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 Brook charr (Salvelinus fontinalis) are a popular sport fish and have experienced 

marked declines in size, abundance, and distribution.  The sea-run form of this species 

has experienced a parallel decline, the causes of which are poorly understood.  Growth 

and movement behaviors are known to interact and influence the survival and fitness of 

an individual.  Furthermore, growth variation in juveniles is linked to life history 

variation in adults.  We used biannual mark-recapture surveys and active telemetry to 

track the movement and growth of brook charr at Stanley Brook (Seal Harbor, Maine) 

and Cove Brook (Winterport, Maine) during 2006-2010.  Individuals were captured 

during backpack electrofishing surveys and implanted with a 12.5 mm PIT tag for unique 

identification.  We used a combination of continued electrofishing surveys, PITpacking,  

radio telemetry, and stationary PIT antenna arrays to follow these fish through space and 

time. Overall, we marked 7,309 individuals which resulted in 3,619 physical recapture 

events.   

Individual variation in growth rates was best explained by a model containing an 

interaction between season and an individual‟s length, mean water temperature, and 



 

 

 

 

instream location. Growth rates were fastest in the summer, and smaller individuals grew 

more rapidly than larger conspecifics. Individuals using habitats closer to the head of tide 

grew faster than those in upstream locations. We documented considerable stream-to-

stream and year-to-year variation in the growth of coastal brook charr. The effects of 

repeated handling on growth appear subtle relative to other factors, but a slight negative 

effect was detected. Interestingly, physical habitat variation was not an important control 

of individual growth variation within Stanley Brook. Overall, we were able to explain 

51.9% of the observed individual growth variation using our model. 

Our results suggest that movement is limited during the summer and winter 

months, but considerable movement occurs during the spring and fall. Using a weight of 

evidence approach, we conclude that the restricted movement paradigm applies to coastal 

brook charr populations on a seasonal basis. However, where movements occur, they 

appear to be ecologically significant, as they allow individuals to transition between 

important seasonal habitats. 
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INTRODUCTION 

 

Decline of brook charr† 

 Throughout their native range, eastern brook charr (Salvelinus fontinalis) have 

experienced marked declines in abundance and distribution.  In many areas, brook charr 

are now generally restricted to isolated populations persisting in the headwater reaches of 

streams, largely as the result of land use changes (Stranko et al. 2008) and the 

introduction of non-native species (Krueger and May 1991, Galbreath et al. 2001).  

Maine has been identified as one of the last remaining strongholds for brook charr in the 

eastern United States (Hudy et al. 2005), and provides an ideal venue for research. 

 In coastal systems, brook charr may utilize estuarine or marine environments.  

These fish, termed sea-run brook charr, are sought after by anglers.  Although reliable 

data do not exist, anecdotal evidence suggests that anadromous runs of this species have 

been in decline for nearly 200 years (Smith 1833). 

 

 

 

 

†I have chosen to use the term charr as opposed to trout to reflect the true taxonomic 

status of Salvelinus fontinalis. The life history of this species is much more similar to 

other taxa in the genus Salvelinus than to other species colloquially referred to as trout. In 

particular, brook charr are highly opportunistic, require cold water, and exhibit 

considerable life history plasticity – key characteristics of the charrs (Power 2000). 
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Life history variation 

 Brook charr exhibit great variability in life history and habitat use, inhabiting a 

broad array of ecosystems, ranging from small headwater creeks in southern Appalachia 

to lakes and even marine environments in the north.  In coastal waterways, brook charr 

may spend their entire lives as resident fish within a stream, or they may make use of 

estuarine and marine waters (Power 1980).  Many coastal streams host sympatric 

populations of anadromous and resident brook charr (Morinville and Rasmussen 2006).   

 Rounsefell (1958) reviewed the life history of brook charr and classified the 

species as “optionally anadromous”. Anadromy in most species is thought to convey a 

reproductive advantage.  At higher latitudes where anadromy is prevalent, marine 

environments are typically more productive than inland waterways and offer an 

opportunity for enhanced growth rates (Gross et al. 1988).  Because fecundity in fishes is 

a function of size, marine residency can increase the overall reproductive output of an 

individual if it survives migration.   

 Anadromy in brook charr may be driven by enhanced reproductive success. Due 

to the greater productivity in estuarine and marine environments, sea-run charr generally 

grow faster (Smith and Saunders 1958, Dutil and Power 1980, Morinville and Rasmussen 

2006, Chernoff and Curry 2007), although this has not been the case in all systems 

(Castonguay et al. 1982).  Most anadromous brook charr are female (White 1940, Wilder 

1952), which likely gain a reproductive advantage facilitated by enhanced growth in 

marine environments as fecundity is a function of size (Theriault et al. 2007).  

Furthermore, post-reproductive survival is correlated positively with body size 

(Hutchings 1994).  Thus, the residual reproductive value of an individual is increased by 
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size.  Enhanced growth and reproductive success are widely considered to drive 

anadromy in salmonids. 

 Interestingly, not all studies on brook charr appear to support this hypothesis.  

Size was not found to convey a reproductive advantage for males in populations with 

dimorphic life-histories (Theriault et al. 2007), although the sample size in this study was 

small.  Furthermore, Curry (2005) found that the reproductive contribution by 

anadromous females was correlated inversely with total charr density.  Little data has 

been published on mortality in marine environments. Consequently, the fitness costs 

associated with anadromy are unknown. At the present time, the net implications of 

brook charr anadromy on fitness remain unclear, although sexual differences seem to 

exist.  

 Migratory behavior may also be an adaptive response to unsuitable conditions, as 

opposed to actively seeking out an environment for optimal growth (Wilder 1952, Smith 

and Saunders 1958).  For example, movements may be the result of overcrowding during 

summer time low flows, during which period instream coldwater refugia can be limited to 

small springs (Huntsman 1950).  During the winter months, ice and snow limit available 

habitat and pose additional risks to charr in streams (Needham and Jones 1959, 

Chrisholm and Hubert 1987, Power 2002). If suitable conditions are not present within 

the stream, individuals may be forced to seek other suitable habitats such as lakes, 

estuaries, or the ocean. 

 Regardless of the cause of migration, the transition from freshwater into saltwater 

presents a substantial physiological challenge for anadromous fish.  In freshwater, fishes 

are hyperosmotic, and must continuously work to maintain the salts in their body.  
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Conversely, in saltwater, most fishes are hypoosmotic in marine environments, and their 

body must fight dehydration.  To address these challenges, most anadromous salmonids 

have a smolt stage, in which young individuals undergo physiological changes in 

anticipation of the transition (Hoar 1976, McCormick and Saunders 1987).  Conversely, 

brook charr do not undergo preparatory smoltification (McCormick et al. 1985), and 

seawater tolerance is thought to be developed as a proximate response to an increase in 

salinity. Brook charr are poorly adapted to saltwater, and anadromous movements are 

primarily limited to estuarine nearshore environments (Curry et al. 2006).  

 

Movements 

 Whereas most salmonids exhibit a single synchronized migration, the iteroparous 

brook charr may move to sea during any month of the year (Smith and Saunders 1958, 

Ritzi 1959).  Two major movement periods have been identified in previous studies.  

Many sea-run populations show a downstream movement in the spring, with large 

numbers of fish returning between June and early September (White 1940, Smith and 

Saunders 1958, Ritzi 1959, Curry et al. 2006).  An additional peak in movement has been 

documented in between October and December (Bigelow and Schroeder 1953, Smith and 

Saunders 1958, Ritzi 1959).  Curry et al. (2002) found fish migrated into headwater 

reaches during the spring, returning in the fall to the lower portions of a river and its 

estuary.  There appears to be geographic variation in the nature and timing of movements 

(Smith and Saunders 1958). 
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 Several environmental variables have been reported to influence brook charr 

movement.  Numerous studies have noted a correlation between stream temperatures and 

the movements of brook charr (e.g.  White 1940, Wilder 1952, Smith and Saunders 

1958).  Movements into and out of the estuarine environment typically occur at night 

(Smith and Saunders 1958, Castonguay and FitzGerald 1982).  Castonguay and 

FitzGerald (1982) found that a relationship existed between lunar phase and movements 

during one year of their study, although lunar and tidal influences are difficult to 

distinguish.   

Variability in stream flow also seems to contribute to patterns in brook charr 

movements.  Ritzi (1959) found peaks of downstream movement often occurred with 

spring freshets.  White (1940) reported runs of fish that seemed to be initiated by rain, 

starting before the water levels rose. Smith and Saunders (1958) found that most brook 

charr movements were generally “conditioned by temperature and stimulated by 

changing water levels”. Environmental conditions clearly influence the movement 

patterns of brook charr.   

 Intrinsic factors may also play a major role in determining the movement patterns 

of an individual.  Anadromous brook charr have higher metabolic demands, reduced 

growth efficiency, distinct morphology, and use different habitats even prior to seaward 

migration (Morinville and Rasmussen 2003, Morinville and Rasmussen 2006, Morinville 

and Rasmussen 2008). Chernoff and Curry (2007) found that progeny of anadromous 

brook charr were larger at emergence and grew faster than resident progeny by 3 months 

after emergence. They concluded that anadromous offspring had a size advantage due to 
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maternal and genetic effects. These studies suggest anadromous individuals have inherent 

differences which contribute to their life history strategy. 

 Many researchers have sought to identify genetic traits that may be linked to 

anadromy in brook charr, as individuals using marine environments are likely to be 

facing different selective pressures than resident fish (e.g.  Jones et al. 1997).  

Polymorphism occurs in many species of salmonids, but typically only males exhibit 

multiple migratory strategies, rendering genetic divergence impossible (Boula et al. 

2002).  In contrast, both sexes of brook charr can exhibit life history variation (White 

1940), and thus genetic divergence is possible (Boula et al. 2002).  Theriault et al. (2007) 

documented that gene flow occurs between anadromous and resident fish, primarily via 

resident males spawning regularly with sea-run or resident females.  Even still, recent 

studies using modern genetic techniques suggest that there may be some genetic isolation 

between life histories (Boula et al. 2002, Theriault et al. 2007).  Given the patterns of 

isolation among coastal brook charr populations (Castric and Bernatchez 2003), it is 

possible that genetic divergence between life history tactics is occurring at some sites but 

not at others.  

 Ultimately, interactions of intrinsic and environmental factors likely trigger brook 

charr to move into or out of the estuary.  Previous research suggests a considerable 

amount of interannual variation in the proportion of fish using estuarine waters (Smith 

and Saunders 1958). Given the broad geographic distribution of sea-run brook charr from 

40 °N (Long Island, NY) to about 60 °N, environmental conditions vary significantly 

throughout their range.  The extent of anadromy in Salvelinus may be correlated to 

climate and latitude (Gross et al. 1988, Lucas et al. 2001).  Despite known geographic 
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variability in life history and declining populations of sea-run brook charr, very little 

research has focused on coastal populations of charr south of Canada.   

 

Implications of movement and life history variation 

 The movement patterns of brook charr have significant ecological implications.  

Movement may confer benefits to growth, survival, or reproduction.  Environmental 

heterogeneity allows brook charr to exploit different habitats for different life history 

requirements.  Some habitats may be ideal for growth, whereas others may contain ideal 

sites for reproduction or overwintering (Stolarski and Hartman 2010).  While movement 

allows individuals to transition between these habitats, it also requires energetic 

expenditure and may also increase the risk of mortality. 

 Throughout their native range, brook charr exhibit considerable growth variability 

between populations.  In many streams, few brook charr grow beyond 15-20 cm (Smith 

and Saunders 1958, Shetter 1968) and are dominated by individuals <2 years old 

(McFadden 1961, Jensen 1971, Stolarski and Hartman 2010).  Conversely, some coastal 

systems commonly produce sea-run brook charr >30 cm (Castonguay and Fitzgerald 

1982, Curry et al. 2006). Historical accounts suggest large sea run brook charr were once 

much more common throughout the species range (e.g. Smith 1833). The causes and 

consequences of this spatial and temporal variability are only partially understood.   

 Even within a watershed, considerable differences in growth rates may exist 

between individuals and across the stream continuum.  Growth variability within a stream 

is known to be linked to life history, as anadromous individuals often exhibit enhanced 

growth (Dutil and Power 1980, Morinville and Rasmussen 2006, Chernoff and Curry 
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2007).  Even among non-anadromous individuals, significant variability in growth may 

also be common, perhaps as a function of their vagility (propensity to move).  Flick and 

Webster (1975) described two types of fish in a stream population of brook charr-

“movers” and “non-movers”. Although subsequent research has identified that fish 

movement is better described on a continuum (Gowan et al. 1994, Gowan and Fausch 

1996, Rodriguez 2002), fish movement varies considerably among individuals. 

 Habitat use is also known to influence the growth of salmonids (Fausch 1984).  

Although rivers change predictably along their course (Vannote et al. 1980), few studies 

have examined life history plasticity along these gradients.  Utz and Hartman (2006) 

found significant differences in energy consumption within a watershed, further 

suggesting that growth may vary considerably even within a population.  Despite the 

potential for significant spatial variability in life history characteristics, populations are 

typically managed on a broad regional scale.   

 

Current status 

 Sea-run brook charr in Maine fall in a regulatory void between the Maine 

Department of Inland Fish and Wildlife (IFW) and the Maine Department of Marine 

Resources (DMR).  Currently, sea-run brook charr (even in marine environments) are 

subject to the same regulations as non-anadromous populations.  From a management 

perspective, it is important to determine if these regulations are effective at maintaining 

life history diversity.  Sea-run brook charr may warrant alternative management strategies 

to promote the conditions which favor anadromy.  In the future, fishing pressure is likely 
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to increase on sea-run populations of brook charr (Moring 2005).  As such, it is more 

important than ever to understand the ecology and population dynamics of this species.   
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Chapter 1 

GROWTH VARIABILITY OF BROOK CHARR (Salvelinus fontinalis) IN 

COASTAL MAINE 

 

Abstract 

 Brook charr inhabit a wide variety of habitats and exhibit considerable growth 

variation between and within populations. We used biannual mark-recapture 

electrofishing surveys and PIT tags at two streams in coastal Maine to examine 

variability in brook charr growth through space and time. Growth rates were substantially 

faster at Cove Brook than Stanley Brook but varied considerably within each stream. 

Based on 2,892  recaptures between 2006 and 2010, we developed a suite of linear mixed 

models to examine variation in individual growth rates at Stanley Brook as function of 

environmental variables. We distilled physical habitat data from surveys in 2010 into 

principle components for entry into the growth model. Growth is primarily related to an 

interaction between season and an individual‟s length, mean water temperature, and 

instream location. Growth rates were fastest in the summer, and smaller individuals grew 

more rapidly than larger conspecifics. Individuals using habitats closer to the head of tide 

grew faster than those in upstream locations. We documented considerable stream-to-

stream and year-to-year variation in the growth of coastal brook charr. Interestingly, 

physical habitat variation was not an important control of individual growth variation 

within Stanley Brook. We suggest local variability in growth rates should be considered 

when developing management strategies for coastal populations. 
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Introduction 

 Brook charr inhabit a wide variety of habitats and exhibit considerable life history 

variation. Brook charr may be found in all types of freshwater environments within their 

native range and some populations enter marine waters (Power 1980). Growth rates are 

known to vary widely between and within populations (Curry et al. 2002, Roghair and 

Dolloff 2005) and are likely a function of the productivity of available habitats and their 

arrangement (Gross et al. 1988). In many streams, few brook charr grow beyond 15-20 

cm (Smith and Saunders 1958, Shetter 1968) and are dominated by individuals less than 

2 years old (McFadden 1961, Jensen 1971, Stolarski and Hartman 2010).  Some coastal 

systems commonly produce sea-run brook charr greater than 30 cm fork length 

(Castonguay and Fitzgerald 1982, Curry et al. 2006), while in other coastal systems few 

fish exceed 15 cm (Ritzi 1959). Where anadromy occurs, these individuals generally 

grow faster in marine environments than their freshwater conspecifics (Smith and 

Saunders 1958, Dutil and Power 1980, Morinville and Rasmussen 2006a). 

 Growth variation in brook charr has profound life history implications as a result 

of its effects on body size. Vulnerability to predators and anglers alike are guided by 

individual size, although the implications vary across time and space. Tolerance to 

environmental conditions varies with size and maturity (e.g. Benfey et al. 1997, 

McCormick and Naiman 1984, McCormick and Naiman 1985). In stream salmonids, 

mobility and reproductive success are often correlated and generally enhanced with size 

(Hutchings 1994, Hutchings 1996, Morita and Takashima 1998). Furthermore, field and 

laboratory studies suggest a minimum body size is required for anadromy (Wilder 1952, 

Dutil and Power 1980, McCormick and Naiman 1984).  
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 Temperature is perhaps the single most important factor in fish growth. 

Consumption, metabolism, and the behavior of brook charr all vary with temperature (De 

Staso III and Rahel 1994). Other factors have also been identified as important factors in 

determining fish growth. Habitat conditions play a large role in determining the growth 

potential for many fishes. The diet of brook charr is known to vary between habitat types 

(Morinville and Rasmussen 2006b). Few studies have examined growth variability within 

a watershed, although considerable growth variation can exist within populations of 

stream salmonids (Nakano et al. 1991, Stolarski and Hartman 2010).  

 While habitat conditions and prey availability generally control the growth 

potential of a population, intrinsic factors also influence the variation observed among 

individuals. Growth efficiency varies among individuals, and may be linked to habitat use 

in some instances (Morinville and Rasmussen 2003). Individual behaviors, such as 

habitat use and prey selection further control the growth of a fish. 

 To assess individual growth rates, a fish must be captured on multiple occasions 

or growth must be inferred from calcified structures. In brook charr, scales are often 

difficult to decipher size histories (Stolarski and Hartman 2008) and back-calculations of 

growth based on other bony structures are subject to bias from Lee‟s phenomenon 

(Campana 1990). Individual-based mark-recapture studies are now being widely 

implemented to avoid this problem. However, capture and handling can also impact 

growth rates (Hughes 1998) and relatively little is known about the cumulative effects of 

repeated sampling.  

 Coastal brook charr exhibit dramatic variations in growth between and within 

populations. We used intensive mark-recapture electrofishing surveys and physical 
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habitat assessments to examine growth in two Maine streams. Our objectives were to (1) 

compare body growth and size structure between systems, (2) generate a model to 

examine the influence of environmental conditions on individual growth rates using a 

robust data set from one stream, (3) use the model to examine the effects of repeated 

handling on growth.  

 

Methods 

Comparison of growth and size structure between systems 

 Our study was conducted in two coastal Maine streams located approximately 65 

km apart. Both streams flow directly into tidal waters and support sympatric populations 

of resident and anadromous brook charr.   

Stanley Brook is a small oligotrophic coastal stream on the southern end of Mount 

Desert Island (44° 17.8‟ N 68° 14.5 W) and flows directly into the Atlantic Ocean (Figure 

1.1). The Stanley Brook watershed contains 3.6 km
2
 of perennial surface waters which 

drain 3.8 km
2
 of land. Land use is predominantly coniferous forest, although suburban 

areas (12%) exist within the watershed. Stream width (at base flow) ranges from 

approximately 0.5 m in the headwaters to nearly 5 m at the head of tide. The stream is 

dominated by shallow riffles and runs, but numerous pools >1 m deep are present in the 

lower reaches. The lowermost 100 m of Stanley Brook is dominated by pools, marine 

detritus, very little canopy cover, and variable salinity (up to 32 ppt). This reach also 

supports an abundant population of marine isopods during portions of the year (Kazyak 

personal observations). Brook charr is the predominant species in this system, although 

some eels are also present in the study area. 
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 Cove Brook (44° 41.7‟ N 68° 50.9‟ W), is a second-order mesotrophic tributary to 

the tidal reaches of the Penobscot River and drains 28 km
2
 of mixed land cover via 15 km 

of perennial streams (Figure 1.1). Cove Brook starts in an extensive beaver (Castor 

canadensis) complex and flows downstream through an alder thicket and mixed 

mesophytic forest. Within the study area, stream width at baseflow ranges from 4-10 m. 

Physical habitat varies considerably throughout the stream, ranging from dense alder 

thickets over clean pebbles to large, exposed, silt-laden pools. Cove Brook supports a 

diverse fish community, and is dominated by cyprinids, suckers, eels, and brook charr 

(Appendix C).  



 

  

1
5 

 

Figure 1.1. We conducted intensive mark-recapture studies on two streams in coastal Maine. Cove Brook (center) is a tributary to the 

tidal portion of the Penobscot River, Winterport, Maine. Stanley Brook (right) flows directly into the Atlantic Ocean on the southern 

shore of Mount Desert Island, Maine.  Our research focused on the lower 5 km (Cove Brook) and 2 km (Stanley Brook) of each 

watershed. 
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Fish collection and marking 

 Brook charr were collected during biannual surveys between fall 2008 and spring 

2010. We used backpack electrofishing techniques to capture fish throughout each of our 

study sections. This type of sampling approach is commonly used for stream salmonids. 

 Prior to handling, each fish was chemically anesthetized. The fork length (± 0.1 

mm) of each fish was measured and recorded. Newly captured individuals were 

surgically implanted with a 12.5 mm passive integrated transponder tag (134.2 kHz ISO 

tag, Digital Angel Co., TX1411SST) into the peritoneal cavity as described by Gries and 

Letcher (2002). The adipose fin of each new individual was clipped to identify previous 

captures during future surveys. Recaptured individuals were identified using a handheld 

PIT scanner. Following processing, each fish was allowed to fully recover from the 

anesthetic and released near its capture location (<40 m at Stanley Brook  and <100 m at 

Cove Brook).  

 

 Modeling growth at Stanley Brook  

Stanley Brook represented approximately 95% of our total recapture data and we 

focused our initial analysis on these individuals. Individual absolute growth rates were 

calculated from captures from consecutive sampling occasions (Formula 1.1). Because 

mass is sensitive to variation in gut contents and reproductive condition, we based all 

growth calculations on fork length measurements. Absolute growth rates (mm·d
-1

 ) were 

calculated for analysis because they appear to be linear with respect to length (winter) or 

independent of length (summer) in our study streams (Figure 1.2), and were used for all 

modeling. Other studies examining individual growth variation have also used this metric 
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to compare growth among individuals of various sizes (Nakano et al. 1991, Xu et al. 

2010). 
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 Figure 1.2. Sample relations between fork length and absolute growth during summer 

and winter at Cove Brook and Stanley Brook. A single outlier was removed from each of 

the Cove Brook plots. Absolute growth is inversely related to fork length in the winter, 

although the overall correlation is low. During the summer month, absolute growth 

appears to be independent of fork length. 

 

 

 We hypothesized that brook charr growth is controlled by access to marine 

environments or by habitat heterogeneity. We used capture data from electrofishing 
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surveys to determine the mean along-stream location of an individual during a growth 

interval and used mean location (log scale) as a continuous predictor in the growth 

models. We conducted habitat inventories during the summer months during low flow 

conditions. We used techniques based on Kazyak (1995) and Rosgen (1996) to survey 

channel morphology (bankfull and wetted), substrate composition and embeddedness, 

velocity-depth diversity, instream and dewatered woody rootwads and coarse woody 

debris, and canopy cover within 40 m sections (see Appendix A for complete methods). 

These habitat features were selected for measurement because we predicted they may be 

seasonally relevant to the life history of brook charr. Our habitat data were stored in 20 

separate fields (see Table 1.1), many of which had high multicollinearity. We used 

principle components analysis (PCA) to simplify our habitat data into a few principle 

components for modeling growth. 
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Table 1.1. Principal component loadings from habitat analysis at Cove Brook and Stanley 

Brook. The four variables with the strongest loading on each principal component are 

represented in bold. 

 

  PC1 PC2 PC3 PC4 

Percent total variance explained 25.50 18.96 9.36 6.97 

     Velocity-depth diversity index 0.26 0.53 0.22 0.07 

Wetted width 0.77 0.50 -0.09 -0.04 

Bankfull width 0.61 0.68 0.07 -0.03 

Bankfull cross-sectional area 0.78 0.49 -0.03 0.02 

Wet hypsographic Index 0.70 -0.13 -0.20 0.09 

Bankfull hypsographic Index -0.50 -0.41 -0.06 0.13 

Boulder -0.48 0.61 -0.08 0.13 

Cobble -0.47 0.64 0.09 -0.07 

Gravel 0.22 -0.29 0.49 -0.64 

Pebble 0.30 -0.66 0.08 -0.14 

Sand 0.20 -0.66 0.07 0.57 

Silt/clay 0.35 -0.25 -0.46 0.27 

Hard clay 0.51 -0.14 -0.35 -0.06 

Canopy cover -0.78 0.01 0.23 -0.01 

Instream coarse woody debris 0.56 -0.41 0.46 0.20 

Dewatered coarse wood debris 0.44 0.01 0.58 0.22 

Instream rootwads 0.27 -0.04 0.56 -0.03 

Dewatered rootwads -0.07 0.43 0.24 0.54 

Embededness index -0.52 0.07 0.33 0.24 

 

 Based on our field data, we developed a suite of a priori linear mixed models in 

Program R (R Development Core Team 2010) with the package lme4 (Bates and 

Maechler 2010) to describe the effects of size, instream position, habitat, temperature, 

season, and year on individual growth rates (Table 1.2) using a similar approach to Xu et 

al. (2010). We hypothesized that season had an interactive effect with fish length, based 

on the relations portrayed in Figure 1.2. Given that many authors have reported enhanced 

growth rates in nearshore habitats, we hypothesized that individuals in the lower reaches 

of the streams may grow faster as a result of their proximity to tidal environments. 
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Instream habitat conditions have been repeatedly identified as a cause of growth 

heterogeneity, so we included the first four principle components of our habitat data in 

our models. Interannual and individual variation in growth rates are well documented, so 

these were selected as random effects and were represented in all models.We also used 

these models to examine the effects of repeated capture and handling on the growth of 

brook charr at Stanley Brook. The number of times an individual had been previously 

captured was entered into the models as a fixed effect. All models incorporated a normal 

error structure. We used Akaike‟s Information Criterion (AIC) to select among models. 



 

   

2
1 

Table 1.2. Selected models developed for comparison at Stanley Brook. Asterisks denote interactive effects. All models (A-F) also 

included random effects which account for individual and interannual variation (not shown). k is the number of fixed parameters for 

each; AICC is Akaike‟s information criterion, corrected for small sample size; ΔAICC is the difference between a given model and the 

most supported model. Model nomenclature is as follows: Season (summer vs. winter), FL (fork length; mm), Temp (temperature in 

Celsius), Hab1 (1
st
 principle component of habitat), Location (Log(m upstream)), Captures (number of previous captures). 

 

Model Description Structure k AICC ΔAICC 

A No habitat effect Season x FL + Temp + Temp
2
  + Location + Captures 8 -9157.8 0 

B Full model Season x FL + Temp + Temp
2
 + Hab1  + Location + Captures 9 -9148.6 9.2 

C No habitat or capture effect Season x FL + Temp + Temp
2
 + Location 7 -9140.4 17.4 

D No habitat or interaction of 

season and length 

Season + FL + Temp + Temp
2
 + Location + Captures 7 -9133.8 24.0 

E No habitat or temperature effect Season x FL + Location + Captures 6 -9078.8 79.0 

F No habitat or location effect Season x FL + Temp + Temp
2
 + Captures 7 -8906.0 251.8 
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Results 

 During the course of our electrofishing efforts, we recorded 13,674 brook charr 

encounters at our two study sites. Among these encounters, 3,052 represented individuals 

which had been captured during the previous sampling event (2,892 Stanley Brook; 160 

Cove Brook). We restricted our growth analyses to these individuals. During our surveys, 

individual brook charr were captured between one and eight times (Figure 1.3). 

 

Figure 1.3. Number of captures per tagged individual at Stanley Brook, 2006-2010. 

Growth data from individuals with two to eight captures were analyzed using linear 

mixed models to examine the effects of repeated handling on growth. 

 

 The brook charr in Stanley brook were considerably smaller than those in Cove 

Brook (Figure 1.4). Accordingly, the median growth rate was much faster in Cove Brook 

(0.17 mm·d
-1

 ; range 0-0.66 mm·d
-1

 ) relative to Stanley Brook (0.10 mm·d
-1

  median; 

range 0-0.46 mm·d
-1

). Longevity estimates based on recapture data and growth 

trajectories suggest the largest individuals (>300 mm) in Cove Brook are three to four 

years old, whereas some of the largest individuals at Stanley Brook are in excess of six 

years of age (and perhaps seven or eight). Thus, it appears that rapid growth rates in Cove 



 

23 

 

Brook are sufficient to offset difference in longevity between the populations, resulting in 

a larger size structure.  

 

Figure 1.4. Length frequency distribution of brook charr captured during fall 

electrofishing surveys, 2008-2010, at Stanley Brook and Cove Brook. All individuals <65 

mm have been excluded from this analysis. The vertical line represents the minimum size 

for recreational harvest. 

  

 

 Habitat data 

 The first four principle components accounted for 60.8% of the total variation in 

our raw habitat data (Table 1.1). The first principal component explained >25% of the 

variation in the dataset and was dominated by channel morphology and canopy cover 

(Table 1.1). The second principle component loaded most heavily on substrates, although 
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channel morphology was still strongly represented. Principle component three was 

dominated by substrates and woody structures. The final retained principle component 

was dominate by fine substrates and dewatered coarse woody debris. These four principle 

components were fed into our growth model to describe the habitat conditions of each 

individual fish. 

 

Growth modeling 

 Individual length, season, mean temperature, instream location, and capture 

history all were found to be useful predictors of individual growth rates, as reflected in 

model A (Table 1.2). This model received the most support (∆AICC = 0, weight = 0.99) 

and also found an important interaction between season and length, which suggests the 

relationship between size and growth varies seasonally. Additionally, this model includes 

random year to year variation and variation in the inherent growth potential of 

individuals. This model accounted for 51.9% of the observed variation in individual 

growth rates (Figure 1.5). 
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Figure 1.5. Relations between observed and predicted growth for the most supported 

model (A). 

 

 The full model (B) received substantially less support (∆AICC = 9.2, weight = 

0.01). This model included all of the variables from the favored model (A), but also 

included habitat conditions (1
st
 principle component) as a variable to predict growth rates. 

Other models were developed which included additional habitat data (2
nd

-4
th

 principle 

components), but these received even less support and are not reported in Table 1.2. 

 The remaining models (C-F) incorporate fewer variables than the favored model 

(A), and serve to test the importance of each factor. These models received minimal 

support (ΔAICC > 7), which suggests that the simplicity gained by omitting these 

variables is strongly outweighed by the loss of predictive ability. Notably, capture history 

was determined to be an important predictor of individual growth rates, as model C 

received considerably less support than model A (ΔAICC = 17.4), which included capture 

history. Under the favored model, the estimated effect each previous capture on growth 

was a decrease of 8.41 µm·d
-1

 (Table 1.3). When this effect is applied to our mark-
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recapture data, previous capture and handling reduced individual  growth rates by an 

average of 5.8% over the course of the study. This effect is smaller than the fixed effects 

of any of the other model variables we retained. 

 

Table 1.3. Parameter estimates from the model which received the highest level of 

support. 

 

Fixed Effect Estimate ± 1 SE 

Intercept 0.66320 ± 0.03756 

Season: Winter -0.22140 ± 0.02499 

FL -0.00093 ± 0.00006 

Temp -0.04975 ± 0.00553 

Temp
2
 0.00224 ± 0.00038 

Location -0.05256 ± 0.00314 

Captures -0.00841 ± 0.00149 

Season: Winter x FL 0.00051 ± 0.00008 

  Random Effect Variance ± 1 SD 

Individual 0.00040 ± 0.01988 

Year 0.00182 ± 0.04260 

Residual 0.00199 ± 0.04455 

 

Discussion 

 We observed considerable differences in the size structure, growth, and apparent 

longevity of two coastal brook charr populations. At Cove Brook, brook charr grew 

rapidly and some three and four year old brook charr exceeded 300 mm FL (Figures 1.2 

and 1.4). In contrast, the brook charr population at Stanley Brook is characterized by high 

maximum longevity and small maximum body size (Figures 1.2 and 1.4). Based on our 

mark recapture data, some individuals at Stanley Brook exceed seven years of age while 

only attaining a fork length <200 mm. These differences between the streams are 

especially striking given the relatively short distance between the sites (<65 km).  
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 We found substantial variation in growth rates between Cove and Stanley Brook 

and within each population (range 0.0-0.66 mm·d
-1

). While brook charr in Cove Brook 

generally grew faster than conspecifics in Stanley Brook, some individuals in Stanley 

Brook achieved growth rates of greater than 0.40 mm·d
-1

. These fish typically used tidal 

habitats during the summer months and may be of special importance to future 

recruitment in Stanley Brook. Even still, average growth rates at Cove Brook are 

considerably faster and the effects are evident in the relative sizes of brook charr among 

the populations (Figures 1.4). Variation in growth and longevity is considerable between 

the populations, and results in very different population demographics. 

In other studies, brook charr growth rates appear to vary considerably. Power 

(1980) reviewed existing literature and reported an average growth rate of 0.45 mm·d
-1

 

during periods of rapid growth in populations from Wisconsin and Ungava, although this 

rate was sustained for a much shorter duration in the northern population. Ritzi (1959) 

examined the marine growth of brook charr in coastal Maine and reported an average 

growth rate of 0.76 mm·d
-1

 during periods at sea. The fastest growth rate he recorded was 

1.45 mm·d
-1

 during a 28 day foray at sea.  In our two study systems, brook charr exhibit 

growth rates which appear to be within the range of rates reported for other wild 

populations. However, the growth rates we observed appear to be well below the 

maximum growth rates for this species (Ritzi 1959). This may be in part due to the time 

interval between our observations. Brook charr growth is often sporadic, and our 

observations represent an integration of growth rates over half-year increments. 
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Variation in growth rates 

 Our model describes variation in growth based on the influences of length, 

season, temperature, instream position, and capture history with additional random 

effects from interannual and individual variation and was able to explain 51.9% of the 

observed variation in individual growth rates. Considering the plasticity of behaviors 

observed in brook charr, long intervals between recapture events, and stocasticity in 

feeding and reproductive behaviors, this model was remarkably effective at explaining 

variation in individual growth rates. 

Ontogenic variation in growth rates has been studied extensively. As with many 

fish species, brook charr absolute growth rates generally decline with body size (Power 

1980). As the morphology of a fish changes, metabolic demands change and the ability to 

exploit food resources also changes. Hartman and Sweka (2001) reported that the relative 

consumption (g·g
-1

·d
-1

) of brook charr decreases with size. Conversely, Hartman and Cox 

(2008) found that the specific metabolism of brook charr decreases with brook charr size. 

Based on these findings, one might surmise that changes in metabolism are sufficient to 

offset ontogenic shifts in the quantity and quality of prey consumption. However, the 

allocation of caloric resources and behavior of brook charr also varies with size, further 

complicating matters (Hutchings 1994, Theriault and Dodson 2003).   

 Based on our model, growth rates declined at a rate of -0.925 µm·d
-1

·mm
-1

 of 

initial fork length in the summer (Table 1.3). During the winter, the effect of fork length 

on growth was not as strong (-0.417 µm·d
-1

·mm
-1

 initial length). These relations are 

consistent with other reports on the effect of size on growth and reflect the physiology of 

an individual and the environmental conditions it experiences. 
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Seasonal Effects 

Seasonal changes in growth rates are likely driven by a suite of factors. Stream 

temperature, food availability, and consumption are key factors in brook charr 

bioenergetics and change predictably through the year (Baldwin 1957, Hartman and 

Sweka 2001, Utz and Hartman 2006). Interestingly, Xu et al. (2010) examined seasonal 

variability in brook charr growth and found that the effects of temperature, flow, and fish 

density had a complex interactive effect on growth. They found the effects of these 

variables on growth varied in magnitude and direction based on the season. 

 Summer growth was substantially faster (x̄ = 7.63 µm·d
-1

 ) than growth during the 

winter months, but varied with individual size (Table 1.3). In summer months, food is 

abundant, temperatures are near optimum for growth, and surplus energy is directed 

primarily towards somatic growth. Late spring and early summer have been reported as a 

very important period for the growth of brook charr (Utz and Hartman 2006). At Stanley 

Brook, rapid growth occurs in our study populations during this period (Sigourney et al., 

in prep). Cunjak and Power (1986) found that lipid reserves which had declined over the 

winter were restored during the summer, with the largest increases being associated with 

anadromous individuals feeding in the estuary. Summer appears to be an important 

growth period for coastal brook charr populations. 

 In contrast, our winter interval includes the spawning season and extensive 

periods of cold weather. Reproductive activities reduce growth rates. While spawning, 

mature females may lose a substantial portion of their body mass and lipid reserves 

(Hutchings 1994). Mature males also expend a considerable portion of their energy 

reserves defending redd sites, so the effects are not limited to females (Hutchings 1994). 
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 During the frigid winter months, condition and energy reserves decline, even 

though brook charr may continue feeding (Cunjak and Power 1986, Cunjak et al. 1987). 

This suggests metabolic costs generally exceed consumption during this period. We 

contend the observed interaction between length and season on growth (Figure 1.2) is 

related to the energy expenditures associated with spawning and winter base metabolism, 

the costs of which vary with size (Hutchings 1994, Hartman and Sweka 2001). 

 

Spatial heterogeneity in growth 

 At Stanley Brook, strong spatial patterns exist in individual growth rates. Brook 

charr growth rates rapidly declined as distance from the head of tide increased (Figure 

1.6, Table 1.3). Growth variability within a stream is known to be linked to life history, 

as anadromous individuals often exhibit enhanced growth (Dutil and Power 1980, 

Morinville and Rasmussen 2006a, Chernoff and Curry 2007). Enhanced growth in the 

lower reaches of Stanley Brook may represent feeding conditions in those areas and may 

also reflect access to tidal environments that confer a growth advantage. Rapid growth in 

tidally influenced environments has been widely reported and may be the result of 

abundant food resources. Specifically, amphipods are known to be an important food 

resource in some systems and can be very abundant near the head of tide on coastal brook 

charr streams (Donald et al. 1980, Morinville and Rasmussen 2006a).  In other studies, 

extensive use of estuarine waters near the head of tide has been reported for anadromous 

individuals (Castonguay et al. 1982, Curry et al. 2006), which suggests these waters may 

play an important role in the growth of these fish. Alternatively, brook charr which use 

tidal waters may have an inherent growth advantage, as they may grow faster in 
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freshwater environments than stream resident conspecifics as a result of maternal and 

genetic advantages (Chernoff and Curry 2007). Even in systems without access to tidal 

environments, several authors have reported enhanced growth rates in downstream 

locations (Cooper et al. 1962, Thorne 2004). 

 

Figure 1.6. Sample relations between absolute growth and the position of an individual at 

the beginning of a season at Cove Brook and Stanley Brook. During some intervals, there 

was no apparent relations between specific growth and instream position. When trends 

were observed, the fastest growth rates were typically observed near the head of tide. The 

vertical lines delineate the portion of each stream identified as being tidally influenced. 
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 Interestingly, habitat measures were not found to be useful in predicting the 

growth rate of brook charr in Stanley Brook.  We believe this is attributable to several 

factors. First, Stanley Brook is relatively homogenous upstream of the tidally influenced 

zone. Thus, the location component of our model may have captured much of the 

variation in habitat. Second, individual movements may serve to integrate the growth 

potential of various habitats over time, resulting in weak growth signals with respect to 

habitat. We assigned fish to habitat based on their location at time zero, but we were not 

able to follow the fish throughout the study period in real time. Movement appears to be a 

rare phenomenon in the Stanley Brook population (see Chapter 2), but nonetheless may 

be ecologically important. Habitat use is sometimes reported to influence the growth of 

salmonids (Bystrom et al. 2004), although this is not always the case (Gowan and Fausch 

1996). Our study failed to reveal any important growth trends with respect to micro-

habitat. Spatial heterogeneity in productivity appears to drive some of the growth 

variation, but this effect appears to be primarily a result of tidal influence.  

 

Interannual Variation 

 During the course of our study, growth rates varied yearly (Table 1.3). Under our 

model, individual growth variation is accounted for by a random effect with a variance of 

0.40 µm·d
-1

  (Table 1.3). This effect is quite minor relative to the effects of season, 

length, temperature and instream position on absolute growth.  

 Other authors have examined interannual variation in brook charr populations and 

ascribed fluctuations to water temperatures (Robinson et al. 2010). Our favored model 

specifically accounts for mean water temperature (non-linear effect; entered as a 
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quadratic), suggesting it accounts for at least some of the observed variation between 

years.  Given the long time interval between recapture events, it is remarkable that mean 

water temperature is a useful predictor of growth rates.  

Stochastic events such as drought and flooding have also been demonstrated to 

have major impacts on brook charr populations (Roghair et al. 2002, Carline and 

McCullough 2003, Hakala and Hartman 2004). We observed considerable interannual 

variation in climate conditions. For example, the winter of 2009 was one of the coldest on 

record, and was followed by one of the wettest summers ever recorded in Maine.  

  

Individual Growth Potential 

 Individual effects resulted in slight variation in growth rates (Table 1.3). This 

variation may be related to variation in metabolic efficiency, behavior, genetics, and 

reproductive energy expenditures (Nakano et al. 1991, Hutchings et al. 1999). Our data 

preclude us from a mechanistic examination of other factors which contribute to variation 

in individual growth, but intrinsic factors do not seem to be an important driver of growth 

variation within a population. 

 

Captures 

 Intensive sampling of individually marked fish offers unparalleled insight into the 

processes which control growth. However, given the resources that must be committed to 

these studies, it is important to evaluate if this approach introduces new biases into 

growth analyses. Additionally, it is important to determine if intensive mark-recapture 

sampling of fishes impacts important life history parameters.  
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 Our favored growth model (A) found that capture history is a useful predictor of 

individual growth rates. Unfortunately, interpretation of the capture effect is not 

straightforward. Large, older fish are generally thought to grow slower, thus confounding 

interpretation of the results. The effect we detected may be an artifact of the study design, 

as individuals who have been captured more times are generally older and thus larger. 

Conversely, this pattern may make the effects of repeated sampling on growth harder to 

detect. Sigourney et al. (2005) investigated the impacts of electrofishing and PIT tagging 

on young Atlantic salmon (Salmo salar), but did not detect any impacts on growth. They 

did, however, note that the size of a fish at tagging may impact the future growth of an 

individual. Gatz et al. (1986) found significant decreases in growth rates with repeated 

electrofishing, with the strongest effects on small individuals with short intervals between 

samples. We intensively sampled small brook trout at long intervals and found repeated 

handling had a small but detectable influence on individual growth rates. Based on our 

field data and modeling efforts, we conclude that the effects of repeated handling on 

growth are minimal relative to environmental effects at our study locations. This topic 

warrants further investigation as the effects of electrofishing and handling may vary with 

electrical waveform, species, and size (Miranda and Kidwell 2010). Given the unique 

insights into life history afforded by intensive mark-recapture studies, the small observed 

impact of sampling on growth may be acceptable to many fisheries researchers. 

 

 

Management Implications 
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 This study found considerable variation in the growth rate of brook charr between 

and within populations. Despite the potential for significant spatial variability in life 

history characteristics, populations are typically managed at the regional scale. Extreme 

life history variability in brook charr means that regulations which are appropriate for one 

population (or even one group within a population) may not be appropriate for another 

population (Adams and Hutchings 2003).  We suggest local variability in growth rates of 

brook charr should be considered when developing management strategies for coastal 

populations. In particular, coastal populations with access to marine environments 

warrant special attention, as growth rates appear to increase considerably with proximity 

to the sea. 
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Chapter 2 

SEASONAL MOVEMENT PATTERNS OF BROOK CHARR  

(Salvelinus fontinalis) IN COASTAL MAINE 

 

Abstract 

 Brook charr movement patterns are highly variable and have implications for the 

fitness, study, and management of this species. We used a combination of mark-recapture 

electrofishing surveys, PITpacking, stationary PIT antenna arrays, and radio telemetry to 

describe the movement patterns of brook charr in two coastal watersheds and compare 

inferences between methods. Our results suggest that movement is limited during the 

summer and winter months, but considerable movement occurs during the spring and fall. 

PITpack surveys found >50% of individuals were within 40 m of where they had been 

located in the spring during every summer sampling event. Conversely, we documented 

movements of at least 4 km between seasonal habitats using radio telemetry, and large 

pulses of activity were seen on the stationary antenna arrays during peak movement 

periods. Using a weight of evidence approach, we conclude that the restricted movement 

paradigm applies to coastal brook charr populations on a seasonal basis. However, where 

movements occur, they appear to be ecologically significant, as they allow individuals to 

transition between important seasonal habitats, such as beaver ponds, tidal habitats, and 

summer thermal refugia. 
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Introduction 

Gerking (1959) postulated that many stream fishes move very little throughout 

their life history, and this notion was supported for many years. Gowan et al. (1994) 

termed this concept the “restricted movement paradigm” (RMP hereafter) but presented 

data which refuted this theory for many stream salmonids. They questioned the 

interpretation of previous movement studies and argued that in many populations, 

movement is a relatively common occurrence throughout the year. Among their critiques 

of the RMP, Gowan et al. (1994) noted that many movement studies fail to account for 

individuals which were not recaptured. These fish may have emigrated from the study 

area and can bias the interpretation of results. 

 Since then, several authors have reexamined the RMP. In streams, the 

applicability of the RMP appears to vary with species (Petty and Grossman 2004 versus 

Curry et al. 2002), season (Mellina et al. 2005), ontogeny (Petty and Grossman 2004, 

Hughes 2000), and habitat (Schaefer 2008). Long-distance movements have now been 

documented in many species which were previously thought to exhibit restricted 

movement, and in particular among stream salmonids (see review by Gowan et al. 1994). 

Where they occur, long-distance movements may represent exploratory ventures 

(Smithson and Johnston 1999) or be associated with seasonal life history requirements 

(Gowan et al. 1994). Movement patterns are also hypothesized to reflect the arrangement 

and quality of habitats (Northcote 1992, Winker et al. 1995, Lonzarich et al. 2000).  

While this may seem to be a theoretical debate, our understanding of fish 

movement can also shape how we conduct fisheries research and manage populations 

(Gerking 1959, Gowan et al. 1994, Gowan and Fausch 1996). Populations are defined 
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based on our understanding of movement patterns. Movement also influences important 

individual and population parameters, including growth (Stolarski and Hartman 2010) 

and survival (Letcher et al. 2007), which play heavily into individual fitness. At the 

population level, movement patterns dictate demographic and genetic connectivity among 

metapopulations and contribute to the resilience of population as a whole (Letcher et al. 

2007). In the aftermath of catastrophic events, movement is a primary driver of 

recolonization, and our understanding of it is central to restoration strategies (Roghair 

and Dolloff 2005).  Similarly, in the context of invasive species management, a solid 

understanding of movement patterns is key to developing successful management 

strategies (Adams et al. 2000). 

Despite the importance of fish movement to fish biology and management, our 

understanding of movement patterns appears to strongly reflect sampling biases. Gowan 

et al. (1994) and Wilson et al. (2004) noted that dispersal and movement estimates may 

vary widely with sampling technique. In fisheries research, three basic strategies are 

commonly used to study fish movement: mark-recapture, active tracking (e.g. radio 

telemetry or PITpacking), and counts at a fixed location (e.g. weirs or stationary PIT 

arrays). To date, little research has examined how various approaches to assessing fish 

movement influence the results of a study.  

 Our research focused on brook charr (Salvelinus fontinalis) populations in coastal 

Maine. The life history of brook charr is highly variable, and mobility is thought to vary 

within and among populations. For brook charr, long-distance movements have been 

reported, most frequently in studies using active tracking or fixed counting locations (e.g. 

Curry et al. 2002). In contrast, mark-recapture studies typically find that the majority of 
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individuals are relocated in close proximity to their previous capture location (see review 

by Gowan et al. 1994). Movements appear to be highly episodic, with seasonal pulses 

occurring in conjunction with spring runoff and in early fall (Gowan and Fausch 1996). 

Considerable spatial and temporal variation has been reported in brook charr behaviors, 

but little is known about how study techniques, which vary in spatial and temporal scale, 

influence our inferences. 

We used encounter data from ongoing tagging studies at two streams in coastal 

Maine to (1) describe the seasonal movement patterns of coastal brook charr populations, 

(2) compare multiple approaches to studying movement, and (3) interpret these results in 

the context of the restricted movement paradigm. 

 

Methods 

Study Areas 

 Our research was conducted at two parallel study sites in coastal Maine. Stanley 

Brook and Cove Brook were selected because we had existing movement data from 

mark-recapture, PITpack, or radio telemetry surveys. We also had four years of near-

continuous data from a stationary PIT array at one location on Stanley Brook and partial 

records from stationary PIT arrays at the head of tide on each system. Additionally, both 

streams are known to harbor sympatric populations of resident and anadromous brook 

trout. On each stream, a temperature logger was deployed 0.5 km above the head of tide. 
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Stanley Brook 

 Stanley Brook is a small coastal stream on the south end of Mount Desert Island 

(44° 17.8‟ N 68° 14.5 W; Figure 2.1) which flows directly into the Atlantic Ocean. The 

Stanley Brook watershed contains 3.6 km of perennial surface waters which drain 3.8 

km
2
 of land. Land use is predominantly coniferous forest, although significant urban 

areas (12%) exist within the watershed. Stream width (at base flow) ranges from 

approximately 0.5 m in the headwaters to nearly 5 m at the head of tide. The stream is 

dominated by shallow riffles and runs, but numerous pools about 1 m deep are present in 

the lower reaches.  



 

 

 

4
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Figure 2.1. We conducted tagging studies on two streams in coastal Maine. Stanley Brook (right) is a small stream which flows 

directly into the Atlantic Ocean on Mount Desert Island. Cove Brook (center) originates in extensive beaver meadows and flows into 

the tidal Penobscot River. Our research focused on the lower 5 km (Cove Brook) and 2 km (Stanley Brook) of each watershed. 
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 At its downstream terminus, Stanley Brook crosses a beach and flows directly 

into the ocean.  Thus, only a narrow band of intermediate habitat is available for brook 

charr transitioning between the stream and marine waters.  The salinity and temperature 

of this zone is intermediate of the stream and the ocean, although its exact composition is 

constantly changing based on tidal action. 

 Stanley Brook is oligotrophic and supports a low diversity of freshwater fishes 

(Appendix D), all of which are known to use estuarine or marine habitats.  Brook charr 

are the dominant species of fish in the system, and are found throughout the study 

section.  American eel (Anguilla rostra) are also commonly encountered.  Rainbow smelt 

(Osmerus mordax) have also been collected at Stanley Brook in limited numbers. 

 At Stanley Brook, we broke our study area into contiguous 40 m study sections 

extending approximately 2 km upstream from the head of tide. At a location 1.4 km 

upstream of the head of tide, Stanley Brook divides into two branches, referred to herein 

as the “east” and “west” branches. The upstream limit of the study area was defined by 

steep rocky cascade on the east branch, which we expect severely inhibits the passage of 

brook charr (Figure 2.1). On the west branch, our sample area was bounded by a 0.6 m 

vertical drop, above which the stream quickly disappears. 

 

Cove Brook 

 Cove Brook is a second-order tributary to the tidal portion of the Penobscot River 

located in Winterport, Maine (44° 41.7‟ N 68° 50.9‟ W; Figure 2.1). The watershed 

encompasses 27.6 km
2
 of mixed forest, residential, and agricultural lands which drain 

into 15.3 km of perennial surface waters. Although much of the headwaters are 
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impounded by beaver activity, substantial groundwater influx moderates temperatures the 

mainstem of Cove Brook. 

 Cove Brook supports a robust population of brook charr and a diverse community 

of other fishes. Within our study area, we documented 20 species of fish (Appendix C), 

including at least five migratory taxa. Amongst the other species of fish, American Eel 

(Anguilla rostrata), White Sucker (Catostomus commersoni), and cyprinids were 

especially abundant.  Cove Brook once supported an anadromous run of Atlantic salmon, 

but significant numbers have not been observed in the last ten years. 

 For the purposes of this investigation, we focused on 5 km Cove Brook 

immediately upstream of the Penobscot River. This portion of the watershed was 

examined by Meister (1958) and classified as coldwater fish habitat. We established 62 

study sections within this portion of the watershed. Study sections were delineated using 

a rapid visual habitat assessment based on level II of the classification system described 

by Hawkins et al. (1993). For logistical reasons, we constrained section length between 

30 and 100 m. Contiguous habitat types >100 m were broken into multiple smaller 

sampling sections.  

 

Mark-recapture 

 We conducted biannual backpack electrofishing surveys during the spring and fall 

at two streams in coastal Maine. At Stanley Brook, we began work in 2006 and used two-

pass surveys with block nets. At Cove Brook, single-pass electrofishing surveys 

commenced in 2008. At both study sites, electrofishing efforts continued through 2010 

(Table 2.1). Electrofishing units were set on a pulsed DC cycle with a low frequency (20 
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Hz) and voltage (350-450V). All fish were placed under a chemical anesthesia prior to 

handling (30 mg·L
-1 

eugenol at Stanley Brook; 80 mg·L
-1

 tricaine methanesulfonate 

buffered with 0.2 mM NaHCO3, pH = 7 at Cove Brook). PIT tags (134.2 kHz ISO tag, 

Digital Angel Co., TX1411SST) were surgically implanted into the peritoneal cavity 

using the approach described by Gries and Letcher (2002). Following surgery and data 

collection, all individuals were released to the section where they were captured. 

 

Table 2.1. Start and end dates for biannual electrofishing surveys at two study streams in 

coastal Maine. 

 

Stanley Brook Cove Brook 

Start End Start End 

6/28/2006 7/2/2006   

10/11/2006 10/15/2006   

5/14/2007 5/17/2007   

9/5/2007 9/8/2007   

5/23/2008 5/26/2008   

9/3/2008 9/5/2008 9/20/2008 10/17/2008 

5/27/2009 5/28/2009 4/15/2009 5/3/2009 

9/9/2009 9/11/2009 10/1/2009 10/22/2009 

5/18/2010 5/20/2010 4/22/2010 5/4/2010 

 

 

 At Cove Brook, we conducted additional surveys outside of our study area to 

evaluate the extent to which emigration may be biasing our assessment of brook charr 

movements. We focused our efforts on the headwater beaver meadows, where anecdotal 

accounts suggest brook charr occupy seasonally. In November 2009, we conducted a 

pilot electrofishing survey in the beaver meadows. We selected four sites scattered 

throughout the primary beaver complex to assess the extent to which the fish tagged 

within our study area rely on these habitats.  
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Active tracking: PIT-packing at Stanley Brook 

 A mobile PIT tag detector (referred to herein as a „PITpack‟) was used to relocate 

individuals in between electrofishing surveys (Hill et al. 2006) at Stanley Brook. To 

conduct a survey, the operator walked up the stream channel guiding the antenna along 

the streambed, in a manner similar to backpack electrofishing. PITpack surveys were 

single-pass due to logistic concerns. Under normal conditions, the PITpack was able to 

detect tags approximately 60 cm from the antenna coil. PITpacking provided a minimally 

invasive approach to locating individuals throughout the study area.  

 Encounter data from PITpacking surveys was used in conjunction with data from 

biannual electrofishing surveys to examine seasonal patterns of dispersal within Stanley 

Brook. We examined the distance each individual had moved from its position during the 

last electrofishing sample over time. We restricted our analysis to detections of 

individuals which were physically recaptured at a later date and thus known to be alive. 

 

Active tracking: radio telemetry at Cove Brook 

 In April and May of 2009, we selected 15 adult charr (16.8-27.9 cm FL) from 

throughout our  5 km study area to implant with radio tags (Coded Nano Tag, Lotek, 

Canada, NTC-4-2L). Tags were set on three distinct frequencies (151.340, 151.380, and 

151.890 MHz) and programmed to transmit at 5 s intervals 12 h per day (approximately 

0630 to 1830). While each fish was under anesthesia, a coded radio tag was inserted in 

the peritoneal cavity and passed through the body wall using a deflected septum needle 

(Zydlewski et al. 2008). Each incision was closed using three absorbable sutures. After a 

recovery period in stream water, tagged fish were released within their section of origin.  
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 Radio telemetry surveys were conducted within the study area at Cove Brook on a 

weekly basis from May 2009-February 2010 using a portable receiver (Lotek SRX 400). 

When an individual was located, we noted its location (study section) and the stream 

temperature at its location. We also measured stream temperatures at different depths in 

pools which held brook charr during the summer months. Additionally, we used radio 

telemetry studies as an opportunity to conduct informal spawning surveys during the 

spawning season. 

 Radio telemetry data was plotted with respect to time and stream temperature to 

examine seasonal patterns of movement. Individuals which remained stationary for 

extended periods of time and were not captured with electrofishing were assumed to have 

died or shed their tag. In these instances, we restricted our analysis to the period where 

we could determine the fish was alive.  

 

Fixed location: stationary PIT arrays 

 Three stationary PIT tag arrays were installed on our study streams (Figure 2.1). 

In 2006, an array was installed at a location 440 m upstream from the head of tide at 

Stanley Brook (dual Destron Fearing 2001F-ISO readers connected to pass-through 

antennas). This array has been in almost continuous operation since 2006, and provides a 

nearly complete record of brook charr movements at that location. Additionally, 

stationary PIT arrays powered by Destron Fearing FS1001M multiplexing readers were 

installed at the head of tide on both systems in 2008 (pass through antennas at Stanley 

Brook; pass-over antennas at Cove Brook). Although these latter two arrays experienced 
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technical difficulties and do not offer a complete record of movement, they allow some 

insight into the seasonal movement patterns of brook charr in our study systems.  

Movements were identified when successive detections of an individual occurred 

on different PIT antennas and were assumed to represent live fish. The order of the 

detections was used to identify the direction of each movement. All values were 

standardized as a percentage of the total number of tagged fish which remained alive. We 

used Program MARK (White and Burnham 1999) to calculate the survival and 

catchability of tagged individuals at Stanley Brook from 2006-2010. We tested a suite of 

Cormark-Jolly-Seber models with survival and catchability being held as constant, 

seasonal, or varying with time (Table 2.2). These models were evaluated using Akaike‟s 

Information Criterion. A model which included time-varying survival and catchability 

was strongly favored (model likelihood = 1.00) as the model which best balanced 

accuracy and parsimony. We ultimately used the parameter estimates generated by this 

model (Table 2.3) to estimate the number tagged of fish alive during each interval. For 

the purposes of this estimate, we assumed that mortalities were evenly distributed 

throughout each sample interval. This data was used to standardize our stationary antenna 

array data to the number of tagged fish alive at any given time. The final plot we present 

(Figure 2.2) for the number of tagged fish at large, and attempts to address the various 

movement patterns observed at the stationary antenna arrays.  
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Table 2.2. Model selection using AIC. Survival (Φ) and capture probability (p) were 

modeled as either constant (.), seasonal (s), or changing through time (t).  

 

Model AICc Δ AICc AICc 

Weight 

Model 

Likelihood 

Number of 

Parameters 

Deviance 

Φ(t) p(t) 12086.42 0.00 1.00 1.00 15 327.81 

Φ(t) p(.) 12098.67 12.25 0.00 0.00 9 352.11 

Φ(t) p(s) 12100.57 14.16 0.00 0.00 10 352.01 

Φ(s) p(t) 12120.27 33.85 0.00 0.00 10 371.70 

Φ(s) p(.) 12212.56 126.14 0.00 0.00 3 478.02 

Φ(s) p(s) 12384.84 298.43 0.00 0.00 2 652.31 

Φ(.) p(t) 12514.84 428.42 0.00 0.00 9 768.28 

Φ(.) p(s) 12533.52 447.10 0.00 0.00 3 798.98 

Φ(.) p(.) 12714.39 627.97 0.00 0.00 2 981.85 

 

Table 2.3. Parameter estimates generated by the Φ(t) p(t) CJS model in Program MARK. 

Survival estimates for each interval are denoted by Φk and probability of capture for each 

sample is represented by pk. 

 

Occasion Parameter Estimate SE 

Summer 2006 Φ1 0.713 0.029 

Winter 2006 Φ2 0.341 0.018 

Summer 2007 Φ3 0.813 0.033 

Winter 2007 Φ4 0.369 0.020 

Summer 2008 Φ5 0.835 0.024 

Winter 2008 Φ6 0.431 0.018 

Summer 2009 Φ7 0.858 0.031 

Winter 2009† Φ8 0.601 14.202 

Fall 2006 p1 0.659 0.029 

Spring 2007 p2 0.701 0.028 

Fall 2007 p3 0.636 0.029 

Spring 2008 p4 0.776 0.026 

Fall 2008 p5 0.739 0.024 

Spring 2009 p6 0.658 0.024 

Fall 2009 p7 0.755 0.028 

Spring 2010† p8 0.601 14.197 

† Survival and catchability are confounded in the final sampling interval using CJS 

models. 



 

 

 

5
4 

 

Figure 2.2. Estimated number of tagged fish alive at Stanley Brook, May 2006 through May 2010. Note: survival (Φ) and probability 

of capture (p) are confounded during the last sampling interval. Consequently, we used an estimate of survival based on an average of 

the previous three summers to calculate the number of tagged fish at large during the last interval. 
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Results 

Mark-recapture 

 Between 2006 and 2010, we tagged 4,841 brook charr at Stanley Brook. At Cove 

Brook, 2,469 individuals were tagged between 2008 and 2010. We restricted our mark-

recapture analyses to instances where individuals were captured on consecutive sampling 

events (2892 records at Stanley Brook and 161 records at Cove Brook). Through the 

course of both studies, the vast majority of recapture events occurred in close proximity 

to where the individual was initially captured (Figure 2.3). A slight directional trend 

appears to be present, with long distance movers generally moving upstream over the 

summer and downstream in the winter. This trend appears to be consistent between Cove 

Brook and Stanley Brook, although the magnitudes of the movements are somewhat 

different. 
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Figure 2.3. Distances moved between biannual electrofishing events at Stanley Brook 

(2006-2010) and Cove Brook (2008-2010). The vast majority of individuals were 

recaptured in close proximity to their site of first capture. Bins represent 100 m intervals. 

 

 

 We conducted a survey in the headwater beaver meadows at Cove Brook to 

search for emigrants from the study area. Although our capture efficiency was poor, we 

captured 22 brook charr in approximately 3600 wand-seconds of electrofishing at 

locations throughout the beaver meadows. Interestingly, 23% of these individuals had 
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been previously tagged in our primary study area at locations 0.8-2.9 km downstream, 

highlighting the scope of movements throughout the Cove Brook watershed. A single 77 

mm individual managed to move upstream >1.5 km over the course of 28 days and was 

recaptured near the upper extent of the Cove Brook watershed. During the course of this 

movement, the individual crossed a minimum of four intact beaver dams, suggesting the 

dams are not effective at restricting the movement of small brook charr. 

 The following spring we did not recapture any of the individuals we had handled 

in the beaver meadows in fall 2009. However, we visually observed numerous brook 

charr within the beaver complex while the spring 2010 electrofishing sample was 

underway and water temperatures were cool. During the summer, water temperatures in 

the headwater beaver complex sometimes exceeded 30°C, far in excess of reported lethal 

temperatures for brook charr (Fry et al. 1946). 

 

Active tracking: PITpacking at Stanley Brook  

 We conducted 19 PITpack surveys between 2006 and 2009 on Stanley Brook. 

These surveys resulted in 6,938 tag detections representing 2,317 individual fish. The 

overwhelming majority of relocations occurred in close proximity to where individuals 

were observed during spring electrofishing efforts (Figure 2.4). Long distance 

movements (defined here as >280 m) were rare, comprising <5% of all PITpack 

observations. When individuals moved away from their initial locations, they generally 

remained at or near their new location for some time. There were no clear directional 

trends in the PITpack data, therefore the figure presents absolute distances between 

detections. 
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Figure 2.4. Dispersal patterns of brook charr at Stanley Brook, 2007 and 2009, based on 

PITpacking and electrofishing records. Analysis limited to those individuals captured 

during the spring electrofishing sample for each year and physically recaptured during a 

subsequent sample. Bars represent the distance between where a fish was captured during 

the spring electrofishing sample and its location during other encounters. 

 

Active tracking: radio telemetry at Cove Brook 

 During our radio telemetry efforts, we relocated 14 of the 15 tagged individuals. 

Three hundred forty-four unique encounters were recorded during surveys between 23 

April 2009 and 12 February 2010. Although PIT tagged individuals (n=31) were detected 

at the stationary antenna array during the radio telemetry investigation, none of the radio 

tagged fish were observed at the antennas. Consequently, we have no evidence to suggest 

missing radio tagged individuals entered the tidal portion of the Penobscot River. Despite 

repeated radio surveys and PIT antennas at the mouth of the stream, radio tagged fish 

were never detected outside of the study area. A single individual remained stationary 

from late July through the end of the study, and was not observed during electrofishing in 

October 2009. Based on streamside discussions with anglers, we know several radio 



 

59 

 

tagged individuals were caught and released during summer 2009 and one was harvested. 

We assume the movements of radio tagged individuals are representative of the scope of 

movement patterns exhibited in Cove Brook. 

 Although movement patterns varied considerably between individuals, several 

patterns may be observed in the telemetry data (Figure 2.5). Following tagging in the 

spring, fish were largely sedentary. When movements occurred during the spring and 

summer, they were generally upstream towards known thermal refugia and spawning 

areas.  
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Figure 2.5. Positions of radio-tagged brook charr at Cove Brook (Winterport, Maine) 

between April 2009 and February 2010. Temperature measurements were taken by an 

instream logger approximately 0.5 km above the head of tide. 

 

 

During summer periods with elevated stream temperatures (headwater 

temperatures sometimes exceeded 25°C), many radio tagged brook individuals were 

located with large schools of conspecifics in deep pools with coldwater springs. These 
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springs discharge 8°C water continuously throughout the year, and tend to show strong 

thermal stratification. In some instances, we measured thermal stratification ranging from 

8-22°C within a single pool. Also during the summer of 2009, several newly constructed 

low head beaver dams were observed within the study area. These dams did not appear to 

restrict the movement of radio-tagged brook charr, as individuals were frequently 

relocated on the opposite side of the dam from where they had been previously found. 

 We observed extensive movements among radio tagged fish in association with 

the spawning season. In 2009, most brook charr spawning occurred in mid-October and 

was heavily concentrated in a 0.4 km section of stream (personal observations). Even 

within that reach, the vast majority of spawning activity was concentrated in two pools, 

where hundreds of adults were aggregated and huge clusters of redds were observed. 

Following the spawning season, we observed a marked downstream dispersal in all radio-

tagged individuals. Notably, one individual briefly moved >3 km upstream during the 

peak of spawning to the area mentioned above, only to return to the exact same pool it 

had inhabited nearly the entire summer. 

 During the winter months, brook charr movements were generally limited. A 

small peak in movement was observed in conjunction with an unusual winter melt event 

in December. This event resulted in large ice floes moving through the stream channel, 

and probably minimized the amount of stable habitat available to fish. Unfortunately, by 

this time our samples were limited to four remaining individuals, so inferences drawn 

from these observations should be made with caution. 
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Stationary antenna arrays 

 At our stationary antenna array 440 m above the head of tide on Stanley Brook, 

we identified 27,336 movements across the antenna array between 2006 and 2010 (Figure 

2.6). Of these movements, 13,844 were classified as upstream movements, whereas 

13,492 movements were determined to be downstream. During the period of observation, 

an average of 802 tagged individuals were estimated to be alive in Stanley Brook (range 

356-1241). There were no apparent trends with regard to directionality, so direction is 

omitted from the figure presented in this manuscript. At the antenna array, activity was 

consistently low from January through March. Activity increased as water temperatures 

increased in the spring, but came in pulses, probably in conjunction with storm events. In 

2009, peak activity occurred in late May. May and June of 2009 were extremely wet and 

cool, and this peak appears to be associated with a major storm event. In every other year 

during the study, peak activity occurred during October. As winter set in, activity patterns 

declined as stream temperature approached the freezing point. 
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 Figure 2.6. Brook charr movements and stream temperature, recorded at a monitoring 

station 440 m upstream from the mouth of Stanley Brook. Movement data standardized 

and presented as a count of detections per 100 live and tagged fish in the system. 
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At the PIT antenna array at the head of tide on Stanley Brook, we documented 

similar movement patterns. Peak movement periods at Stanley Brook appear to occur in 

November-December (following spawning) and May-June (following spring melt), and 

in some cases 5-10% of the total tagged population of brook charr were recorded at the 

head of tide during these intervals. In total, we detected 150 unique tags at the head of 

tide in 2009. Fish tagged throughout the study area were documented at the antenna 

array. 

 At Cove Brook, we have a shorter period of record, but patterns appear to be 

similar to those observed at Stanley Brook. We have a continuous record of brook charr 

movement at the head of tide on Cove Brook from May 2009 through January 2010, and 

May through January 2010. We saw some activity during late spring, but almost no 

activity was recorded during the summer in either year. In both years, activity levels 

rapidly increased as stream temperatures cooled and the spawning season approached. 

Movements were detected into January in both years, indicating estuarine waters may be 

more important during the cooler months. Overall, a greater proportion of the brook charr 

population appear to use tidal waters at Stanley Brook relative to Cove Brook. Even still, 

some of the largest individuals we tagged at Cove Brook were detected at the head of 

tide, indicating tidal environments may be important for the production of larger 

individuals.  

 

Discussion 

 We used a suite of different approaches to study the movement patterns of coastal 

brook charr. Each of these approaches allows inference at a different spatial and temporal 
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scale and contributes to our overall understanding of the range of movement patterns 

exhibited in our study populations. However, each of these approaches also has inherent 

limitations and potential biases which need to be considered in the design and 

interpretation of movement studies. 

 Mark-recapture has been used extensively to study the movement patterns of 

stream fishes. In small streams, high recapture rates may yield large sample sizes, but 

mark-recapture is generally less effective in large, open systems where the probability of 

recapture is reduced. This approach is also labor intensive, potentially harmful to fish 

(Snyder 2003), and may interfere with natural behaviors (Mesa and Shreck 1989). While 

mark-recapture surveys can be performed at any frequency, many studies of stream fishes 

only sample a few times per year. This offers limited temporal resolution, and relocations 

can only be interpreted as a minimum distance moved. Furthermore, the scale of 

sampling activities can have a considerable impact on the observed movement patterns, 

especially where small study areas are used for highly mobile species (Albanese et al. 

2003). However, physical captures allow peripheral data to be collected (e.g. mass), 

which may be of interest to the movement study and cannot be obtained with telemetry 

approaches. 

In our study, we found the vast majority of individuals were relocated in close 

proximity to the site where they were last observed (Figure 2.3). Thus, if we restrict our 

observations to the dispersal data from our electrofishing surveys, it would be reasonable 

to conclude that movement is quite limited within both of our study populations. 

Unfortunately, biannual electrofishing surveys are of limited utility for assessing seasonal 

movement patterns, as these only offer two snapshots in time. In the time between 
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surveys, we have no way of knowing how much movement occurred, and episodic 

movements are easily overlooked (Wilson et al. 2004). For example, one of the radio 

tagged fish moved >3 km upstream for a few weeks during the spawning season, only to 

return to the exact same pool. A simple mark-recapture study could easily miss this type 

of movement and conclude the individual was sedentary. Additionally, we cannot 

describe the movement patterns of individuals which may have emigrated from the study 

area using mark recapture techniques, thus biasing dispersal estimates towards restricted 

movement (Gowan et al. 1994). Our electrofishing efforts in the headwater beaver 

meadows found long-distance migrants which would not have been relocated during 

routine sampling within our study area. Used alone, mark-recapture surveys have 

considerable limitations for assessing movement patterns of brook charr. 

 We used two different types of active tracking in our research. For our research, 

we conducted active tracking surveys at the same spatial scale as our mark-recapture 

work, but at increased frequency. PITpacking is a relatively new, minimally-invasive 

approach to follow fish through space and time in wadeable streams (Hill et al. 2006). In 

our research, PITpack surveys allowed us to follow the movement of large numbers of 

fish, but our detection efficiency on any given sample was low. In contrast, radio 

telemetry has been used for decades to track fish movements. Radio telemetry allows the 

detection of tagged individuals where the use of a PITpack would be unfeasible (e.g. deep 

pools or unsafe flow conditions), but sample size was limited by tag cost. We used radio 

telemetry as an alternate form of active tracking at Cove Brook because the scale of the 

watershed and density of tagged fish made PITpack surveys unfeasible. One additional 

limitation of radio tagging studies is that tags are larger and have a finite battery life, so 



 

67 

 

our radio telemetry efforts focused on following large individuals over approximately ten 

months. 

In our study, the overwhelming majority of PITpack relocations were in close 

proximity to where each fish was encountered during spring electrofishing efforts (Figure 

2.4). These results further suggest that brook charr movement and dispersal is quite 

limited at Stanley Brook, at least during the summer months when surveys were 

concentrated. During the period of study, no directional patterns were apparent. 

Many individuals were unaccounted for during the PITpack surveys, and these 

individuals may have moved considerable distances (Gowan et al. 1994). Because of the 

limited detection efficiency of our PITpack surveys, these may also be biased towards 

conservative estimates of dispersal. Even still, when movements did occur, an individual 

typically moved once, and remained in the new location for the duration of the season. 

This suggests exploratory ranging is limited, and most movements are directed. 

Unfortunately, our detection efficiency was much lower with the PITpack relative 

to the backpack electrofishing surveys. Whereas our mean detection efficiency with 

backpack electrofishing was 70.4% (range 63.5-77.6%; Table 2.3), we were only able to 

reliably detect an average of 13.3% of tagged fish at large (estimated) in the system on 

each PITpack survey (range 1.5-25.1%; Figure 2.4) of the tagged fish on each PITpack 

survey once detections were restricted to individuals known to be alive based on 

subsequent capture data. The reduced efficiency of the PITpack was attributable to 

several factors. First, PITpack surveys were single pass, whereas our backpack 

electrofishing surveys were two-pass and had the added benefit of block nets between 

sections. Second, many more tags were detected than could be used for our analysis. 
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Throughout the PITpack surveys, we detected thousands of tags which we could not be 

certain were still in live fish (i.e. the tagged fish was never encountered again; referred to 

as „ghost tags‟ hereafter). Ghost tags may have been shed from a living fish or may 

represent a dead fish with a functional tag. Through the course of the study, ghost tags 

became an increasing problem. By the fall of 2009, 4041 individuals had been tagged at 

Stanley Brook. During our final PITpack sample, we detected 538 tags. Among these 

detections, 74 (14%) were used in our dispersal analysis, but the remaining 464 (86%) 

detections had to be classified as ghost tags. While the PITpack offers a minimally 

invasive technique to increase the temporal resolution of movement studies, low 

detection efficiency and ghost tags present new challenges. 

 Radio telemetry afforded a high individual detection efficiency and allowed us to 

reliably follow a smaller number of fish through space and time. In fact, through the 

course of the study, only one individual was missed during a radio telemetry survey and 

subsequently relocated. As such, we assume that all radio tagged fish which went missing 

over the course of the study represent mortalities or tag failures, and are not indicative of 

emigration.  

At Cove Brook, radio telemetry revealed seasonal patterns of movement. Despite 

extended periods of sedentary behavior through the summer and early fall by many radio-

tagged fish, sporadic movements were observed. When movements did occur, they were 

often >500 m from the previous detection. Movements allowed individuals to move from 

summer habitats and aggregate in key spawning areas. Post-spawning, we documented a 

synchronized downstream movement towards deep pools in the lower reaches of the 
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system, which presumably serve as winter refugia. These movements we observed appear 

to reflect seasonal life history requirements. 

 Finally, we used stationary PIT arrays to examine seasonal activity patterns at a 

fixed location. These arrays offer a near-continuous record of fish movement, but offer 

very limited spatial resolution. Stationary PIT antenna arrays require a large initial 

investment, but require relatively little maintenance once established. Consequently, 

stationary PIT arrays may be better suited to long-term research projects. The sample size 

afforded by stationary PIT arrays is a function of the site location, number of fish at large, 

and the behaviors exhibited within the population. At the present time, few robust 

statistical approaches are available to analyze stationary antenna data for species with 

complex life histories and movement patterns. Several issues are presented by this type of 

data. First, it is difficult to distinguish long-distance migrants from sedentary individuals 

which may routinely occupy the antenna site as part of their home range. Second, the 

number of tagged individuals at large varied considerably and continuously throughout 

the study. We attempted to address this first concern using robust survival estimates 

generated using Program MARK (White and Burnham 1999).  Although our approach is 

rudimentary, we hope it will provide a foundation for more sophisticated analysis of fixed 

PIT array data.  

 Regardless of the analysis used, we can make several inferences about the 

movement patterns of coastal brook charr from our fixed antenna arrays. At each 

stationary PIT array, seasonal trends in movement were evident. During the winter and 

some summer periods at Stanley Brook, very few fish were detected and we can conclude 

movements were very limited. At other times during the year, and especially around the 
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spawning season and following spring melt, many more movements were detected. In 

contrast, antenna records from the head of tide at Cove Brook suggest activity increases 

after the spawning season and continues into May. However, this trend is probably an 

artifact of seasonal patterns of distribution rather than seasonal patterns of movement, 

especially in light of our radio telemetry results. 

 

Research and Management Implications 

 As biologists and managers, our understanding of the behavior of fishes can have 

profound behavior on the way we study and manage populations (Gowan et al. 1994). For 

much of the 20
th

 century, stream fishes were presumed to be sedentary. Recent work has 

reexamined this notion, and movement among stream fishes appears to be more common 

than previously thought. Our data highlights the complexity and temporal variability of 

movement patterns in coastal brook charr and compares methods used to study them.  

 Simple mark-recapture and PITpack sampling efforts found that the vast majority 

of brook charr were sedentary over the periods studied. In contrast, radio telemetry and 

stationary PIT array records reveal strong seasonal movement patterns. In our study 

streams, movement appears to be uncommon during the summer and highly unusual 

during the winter, with considerable movement occurring during the spring and fall. 

Seasonal patterns of mobility have been noted in other stream salmonids (Hilderbrand 

and Kershner 2000, Mellina et al. 2005, Gresswell and Hendricks 2007). Using a weight 

of evidence approach, we conclude that the restricted movement paradigm applies to our 

study systems during certain periods of the year, but is not applicable during periods of 

extensive movement. Where it occurs, movement may be ecologically important, as it 
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appears to influence growth, survival, and ultimately individual fitness (Gowan and 

Fausch 1996, Hilderbrand and Kershner 2004, Stolarski and Hartman 2010). 

 The seasonal dynamics of brook charr populations need to be taken into account 

when designing field studies. The timing of telemetry studies can have major impacts on 

the results if seasonal variation is not taken into account. Seasonal patterns of movement 

should also be considered when using mark-recapture population estimates, as the 

populations may be closed during periods of limited movement but quite open at other 

times of year.  The results of this study also emphasize the need to tag fish throughout 

stream systems when investigating the movement patterns of fishes. Many previous 

studies of brook charr have focused their investigation on a single cohort of fish tagged at 

a single location (e.g. a counting weir). We contend that this type of approach offers 

biased insight towards the spectrum of movement patterns exhibited within a population. 

For example, if we had restricted our spring radio tagging efforts to the pools 

approximately 3.8 km upstream where spawning activity appeared to be concentrated, we 

may have found the majority of our tagged individuals exhibited limited movement 

throughout much of the year. Accordingly, telemetry studies which tag fish throughout 

the area of interest may most accurately characterize the range of behaviors expressed 

within a population. Fausch and Young (1995) noted that sample timing can influence 

which individuals are identified as mobile within a population. Our results are consistent 

with this notion, as movement patterns varied seasonally in both populations and 

individuals were observed switching between mobile and sedentary behaviors. For 

coastal populations of brook charr, seasonal patterns of movement are evident and may 

have implications for the design of research projects.  
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Appendix A 

COVE BROOK HABITAT SAMPLING PROTOCOL 

Overview 

 During the summer of 2009, we conducted a habitat assessment of the lower 5 km 

of Cove Brook. The protocol presented here represents a mixture of several established 

stream sampling protocols, especially Rosgen (1996) and the Maryland Biological 

Stream Survey (2007) sampling protocol, with some minor modifications. The results of 

the assessment were intended to inform concurrent investigations on the life history of 

coastal brook charr. The results of this habitat study may also be useful if Atlantic salmon 

(Salmo salar) restoration is attempted in the Cove Brook watershed. 

 

Selection of sections 

The lower 5 km of mainstem Cove Brook was divided into 61 sections.  These 

sections were subjectively delineated to encompass stream reaches of similar habitat.  For 

practical purposes, section length was restricted to a maximum of 100 m.  The shortest 

section was 34 m.  Each section was marked using sequentially numbered blue flagging, 

and UTM coordinates were taken. 
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Transect selection 

For the purpose of habitat analysis, 3-4 transects were established within each 

section.  Transects were located systematically with a random starting point within each 

section.  For example, within a 100 m section, 8 m was selected as a random staring 

location.  In this instance, transects were located at 8 m, 33 m, 58 m, and 83 m upstream 

of the start of the section.  Measurements were taken during summer base flow.  At each 

transect, the following was measured and recorded: 

 

Wetted width – Stream width was measured to the nearest 0.1 m.  If the channel 

was braided, the width of each braid was measured and combined to generate a 

total wetted width. 

 

Wetted bottom width – A chain was stretched across the bottom of the stream 

channel, with care being taken to follow the contours of the stream channel.  The 

length of chain required to traverse the bottom of the transect was measured to the 

nearest 0.1 m.  The ratio of this measure to the wetted width was used to create an 

index of channel complexity (hypsographic index). 

  

Depth – Within each transect, depth measurements (to the nearest cm) were taken 

at topographic break points, generally at least once every 2 m.  This allowed 

subsequent estimation of volume at summer baseflow. 
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Bankfull width – Bankfull width was determined and measured to the nearest  

0.1 m. 

 

Bankfull depth - Within each transect, bankfull depth measurements (to the 

nearest cm) were taken at topographic break points, generally at least once every 

2 m.  To facilitate this measurement, a line was strung over the stream parallel to 

a meter tape and oriented using a line level.   

 

Bankfull bottom width – Using the same approach as outlined for wetted bottom 

width, the contour of the bankfull channel was measured. 

 

Embeddedness – In the fastest portion of each transect, the percentage of 

substrates surrounded by fine sediments (sand, silt, or clay) was visually 

estimated and lumped into categories (0-25%, 25-50%, 50-75%, 75-100%).  To 

facilitate this estimate, 5 substrates were removed from the stream bed. 

 

Velocity Depth Diversity –The presence of four habitat types at each transect was 

recorded (fast-shallow, fast-deep, slow-shallow, slow-deep).  For the purposes of 

this index, deep was defined as > 0.5 m, and fast is defined as > 0.5 m/s and 

determined by visual assessment. 
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Substrate composition – At each transect, the percent coverage of 7 substrate 

classes (Table A.1) was visually estimated.  Hardened clay deposits were treated 

as a distinct category, as this substrate is relatively impermeable and functionally 

very different from other fine sediments present within the watershed. 

 

Table A.1.  Substrate classification by size. 

Class Length of intermediate axis (mm) 

Boulder 256-2048 

Cobble 64-256 

Gravel 16-64 

Pebble 2-16 

Sand 0.062-2.0 

Silt/clay <0.062 

Consolidated clay - 

 

Additionally, within each section, these were assessed: 

Woody Debris – The number of instream and dewatered coarse woody debris 

were counted.  For the purposes of this investigation, woody debris were defined 

as naturally occurring woody structures >10 cm diameter, excluding rootwads 

associated with live trees.  Dewatered woody debris were not submerged, but 

would have provided refuge cover during high flow events, whereas instream 

woody debris were submerged and providing cover. 
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Rootwads - The number of rootwads in each section was counted.  Rootwads were 

attached to live trees with a diameter at breast height of at least 30 cm.  A 

dewatered rootwad was not submerged, but appeared to provide refuge cover 

during high flow events, whereas an instream rootwad was submerged and 

providing cover. 

 

Canopy Cover – The percentage of the stream that was shaded by canopy cover 

was measured using a digital camera with a fisheye adapter.  All images were 

taken 1 m above the surface elevation. Percent canopy cover was later estimated 

from digital images using Winphot version 5.0. As needed, clouds were removed 

from digital images using photo editing software. 

 

Overhead Cover – The percentage of the stream with overhead cover (within 1 m 

of the stream surface) was visually estimated.  Overhead cover generally 

consisted of vegetation or undercut banks, but other cover types were considered. 

 

Special Features – Any unusual habitat features were recorded, including any 

potential movement barriers. 

 

 

 

 

 



 

88 

 

 

Other habitat measurements, which were conducted independently: 

Temperature - Within the Cove Brook Watershed, 16 temperature monitoring 

stations were established.  All loggers were deployed by 2 June 2009 and 

recorded the temperature every 10 minutes.  Loggers were downloaded and the 

batteries were replaced on at least a biannual basis.  For the purposes of long-term 

continuity, a database was created that detailed the exact location of each 

monitoring station. 

 

CTD - A single conductivity-temperature-depth logger was deployed directly 

under the Rte.  1A bridge, at a location at the upper end of the intertidal zone.  

This logger served several functions: 

a)  provided an additional temperature monitoring station 

b) monitored the salinity of water at the mouth of Cove Brook 

c) recorded the timing of high tide events 

d) during low tides, provided a index of stream discharge (as a function of 

depth) 
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Appendix B 

HIGH-DENSITY POLYETHYLENE: A NEW MATERIAL  

FOR PASS-OVER PIT ANTENNAS 

Prepared for submission as a Management Brief in the North American Journal of 

Fisheries Management 

 

Introduction 

 Pass-over passive integrated transponder (PIT) antennas have been used in stream 

environments to detect fish movements (Armstrong et al. 1996, Nunnallee et al. 1998, 

Greenberg et al. 2001, others). In contrast to the typical pass-through PIT antenna design, 

pass-by PIT antenna lie on the bottom of the stream channel and decode tags as a fish 

swims above. Using this configuration, antennas are less prone to damage during storm 

events. Recent advances in PIT technology have increased the read range of PIT 

antennas, and made pass-by antennas more effective than ever before (e.g. 1411SST tag, 

Digital Angel, South St Paul, Minnesota). 

 As part of an ongoing investigation into the life history of sea-run brook charr, we 

constructed a PIT antenna array at the mouth of Cove Brook, a tidal tributary to the 

Penobscot River, Maine. The mouth of Cove Brook presents a challenging location to 

install and maintain stationary PIT antennas. The stream is characterized by regular high 

flow events, substantial bedload transport, and is dominated by coarse, irregular 

substrate. Additionally, large amounts of ice form in the brook and are routinely flushed 

out of the system during winter months. These site characteristics made it difficult to 

maintain operational PIT antennas constructed of polyvinyl chloride (PVC) pipe which 
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become very brittle at cold temperatures. Because brook charr are known to transition 

between fresh- and saltwater at any time of year, it was important to develop an antenna 

array which could remain deployed through the winter months.  

 

Materials and Construction 

 We constructed our antennas with nine turns of 10 AWG equivalent Litz wire 

(5x5x44/40) using methods similar to Bond et al. (2007). The unusual construction and 

geometry of Litz wire maximizes reader efficiency and minimizes harmful interference 

from ambient radio noise. Laboratory testing showed we could build a 600 cm x 45 cm 

pass-by antenna which would read tags in low-noise environments. However, our field 

site is noisy and we chose to build antennas which were somewhat smaller (250 cm x 

45cm), to reduce the interference from ambient noise. Additionally, we used twin 10 

AWG coaxial cables (9913F7, Belden Inc., Richmond, Indiana) with a custom 

waterproof coating to shield the antenna cables from environmental interference.  

 We used a FS1001M reader (Destron Fearing, South St Paul, Minnesota) to power 

our antennas. The FS1001M reads full-duplex PIT tags, which allows small fish (≥65 mm 

FL) to be studied. Additionally, the FS1001M allows automatic tuning to adjust for 

changing water conditions, and can multiplex up to six antennas to allow for operation in 

close proximity. In order to cover the entire width of the stream, we installed two 

antennas end to end at each site. This was repeated three times along a 10 m section of 

stream to complete the array.  

 We considered a suite of candidate materials for antenna housings including PVC, 

fiberglass, and high-density polyethylene (HDPE). Schedule 80 PVC pipe is commonly 
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used for instream PIT arrays, but becomes extremely brittle at cold temperatures. HDPE 

pipe is very strong and has excellent cold-weather performance, yet is available at a price 

comparable to Schedule 80 PVC. To highlight the durability of HDPE pipe, we subjected 

a sample of HDPE pipe at -10°C to a blow from a sledgehammer. The sample received 

only superficial damage. In contrast, a similar test with 80 schedule PVC pipe fragmented 

the pipe into many pieces. Fiberglass may also be well suited to antenna construction and 

has been used at other locations, but was cost prohibitive for the size of our stream and 

budget. 

 We selected 4 inch SDR 11 HDPE pipe for use in PIT antenna construction. 

Because HDPE must be bonded with heat and pressure in a specialized tool, we needed to 

modify the design of our previous antennas to facilitate construction (Figures B.1 and 

B.2). First, we built a rectangular antenna frame with openings on each corner. Next, we 

wired the antenna, using PVC pipe to hold the wires at the center of the pipe. Once 

wiring was complete, we sealed three of the corners with HDPE endcaps. The fourth 

corner was sealed using a stainless steel polycam and threaded endcap. We used 

waterproof fittings (Sealcon USA, Centennial, CO) to pass a waterproof antenna cable 

through the endcap and reinforced the fitting with copious quantities of 5200 Marine 

Adhesive Sealant (3M Marine, St. Paul, MN).  
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Figure B.1. Using a HDPE fusion machine to bond segments of pipe for the antenna 

housing. 

 

 

 

Figure B.2. Finished antenna prior to installation. 

 

 We anchored the antennas in place using three techniques. We filled each antenna 

housing with silica sand to make it negatively buoyant. Silica sand is non-ferrous and 
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does not  interfere with the operation of the antenna.  Second, we placed a few large 

boulders (>100 kg) on top of each antenna to minimize its tendency to shift under high 

flow conditions. Finally, we anchored the antenna into the stream channel using several 

Duckbill
TM

 (Foresight Products LLC, Commerce City, Colorado) earth anchors and rope.  

 

Field Results 

 In situ, our pass-by antennas were able to detect 134.2 kHz TX1411SST tags 

(Digital Angel, St. Paul, Minnesota) up to 90 cm above the antenna coil in environments 

with low levels of ambient radio noise. Under typical environmental conditions, tags 

could generally be read at least35 cm above the antenna. Consequently, at this site, these 

antennas should be able to detect any fish which passes over during normal flow 

conditions.  

 HDPE antennas are more durable than PVC antennas. Whereas PVC antennas 

were routinely damaged at our study site, our HDPE antennas have been operational for 

over a year and withstood numerous high flow events without incident. The major 

limitation of HDPE is that construction requires specialized fusion equipment and 

construction is more complicated than solvent-welded fitting construction with PVC. 

Although HDPE fusion requires specialized tools, the process itself is simple and can 

easily be learned by a typical fisheries biologist. 

 The overall price of construction for an HDPE antenna was comparable to 

construction using schedule 80 PVC, but resulted in a much more durable antenna. HDPE 

antennas take somewhat longer to build than comparable PVC antennas, as each pipe 

fusion requires several minutes of heating and cooling. However, the added durability of 
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HDPE may save time in the long run and improve data continuity at sites where PVC 

antennas are routinely damaged.  

Antennas constructed of HDPE appear to be well-suited to dynamic stream 

environments in cold climates. Although our antennas were deployed in a pass-by 

configuration, the performance characteristics of HDPE also make it well-suited to pass-

through applications. Our approach to pass-by antenna construction allows the use of PIT 

technology at challenging sites where stream conditions and financial limitations were 

previously prohibitive.  
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APPENDIX C 

FISHES OF COVE BROOK 

 

Table C.1. Species encountered during biannual electrofishing surveys at Cove Brook 

(Winterport, Maine) from 2008-2010. This list is based on >200,000 wand-seconds of 

electrofishing in the lowermost 5 km of the system during April-May and October. 

 

Family Scientific Name Common Name Relative Abundance 

Anguillidae Anguilla rostrata American Eel Abundant 

Catostomidae Catostomus commersoni White Sucker Abundant 

Centrachidae Lepomis auritus Redbreast Sunfish Uncommon 

 Micropterus salmoides Largemouth Bass Rare† 

Cyprinidae Rhinichthys atratulus Eastern Blacknose Dace Abundant 

 Notropis cornutus Common Shiner Abundant 

 Semotilis atromaculatus Creek Chub Abundant 

 Semotilis corporalis Fallfish Uncommon 

 Notomigonus crysoleucas Golden Shiner Abundant 

 Phoxinus eos Northern Redbelly Dace Uncommon 

 Margariscus margarita Pearl Dace Uncommon 

 Pimephales promelas Fathead Minnow Rare 

Fundulidae Fundulus heteroclitus Mummichog Uncommon 

Gasterosteidae Pungitius pungitius Nine-spine Stickleback Rare 

 Gasterosteus aculeatus Three-spine Stickleback Rare 

Ictaluridae Ictalurus nebulosus Brown Bullhead Uncommon 

Petromyzontidae Petromyzon marinus* Sea Lamprey Uncommon 

Salmonidae Salmo salar* Atlantic salmon Rare 

 Salvelinus fontinalis* Brook charr Abundant 

Osmeridae Osmerus mordax* Rainbow Smelt Rare‡ 

 

 

 

 

†  First observed in fall 2010; several juveniles collected. 

‡ Record based on a single recently deceased individual found in spring 2009 

approximately 75 m above the head of tide. 

* Diadromous species 
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APPENDIX D 

FISHES OF STANLEY BROOK 

 

Table D.1. Species encountered during biannual electrofishing surveys at Stanley Brook 

(Seal Harbor, Maine). This list is based on >300,000 wand-seconds of electrofishing 

effort in the lowermost 2 km of the watershed during 2006-2010. 

 

Family Scientific Name Common Name Relative Abundance 

Anguillidae Anguilla rostrata* American Eel Uncommon 

Salmonidae Salvelinus fontinalis* Brook charr Abundant 

Osmeridae Osmerus mordax* Rainbow Smelt Rare† 

 

 

 

 

 

 

 

 

 

 

 

 

† Based on a single observation in the lower reaches of the stream during the May 2008 

electrofishing sample. 

* Diadromous species 
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APPENDIX E 

ATLANTIC SALMON (Salmo salar) MONITORING AT COVE BROOK:  

A SYNTHESIS OF RESULTS 

 Cove Brook once hosted a small but viable population of Atlantic salmon (Salmo 

salar). In 2000, these salmon were listed as a Gulf of Maine Distinct Population Segment 

(DPS). Since that time, Atlantic salmon numbers have dwindled in Cove Brook. Surveys 

by the Maine Department of Marine Resources have not detected any spawning activity 

since 2002, although a single young-of-the-year of unknown origin was collected in 2006 

(NMFS Biological Opinion 2010). It is highly doubtful that Cove Brook still hosts a 

viable population of Atlantic salmon. 

 In conjunction with our brook charr research at Cove Brook, we conducted the 

Maine Department or Marine Resources‟ (DMR) Atlantic salmon monitoring at Cove 

Brook from 2008-2010. While conducting our biannual electrofishing surveys, any 

Atlantic salmon we collected we processed according to DMR guidelines. 

 During our four major electrofishing efforts (>200,000 total wand-seconds), we 

logged four Atlantic salmon captures (Table E.1). Based on the location of these 

encounters, and the sheer quantity of salmon which are stocked into the Penobscot River 

annually, two of these fish appear to have originated in the Penobscot. Unfortunately, the 

genetic markers which identified the Cove Brook population as unique have been lost, so 

the true origin of these fish will remain uncertain. 
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Table E.1 Atlantic salmon encountered during biannual electrofishing surveys at Cove 

Brook (Winterport, Maine). *The individual encountered on 18 Apr 2009 escaped before 

it could be closely examined and measured. The length presented in this table is 

estimated based on a rapid visual assessment. 

 

 

 

 One of these individuals was believed to have been captured twice in subsequent 

samples. On its second capture, that individual was marked with a PIT tag. It was 

recorded passing by our stationary PIT array at the head of tide on 19 May 2010. Based 

on these observations, we assume this individual reared for at least six months in Cove 

Brook and successfully entered the Penobscot River estuary. 

 Additionally, we observed a single VIE-tagged Atlantic salmon immediately 

below the mouth of Cove Brook on 18 April 2009. This individual was near death, and 

appeared to have a spinal injury. Based on the location of this observation and the VIE 

tag, this individual was almost certainly a Penobscot strain hatchery fish which had been 

stocked upstream on the mainstem river. 

 At the present time, Cove Brook does not appear to sustain a viable population of 

Atlantic salmon. Salmon activity in Cove Brook appears to be limited primarily to 

Date Distance 

upstream (m) 

UTM Stage Length 

(cm) 

Mass 

(g) 

Origin 

20 Sept 2008 50 0512005E Post-smolt 17.1 53.2 Hatchery 

  4948954N     

       

18 Apr 2009 200 0511917E Smolt 18* - Hatchery? 

  4948890N     

       

9 Oct 2009 2550 0510523E Parr 10.4 12.2 Unknown 

  4948327N     

       

29 Apr 2010 2550 0510523E Smolt 13.6 26.3 Unknown 

    4948327N         
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Penobscot strain individuals who stray into Cove Brook on their seaward migration. Still, 

our scattered observations of young salmon suggest Cove Brook is still offers suitable 

rearing habitat for salmon. At the time of this writing, the possibility of restocking 

Atlantic salmon into Cove Brook was under consideration.  

 

 



 

101 

 

BIOGRAPHY OF THE AUTHOR 

 

 David Kazyak was born in Syracuse, New York 

on July 29, 1986. He was raised in Westminster, 

Maryland and graduated from Westminster Senior High 

School in 2004. He attended Frostburg State University 

and graduated summa cum laude in 2008 with a 

Bachelor‟s degree in Wildlife and Fisheries. While at 

Frostburg, he had the opportunity to work in several 

environmental chemistry labs and conduct survey work 

on streams throughout Maryland. He also spent two summers conducting backcountry 

amphibian research in Yellowstone National Park. Immediately after graduation, David 

moved to Maine and entered the Wildlife Ecology graduate program at The University of 

Maine in the summer of 2008. 

 Throughout his academic career, David has been active in student organizations. 

Specifically, David has held leadership positions with The Wildlife Society, the 

American Fisheries Society, and the Wildlife Ecology Graduate Student Group. In 

January 2011, David began a PhD program at the University of Maryland Appalachian 

Laboratory where he is continuing his research on brook charr. David is a candidate for 

the Master of Science degree in Wildlife Ecology from the University of Maine in May, 

2011. 


	GROWTH AND MOVEMENT OF BROOK CHARR
	(SALVELINUS FONTINALIS) IN COASTAL MAINE
	A THESIS
	The Graduate School
	GROWTH AND MOVEMENT OF BROOK CHARR
	By
	A THESIS
	The Graduate School
	THESIS ACCEPTANCE STATEMENT
	LIBRARY RIGHTS STATEMENT
	GROWTH AND MOVEMENT OF BROOK CHARR
	By David C. Kazyak
	ACKNOWLEDGEMENTS
	Chapter
	LIST OF TABLES
	LIST OF FIGURES
	INTRODUCTION
	Decline of brook charr†
	Life history variation
	Movements
	Implications of movement and life history variation
	Current status
	Chapter 1
	Abstract
	Introduction
	Methods
	Comparison of growth and size structure between systems
	Fish collection and marking
	Modeling growth at Stanley Brook
	Results
	Habitat data
	Growth modeling
	Discussion
	Variation in growth rates
	Seasonal Effects
	Spatial heterogeneity in growth
	Interannual Variation
	Individual Growth Potential
	Captures
	Management Implications
	Literature Cited
	Chapter 2
	Abstract
	Introduction
	Methods
	Study Areas
	Stanley Brook
	Cove Brook
	Mark-recapture
	Active tracking: PIT-packing at Stanley Brook
	Active tracking: radio telemetry at Cove Brook
	Fixed location: stationary PIT arrays
	Results
	Mark-recapture
	Active tracking: PITpacking at Stanley Brook
	Active tracking: radio telemetry at Cove Brook
	Stationary antenna arrays
	Discussion
	We used a suite of different approaches to study the movement patterns of coastal brook charr. Each of these approaches allows inference at a different spatial and temporal scale and contributes to our overall understanding of the range of movement p...
	Mark-recapture has been used extensively to study the movement patterns of stream fishes. In small streams, high recapture rates may yield large sample sizes, but mark-recapture is generally less effective in large, open systems where the probability...
	In our study, we found the vast majority of individuals were relocated in close proximity to the site where they were last observed (Figure 2.3). Thus, if we restrict our observations to the dispersal data from our electrofishing surveys, it would be ...
	We used two different types of active tracking in our research. For our research, we conducted active tracking surveys at the same spatial scale as our mark-recapture work, but at increased frequency. PITpacking is a relatively new, minimally-invasiv...
	Finally, we used stationary PIT arrays to examine seasonal activity patterns at a fixed location. These arrays offer a near-continuous record of fish movement, but offer very limited spatial resolution. Stationary PIT antenna arrays require a large i...
	Research and Management Implications
	Literature Cited
	REFERENCES
	APPENDICES
	Appendix A
	COVE BROOK HABITAT SAMPLING PROTOCOL
	Selection of sections
	Transect selection
	Bankfull width – Bankfull width was determined and measured to the nearest
	Appendix B
	HIGH-DENSITY POLYETHYLENE: A NEW MATERIAL
	Introduction
	Materials and Construction
	Figure B.2. Finished antenna prior to installation.
	Field Results
	Acknowledgements
	Literature Cited
	APPENDIX C
	FISHES OF COVE BROOK
	APPENDIX D
	FISHES OF STANLEY BROOK
	APPENDIX E
	ATLANTIC SALMON (Salmo salar) MONITORING AT COVE BROOK:
	BIOGRAPHY OF THE AUTHOR

