporally with minimal effort. By quickly surveying and 

ranking individual clusters and sampling abundance or density variables 

around a smaller subset, the entire reach can be assessed regularly without 

the need to capture fish around each structure. 
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Table 3.1 Characteristics of enhancement sites in the Little Main Restigouche 
River from 2005 surveys by Gallant (2006) and 2006 boulder cluster surveys. 

 

 

Reach name Skin Gulch Macintosh Straight Reach 

Location 
(Lat/Long) 

47
o 

30' 37N 

67
o 

39' 55W 
47

o 
28' 37N 

67
o 

43' 16W 
47

o 
27' 42N 

67
o 

44' 40W 

Reach avg. length riffle/run 
(m) 

84 
67 

59 
54 

130 
97 

Reach avg. width  (m) 35 34 33 

Reach area 

(m
2
) 

 
5192 

 
3825 

 
7378 

No. of boulder clusters 94 101 113 

Boulder cluster area 

(m
2
) 

 
245 

 
200 

 
240 

% of reach enhanced 4.7 5.2 3.3 

Reach slope % 
(riffle/run) 

0.423 
0.098 

0.0171 
0.0156 

0.0212 
0.0103 

Area per boulder cluster 

(m
2
/cluster) 

 

52.3 
 

37.9 
 

65.3 
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Table 3.2 Boulder cluster structural condition score based on location and 
configuration of rocks relative to the apex rock and each other. 

 
 

Condition Score Scoring Criteria 

 

1 
 

Apex boulder shelters both wings; cluster intact. 

 

2 
 

One wing sheltered by apex, one wing partially sheltered by apex 
rock. 

3 One wing on either side is not sheltered by apex rock. 

 

4 
 

Both wings not sheltered by apex rock. 

 
5 

 

No individual wing rocks or fill rocks sheltered by another cluster 
rock…cluster completely dispersed. 

 

 

 

Table 3.3 Boulder cluster embeddedness score based on percent of 
average cluster height buried in fines, gravel and cobble. 

 

 
 

Embeddedness 
Score 

 

Scoring Criteria 

 

1 
 

Cluster is buried < 10% of its average height. Cluster unembedded. 

 

2 
 

Cluster is buried > 10% but < 33% of its average height. 

 

3 
 

Cluster is buried > 33% but < 66% of its average height. 

 

4 
 

Cluster is buried > 66% but < 90% of its average height. 

 

5 
 

Cluster is buried > 90% of its average height. 
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Table 3.4 Boulder cluster structure fill-rock score based on number and percent of 

fill-rock height buried in fines, gravel and cobble.  A score of “1” is best. 
 

 
Fill-rock Score Scoring Criteria 

 

1 
Three or more fill-rocks, within the space between the wings and behind the 
apex, that are < 33% embedded. 

 

0 
Less than 3 fill-rocks, within the space between the wings and behind the 
apex, that are < 33% embedded. 

 

 
 
 
 
 
 

Table 3.5 – Results of Replicated G-test of goodness-of-fit examining 
differences between 3 enhancement sites and 5 boulder cluster ranks.  
Factors (independent variables) are indicated as site and rank; the dependent 
variable is the frequency of boulder clusters in each site and rank combination.  
Boulder cluster totals at each site; Skin Gulch = 94, Macintosh = 101, Straight 
Reach = 115. * Indicates interpretable significant effects at α = 0.05 level. 

 

 
Number of boulder cluster in Rank 

 

 
Data set 

 
Rank 1 

 
Rank 2 

 
Rank 3 

 
Rank 4 

 
Rank 5 

 
G-ratio 

 
df 

Probability 
Level 

 

Site - Skin 
 

33 
 

27 
 

17 
 

9 
 

8 
 

26.33 
 

4 
 

p < 0.01* 

Site – Mac 27 29 20 10 15 13.253 4 p = 0.01* 

 

Site - Straight 
 

43 
 

40 
 

23 
 

5 
 

4 
 

68.827 
 

4 
 

p < 0.01* 

 

Pooled sites 
 

103 
 

96 
 

60 
 

24 
 

27 
 

94.129 
 

4 
 

p < 0.01* 

Total      108.41 12 p < 0.01* 

 

Heterogeneity      
 

14.281 
 

8 
 

p = 0.075 
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Table 3.6- Results of two-way ANOVA tests examining differences in 

juvenile salmon catch per unit effort between three enhancement sites and 

five boulder cluster ranks, indicated as site and rank for age 0+, 1+and 2+ 

salmon parr. Factors (independent  variables) are indicated as site and rank; 

the dependent variable is number of salmon per 100 seconds of 

electrofishing in each site and rank combination.   *Indicates interpretable 

significant effects at a= 0.05 level. 
 
 

Age Source of Degrees of 
Cohort Variation Freedom 

Sum of 
Squares 

Mean 
Square 

F-ratio ProbabiIity 
Level 

2+ parr Site 2 6.53 3.26 3.51 p > 0.05 

 Rank 4 22.86 5.72 6.15 p<0.001* 

 Site x Rank 8 12.99 1.62 1.75 p > 0.1 

 Residual 59 54.80 0.93   

1+ parr Site 2 15.31 7.65 4.02 0.01 < p < 0.05* 

 Rank 4 24.58 6.14 3.23 0.01 < p < 0.05* 

 Site x Rank 8 18.11 2.26 1.19 p > 0.1 

 Residual 59 112.40 1.91   

0+ parr Site 2 12.76 6.38 5.99 p < 0.01* 

 Rank 4 9.99 2.50 2.34 p > 0.1 

 Site x Rank 8 12.93 1.62 1.52 p > 0.1 

 Residual 59 62.90 1.07   
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Table 3.7 - Results  of two-way  ANOVA tests examining  differences in juvenile 

salmon biomass between 3 enhancement sites and 5 boulder  cluster ranks, 

indicated  as site and rank for age 0+, 1 +and 2+ salmon  parr.   Factors 

(independent  variables)  are indicated  as site and rank; the dependent  variable  is 

biomass of salmon  per 100 seconds  of electrofishing in each site and rank 

combination.  * Indicates  interpretable significant  effects  at a= 0.05 level. 
 
 

 

Age 

Cohort 

 

Source of 

Variation 

 

Degrees of 

Freedom 

 

Sum of 

Squares 

 

Mean 

Square 

 

F-ratio 
 

Probability 

Level 

2+ parr Site 2 2434 1217 2.83 0.01<p<0.05* 

 Rank 4 8238 2059 4.80 p < 0.01* 

 Site x Rank 8 6204 776 1.81 0.05 < p < 0.1 

 Residual 59 25331 429   

1+ parr Site 2 869 435 3.83 p<0.05* 

 Rank 4 1100 275 242 0.05 < p < 0.1 

 Site x Rank 8 744 93 0.80 p > 0.1 

 Residual 59 6866 116   

0+parr Site 2 30.7 1540 7.62 p<0.05* 

 Rank 4 20.6 5.14 2.50 0.01<p<0.05* 

 Site x Rank 8 23.3 2.91 144 p > 0.1 

 Residual 59 119 2.02   
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Figure 3.1 Map of study area. Enhancement sites are represented by red dots. Roughly 20 km 
below Boston Brook Lodge the Kedgwick River joins the LMR to become the main stem of the 
Restigouche River. 

 
 

 
Figure 3.2  Boulder cluster design showing “sheltered” position of wing rocks behind apex 

rock and position of fill rocks 
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  Figure 3.3 The number of boulder clusters (n=308) at 3 enhancement sites in the Little Main 

Restigouche River versus embeddedness score (best score is 1). 

         
 Figure 3.4  The number of boulder clusters (n=308) at 3 enhancement sites in the Little Main 

Restigouche River versus condition score (best score is 1). 
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 Figure 3.5 The number of boulder clusters (n=308) at 3 enhancement sites in the Little Main 

Restigouche River versus fill rock score (best score is 1). 
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Figure 3.6  Mean (± 95% confidence intervals, n= 15 boulder clusters) abundance of age-0 
(a), age-1 (b) and age-2 (c) juvenile Atlantic salmon per boulder cluster based on 100 
seconds of electrofishing effort at boulder clusters (at 74 boulder clusters) in 3 enhancement 
sites (the sites are pooled) in the Little Main Restigouche River. Each site tested 5 clusters 
per rank (n = 5 at each rank/site combination except rank 5 at Straight Reach site where only 
4 clusters of rank 5 were present). Different letters above bars represent statistical 
significance (p < 0.05); Tukey test results for effect of rank within each fish age class are 
indicated. Ranks within fish age classes sharing a common letter are not significantly 
different. 
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Figure 3.7 Mean (± 95% confidence intervals, n=15 boulder clusters) biomass of age-0 (a) and 

age-1 (b) juvenile Atlantic salmon per boulder cluster based on 100 seconds of electrofishing 
effort at boulder clusters (at 74 boulder clusters) in 3 enhancement sites in the Little Main 
Restigouche River. Each site tested 5 clusters per rank (n = 5 at each rank/site combination 
except rank 5 at Straight Reach site where only 4 clusters of rank 5 were present). Tukey test 
results for effect of rank within each fish age class are indicated. Ranks within fish age 
classes sharing a common letter are not significantly different. 
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Figure 3.8 Mean (± 95% confidence intervals, n=5 boulder clusters) biomass of age-2+ 
juvenile Atlantic salmon per boulder cluster based on 100 seconds of electrofishing effort at 
boulder clusters (at 74 boulder clusters) at (a) Skin Gulch, (b) Macintosh, and (c) Straight 
Reach enhancement sites in the Little Main Restigouche River. Each site tested 5 clusters 
per rank (n = 5 at each rank/site combination except rank 5 at Straight Reach site where 
only 4 clusters of rank 5 were present). Tukey test results for effect of rank within each fish 
age class are indicated. Ranks within fish age classes sharing a common letter are not 
significantly different. 



127 

  

 

 

 
Figure 3.9 Mean catch per unit effort (# of salmon per 100 seconds electrofish effort) (a) and 

biomass (b) (± 95% confidence intervals) of age-0, age-1 and age-2 juvenile Atlantic salmon at 

boulder clusters (n = 74) at 3 enhancement sites in the LMR River (the data are pooled over 

rank of boulder clusters). Tukey test results for effect of site within each fish age class are 

indicated. Points sharing a common letter are not significantly different with fish age classes. 
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4 Synthesis 

 

4.1 Assessment of large parr response to boulder cluster 

enhancement  

The main objective of my thesis was to assess the response of large Atlantic 

salmon (Salmo salar) parr/pre-smolt to the addition of boulder cluster habitat in 

the Little Main Restigouche River (LMR) in northern New Brunswick.  The first 

step was to determine a baseline density of large parr at pre-enhancement and 

control sites in the LMR, and at reference sites in the adjacent Gounamitz River, 

then compare baseline data with post-enhancement sampling at the same site 

(Chapter 2). Large (age-2) parr density was lowest at pre-enhancement sites 

(1.4 age-2 parr per 100 m2), followed by control (2.1) and reference (3.6) sites. 

These results were similar to Department of Fisheries and Oceans and J.D. 

Irving assessments of parr density at LMR and Gounamitz River electrofish sites.  

Following the addition of boulder clusters the trend shifted; mean large parr 

density was highest at enhancement sites (17.8 age-2 parr per 100 m2 in August 

2006, 14.7 in September 2006 and 19.0 in September 2007), then reference 

(7.6, 3.0 and 1.8, respectively) followed by control (4.1, 1.7 and 7.4, respectively) 

sites.  Significant differences (p = 0.026) of age-2 parr density were detected 

between pre-enhancement and post-enhancement sample dates. 

 

Most research focused on Atlantic salmon enhancement with boulder clusters 

takes place in Europe (O’Grady 1995; Gargan et al 2002).  Scientists in North 

America have documented positive change in salmonid density surrounding 
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boulder clusters, but relatively few studies studied the response of Atlantic 

salmon to boulder clusters. A search of the literature found only studies 

comparing Atlantic salmon preferences to various types of enhancement 

structures in artificial channels and Atlantic salmon competition with brook trout in 

artificial channels, all three studies were in Newfoundland (Bourgeois et al. 1993; 

van Zyll de Jong et al. 1997; Mitchell et al. 1998). This research was unique in 

its use of a multidisciplinary team of hydraulic engineers and fish biologists, the 

use of boulder clusters in a natural flowing river with a wild and robust population 

of Atlantic salmon and the use of boulder clusters in a New Brunswick stream in 

an attempt to address a perceived bottleneck to production of outmigrating smolt. 

 

It is important to track the response of target species to assess the success or 

failure of habitat enhancement projects. Roni and Quinn (2001a) suggest that it 

is perhaps more important to study the change in the habitat that occurs in the 

stream.  Our next step in this research was to determine if a relationship could be 

established between boulder clusters in various degrees of degradation and large 

parr abundance (Chapter 3).  In summer 2007, following a mid-winter 25-year 

flood event in December 2005 and the spring freshets of 2006 and 2007, the 

enhancement sites were surveyed to determine ranks of boulder cluster integrity 

as determined by 3 criteria. Those criteria, cluster embeddedness, cluster 

condition and the presence of unembedded “fill rocks” within the cluster, were 

combined to achieve a final rank. Large parr abundance was hypothesized to be 

associated with this rank. Clusters of various ranks (1 through 5 where best rank 

is 1) were randomly electrofish sampled.  Five clusters of each rank were 
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sampled at each of the 3 enhancement sites for a total of 74 boulder clusters. 

Boulder clusters with rank 1 had significantly higher abundance (1.65 age-2 parr 

per cluster) (p < 0.01) than clusters with scores of rank 3 (0.50 parr), rank 4 

(0.00) and rank 5 (0.23). 

 

I am not aware of any research that attempts to rank or score habitat 

enhancement structures to predict fish response. This is particularly useful in 

situations where structures are affected (positively or negatively) and large-

scale assessment is not practical or financially feasible. 

 

4.2 Application of this research 

The results of Chapter 2 support the large volume of literature written on short 

term assessments of in stream habitat enhancement, including boulder cluster 

enhancement. Results indicate that Atlantic salmon, particularly large parr, 

respond favourably to boulder cluster enhancement.  The question of movement 

between enhancement reaches and/or retention of fish in enhancement reaches 

was not answered conclusively. This is, in part, due to difficulty sampling large 

areas of river in 4th order streams. The use of Passive Integrated Transponder 

(PIT) tags and Visible 

 

Implant Elastomer (VIE) tags to track the retention of Atlantic salmon in boulder 

clusters was largely unsuccessful. Again, the most likely problem was the scale 

of the study in relation to the size of the river.  The enhancement sites were >100 

m in length but only a small subsample of the reach (generally 20 metres) was 
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sampled. While nearly 4,500 salmon were tagged with one or both tag types, 

very few were detected again. 

 

The results of Chapter 3 will help scientists utilize an objective assessment tool 

that will assist their survey of boulder cluster enhanced reaches.  In the past, a 

massive time consuming electrofish sample covering large areas of enhanced 

river was necessary to confidently assess changes to degraded enhanced 

reaches (see Chapter 2). This assessment tool will help a scientist quickly and 

regularly assess the condition of each cluster (survey of 308 boulder clusters at 3 

sites was conducted in less than 12 hours over 3 days).  Once this survey is 

correlated with electrofish sampling the scientist should be able to predict a 

population estimate throughout the reach with a recurring (annual or following any 

hydraulic event) cluster habitat ranking survey.  This research will also provide a 

method to estimate the population changes at an enhancement site while 

minimizing the disturbance to the target species.  Using this method a population 

estimate of 335 age-2 parr can be extrapolated for the entire enhancement 

project based on the mean number of parr at each rank multiplied by the number 

of clusters of that rank. 

 

4.3 Future research 

Parr retention was tracked during a several point surveys many months apart. 

The total number of surveys sample dates (4) was too few to determine when 

parr left the 7 sites. To understand why fish are leaving the presumed preferred 

habitat of the boulder clusters it is vital that we know when they leave.  It was 
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assumed that fish left the sites in advance of cooling water temperatures and 

the threat of ice.  Effort was therefore heavily biased towards late autumn and 

early winter, a more thorough study of the response of PIT tagged salmon parr 

should include year round tracking on a more frequent basis. The best version 

of the tracking study would detect the timing of the departure and might include 

a combination of stationary antennas placed above and below the enhancement 

sites, and backpack tracking periodically within the site to determine predation 

rates. 

 

Ranking of boulder clusters did not include measurements of depth or velocity 

surrounding the clusters.  Reviews of salmon habitat needs indicate the 

importance of deep and slow water to the growth and production of larger parr 

(Cunjak 1996; Armstrong et al 2003; Amiro 2006). The inclusion of these criteria 

may strengthen the correlation between a “good” boulder cluster and the parr 

inhabiting it. 

 

4.4 Conclusions 

This research has described the response of juvenile Atlantic salmon to 

boulder clusters and has designed a method to predict a population estimate 

which lessens disturbance to the target species and decreases the sample 

effort. 

 

The target species and life stage, large Atlantic salmon parr, responded 

favourably to boulder cluster habitat enhancement. Abundance and size of parr 
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increase surrounding boulder clusters, but further research is necessary both 

spatially and temporally to assess the long term viability of the enhancement and 

to determine whether it is cost effective to supplement parr production by 

increasing the carrying capacity with boulder enhancement.  It is suggested that 

large parr leave the LMR and Gounamitz Rivers in fall and spring in order to find 

habitat which provides better refuge from predators and ice related mortality.  This 

is speculative without more research to determine the timing and cues for 

migration. 

 

Shifts in the condition and integrity of the boulder clusters over time were 

measured. The ranking method put in place can provide quick assessments of 

habitat availability and population estimates. This is important to managers who 

are interested in the long term changes to enhancement projects. 
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