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GENERAL ABSTRACT 

  The overarching goal of this thesis was to enhance our understanding of the 

implications of benthic movements by American lobster Homarus americanus to the 

species’ ecology and demography. The first chapter discusses the use of an ultrasonic 

telemetry system to track juvenile lobsters in nature for the first time. Juveniles were 

highly active and mobile, and they behaved as “central place foragers”, which kept them 

on productive but patchy nursery grounds despite the extensive movements they 

displayed. Juveniles did not display an increase in time spent outside of shelter or average 

daily home range with increasing body size, as was predicted in the literature. The second 

chapter discusses the use of two complimentary ultrasonic systems to simultaneously 

track juvenile, adolescent and adult lobster for the first time. This study confirmed some 

of the observations made in Chapter 1, such as lobsters being very active, displaying 

diurnal activity rhythms (more active at night than during the day), and behaving as 

central place foragers, as well as juveniles not demonstrating an increase in activity with 

increasing body size. It did, however, reveal ontogenetic changes in behavior over the 

expanded size range, with daily home range increasing gradually with increasing body 

size, and study length displacements being markedly greater for adolescents/adults than 

for juveniles. The third chapter re-analyzed data from an extensive mark-recapture study 

conducted in the southern Gulf of St. Lawrence between 1980-1996 to estimate, for the 

first time, the relative contribution of benthic movements and larval dispersal to 

demographic connectivity in lobster. Estimates of pelagic and benthic movements were 

comparable, when accounting for the fact that adults can disperse over the course of 

several years while larvae disperse over a single season only. This novel finding, along 
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with the fact that benthic movements are not constrained by currents the way pelagic 

dispersal is, and that lobsters move relatively little in our study area compared to other 

parts of the species’ range, suggest strongly that more consideration should be given to 

the contribution of benthic movements to connectivity and stock structure in the 

management of the American lobster.   
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single dotted lines, and the CIL is indicated by the thin crossed line. ............................ 174 
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GENERAL INTRODUCTION 

Animal Movement  

 In this thesis the term movement is taken in its most general sense, as being the 

“process by which individual organisms are displaced in space over time” (Turchin 

1998). Movements are a fundamental characteristic of life, and most organisms, including 

bacteria, plants, and animals, have evolved movement patterns and capabilities that 

increase their ability to acquire resources, survive and reproduce (Sugden & Pennisi 

2006; Holyoak et al. 2008, Nathan et al. 2008). These movements are varied and operate 

at multiple spatial and temporal scales. Over short temporal and spatial scales, for 

example, organisms have evolved a plethora of activity and movement patterns that 

reduce the risk of being preyed upon. For example, foraging movements of a variety of 

species have been observed to operate on a 24-hour (diurnal) cycle (i.e., nocturnal 

animals) as a strategy to escape visual predators (Lima 2002). As well, a wide variety of 

species utilize movements to maintain their position within herds, flocks or schools in an 

attempt to reduce their risk of being preyed upon. This is completed by putting 

conspecifics between themselves and their predators (Hamilton 1971). Over greater 

temporal and spatial scales, organisms have evolved an array of migration patterns, 

defined as “seasonal to-and-fro movements between regions where conditions are 

alternately favorable or unfavorable” (Dingle & Drake 2007). The ultimate cause, or 

function, of these seasonal migrations are diverse, including, avoidance of times and 

locations of food scarcity, seeking physiologically optimal climates, and avoiding 

predation (McKinnon et al. 2010).  
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  Many organisms have also evolved specific dispersal patterns, defined as 

“movement away from the birthplace” (Sugden & Pennisi 2006), which reduce 

competition with siblings and inbreeding, and also allow the exploitation of spatially and 

temporally variable resources (Bowler & Benton 2005; Clobert et al. 2009). Among 

sessile organisms, for which seeds, eggs or larvae represent the predominant mobile 

stages, dispersal is the premier spatial demographic process, crucial to the structure and 

dynamics of populations and communities (Nathan & Muller-Landau 2000). 

Furthermore, dispersal can have beneficial population-level effects on the persistence of 

spacially structured systems (Bowler & Benton 2005). For example, extinction risk can 

be decreased through the colonization of empty habitat, which may balance the loss of 

other local populations (Hanski & Gilpin 1997, Hanski 1999). In addition, movement of 

individuals into declining populations, through dispersal, may help buffer them from 

extinction (Brown & Kodric-Brown 1977). The understanding of dispersal in commercial 

species is particularly important, as is discussed in greater detail below.  Advances in 

our ability to quantify and analyze movements of individual organisms, their 

environments and their internal (e.g., physiological and neurological) states, have 

markedly increased our understanding of how, why, when and where animals, plants and 

microorganisms move (Cooke et al. 2004, Codling et al. 2008, Patterson et al. 2008). 

These advances may allow us to develop a general theory of organismal movement, by 

means of new conceptual, methodological and empirical frameworks (Nathan et al. 2008, 

Schick et al. 2008, Cagnacci et al. 2010, Cumming et al. 2012). Nathan et al. (2008) 

introduced a conceptual framework of organismal movement that includes four basic 

mechanistic components: (1) the internal state (i.e., why move?), which encompasses the 
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physiological and neurological state of the individual that affects its motivation and 

readiness to move, (2) movement abilities (i.e., how to move?), which includes the 

biomechanical and morphological machineries that enable an individual to execute or 

facilitate movement, (3) navigation capacity (i.e., when and where to move?), which 

includes the cognitive and sensory machineries that enables an individual to orient its 

movements in space and/or time, and (4) the external factors affecting movement, which 

include the set of biotic and abiotic factors present in the individual’s environment. These 

four mechanistic components of movement can change during an individual’s ontogeny 

(i.e., among juvenile, adolescent and adults of a species), and also over daily and seasonal 

cycles for same-stage individuals. 

  Nathan et al.’s (2008) framework is primarily focused on the movement of 

individual organisms, but it can also be used to address population-level questions if an 

important assumption is made. The assumption is that the animals of which movements 

are studied represent a random sample of the population upon which inferences are to be 

drawn. This assumption is made whenever bird banding, fisheries mark recapture, or 

active tracking (e.g., GPS, satellite or radiotelemetry) is used to describe the movements 

of a small number of individuals, and the movements observed are said to be 

representative of the population. Furthermore, evolutionary questions can be investigated 

using Nathan et al.’s (2008) framework, assuming that the individuals’ “internal 

motivation” to move is explicable in terms of (post hoc) fitness consequences.   

Importance of Studying Movement of Commercial Species 

  Research on commercially-exploited species aims to determine where they live, 

how abundant they are, and how they reproduce, all to ultimately answer one question: 
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“how many individuals can we catch each year without causing the population to ‘crash’ 

and become non-viable commercially?” Studying the movement behaviour of 

commercial species allows us to learn about their ecology at each stage of their life cycle, 

which will be determined in part by their habitat requirements, foraging needs, 

territoriality, predator-prey relationships and reproductive activities, ultimately leading to 

a more holistic understanding of the species that can be used during the design of a 

sustainable fishery plan (Pittman & McAlpine 2001). Such planning can for example 

include information about a species’ spawning areas, larval drift routes, location of 

settlement and nursery areas, daily and annual home ranges of different life stages, 

seasonal or spawning migration routes and inter-annual movements (Pittman & 

McAlpine 2001).  

  From a fisheries management perspective, animal movement and dispersal 

research is particularly important at the sub-population or “stock” level. Fisheries stocks 

are most commonly defined as an aggregate or semi-discrete group of fish (or 

commercially-fished invertebrates) with some definable attributes that are of interest to 

fishery managers (Begg et al. 1999). For the explicit purpose of management, a stock is 

also defined as a subpopulation of a particular species of fish/invertebrate that is more 

greatly affected by intrinsic processes (growth, recruitment, natural mortality and fishing 

mortality) than by extrinsic processes (immigration and emigration) (Begg & Waldman 

1999); in other words, a stock is a group of individuals that should be managed separately 

from other stocks of the same species. For example, if two groups of the same 

commercial species are living in two separate land-locked lakes, with therefore no 

movement of individuals between the groups, population size, growth rates and mortality 
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rates of animals in the two lakes will vary independently of one another, and as such they 

should be independently managed. In contrast, if for example two “groups” of the same 

commercial species live in the ocean, and a percentage of the population moves freely 

between the two groups throughout the year (>10 % has been suggested by Waples and 

Gaggiotti 2006, see Chapter 3 for more details), the population sizes, growth rates and 

mortality rates of the two groups will be intertwined and as such they should be managed 

as one stock. One complication to the management of fisheries of mobile species is 

determining the boundaries of each stock for the purposes of management. Defining 

stock boundaries is particularly difficult in many fish species that spawn in the open 

ocean, such as herring (Clupea harengus) and cod (Gadus morhua), as many separate 

stocks will migrate to and then utilize the same spawning areas at the same time before 

moving again to their unique stock specific regions (Stephenson 1999).  Understanding 

movement ecology, particularly of less well understood species, will help us get closer to 

defining stock structure and identifying the optimum units for management.  

  Understanding the movement patterns of commercially-exploited individuals 

plays an important role in fisheries assessments and management, as this information 

helps develop conceptual models describing the dynamics of species (Sippel et al. 2015). 

However, for most commercially-fished species, particularly invertebrates, our 

understanding of animal habitat use and movements is inadequate to provide robust data 

for management. In fact, the National Ocean and Atmospheric Association recently 

concluded that we need to “better define stock boundaries, habitat use, and fish 

movements in order to improve stock assessments and management of exploited 

populations” (NOAA 2012).  
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Movement and the American Lobster 

  The American lobster Homarus americanus [hereafter lobster] is distributed along 

the eastern coast of North America, from Cape Hatteras, North Carolina (USA), to the 

Strait of Belle Isle, off the coast of Newfoundland and Labrador (Canada). It supports the 

most important fishery, in terms of landed value, in Atlantic Canada (DFO 2010) and 

Eastern North America overall (Wahle et al. 2004). There are two distinct life phases in 

the American lobster’s life history: the pelagic life phase that is spent in the water column 

and the benthic life phase that is spent on the sea floor. Both life phases can undergo 

long-distance movements (>100 km), via semi-passive drift in the water column (larvae) 

(e.g., Cobb et al. 1983, Chassé & Miller 2010, Incze & Naimie 2000, Xue et al. 2008, 

Incze et al. 2010, Quinn et al. 2017) and behaviourally-driven movements on the sea 

floor (adults) (e.g., Uzmann et al. 1977, Campbell & Mohn 1983, Campbell & Stasko 

1985, Campbell & Stasko 1986). Movements by these two life phases could have large 

impacts on the species’ population structure and patterns of connectivity.  

  In the most recent life history scheme proposed for the American lobster (Lawton 

& Lavalli 1995) the species’ life cycle was further divided into a total of seven phases, 

based on behavior and body size: (1) pelagic larval phase (≈ 2-4 mm Carapace Length 

[CL]), (2) postlarval phase (≈ 4 – 5 mm CL), which marks the transition between pelagic 

and benthic life, (3) shelter-restricted juvenile (≈4 – 14 mm CL), (4) emergent juvenile 

(≈15 - 25 mm CL), (5) vagile juvenile (≈25 - 40 mm CL), (6) adolescent (> ≈40 mm CL) 

and (7) the adult phase, which begins at sexual maturity (≈72 mm CL in the Southern 

Gulf of St. Lawrence (DFO 2013); ≈104 mm CL in the Bay of Fundy (DFO 2001)).  
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  The American lobster has had a long tradition of movement research, beginning 

with the first tagging study in 1898, which was conducted to determine the movements 

undertaken by female lobsters near the end of the breeding season (Bumpus 1901). This 

study was the first to observe lobsters’ capability of rapid and sustained movements (one 

moved 19.3km in 3d), as well as the commonalities in movement patterns, which 

suggested a migratory or homing instinct. The extremely high recapture rate during this 

study was one of the first indications of the fishing pressure placed upon this commercial 

species at that time (Bumpus 1901). Through the use of such mark-recapture studies in 

collaboration with fishermen, large-scale movements of lobsters have now been 

documented in many parts of the species’ range (e.g., Campbell & Stasko 1986, 

Campbell 1986, Comeau & Savoie 2002). These studies have shown that lobster 

movements vary greatly over the species’ range, with lobsters in the Bay of Fundy and 

Gulf of Maine more frequently displaying long-distance movements (10’s – 100’s km) 

than conspecifics in the Gulf of St. Lawrence. Additionally, in the Bay of Fundy and Gulf 

of Maine, adolescent and adult lobsters have been documented to undertake seasonal 

offshore (fall) inshore (spring) movements, which are thought to help meet physiological 

requirements of molting, mating, egg extrusion, and embryonic development in areas 

where the offshore waters are warmer than the surface waters in the winter (Cooper & 

Uzmann 1971; Fogarty et al. 1980, Campbell 1986, Campbell & Stasko 1986, Pezzack & 

Duggan 1986, Pezzack et al. 1992, Lawton & Lavalli 1995, Estrella & Morrisey 1997, 

Cowan et al. 2007). 

  Over the past ≈ 20 years, technological advances in telemetry have enabled 

researchers to obtain markedly more detailed information on small-scale movements of 



 

8 

lobsters. “Manual telemetry studies”, where handheld or boat-mounted receivers are used 

to detect tagged animals from the surface and then determine their approximate position 

based on the orientation from which the receiver detects the tag, have demonstrated that 

lobsters occupy “home areas” and confirmed seasonal movements documented by 

traditional tagging studies with fishermen (Watson et al. 1999, Bowlby et al. 2007). 

However, it was not until the advent of “fixed telemetry systems”, where receivers are 

placed in the field in a configuration that allows continuous and more precise positions to 

be estimated via triangulation of animals with a tag, that fine-scale movements and home 

ranges of lobsters could be measured (Tremblay et al. 2003, Scopel et al. 2009, McMahan 

et al. 2013). Fine-scale observations of activity are also collected using fixed acoustic 

monitoring systems, which have revealed considerable inter- and intra-individual 

variability in the daily patterns of activity of adolescent and adult lobsters (Golet et al. 

2006), and these patterns are consistent with limited field observations (Cooper & 

Uzmann 1980, Ennis 1984a & 1984b, Karnofsky et al. 1989) and laboratory studies 

(Cobb 1969, Lawton 1987, Wahle 1992, Jury 1999, O’Grady et al. 2001, Jury et al. 

2005). 

 While movements of benthic-phase American lobster have been documented 

since 1898 (Bumpus 1901), we still have limited understanding of their importance at a 

number of scales. In particular, we currently have very little quantitative information on 

the movement of early benthic-phase lobsters in nature, including their activity levels 

within nursery grounds as well as the size at which they leave these areas to move and 

migrate with adult populations (reviewed by Lawton & Lavalli 1995). Furthermore, 

although considerable long-distance movements by adult lobsters have been documented 
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across the species’ range, we have limited understanding of how these may contribute to 

population structure and connectivity among regions. In fact, the question of “biological 

units” or “stocks” was identified as one of the most significant impediments to the 

sustainable management of the American lobster resource by the 2007 Fisheries Resource 

Conservation Council report “Report on a sustainability framework for Atlantic lobster”. 

This knowledge gap was a major impetus for the creation of the Lobster Node, a large 

collaborative research project between lobster harvesters and their associations, lobster 

researchers at the Department of Fisheries and Oceans and academics from five 

universities in eastern Canada. The Lobster Node was part of the Canadian Fisheries 

Research Network, which was funded by the Natural Sciences and Engineering Research 

Council between 2010 and 2015; my thesis was part of the Lobster Node research 

collaboration. The Lobster Node followed an earlier successful Canadian 

multidisciplinary research collaboration on lobster biology and ecology at the scale of 

eastern Canada, the Canadian Lobster Atlantic Wide Studies (CLAWS), which was led 

mostly by the Department of Fisheries and Oceans and ran from 1996-2000 (Tremblay & 

Sainte-Marie 2001). CLAWS aimed “to develop more accurate and reliable tools for 

describing lobster stock status; to more clearly describe spatial variability of lobster 

production; to improve understanding of critical processes underlying lobster production, 

in particular larval drift and pre-recruit dynamics; to forecast and assess effects of 

management measures; and to communicate results objectively to fishermen and 

managers” (from the preface by H. Powles and J. Tremblay in Tremblay and Sainte-

Marie 2001) 
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Introduction to Thesis Chapters 

  My thesis aims to enhance our knowledge of movement and activity patterns of 

juvenile, adolescent and adult American lobster in nature, and our understanding of the 

implications of benthic movements by lobster to the species’ ecology and demography 

  The first Chapter provides direct measurements of juvenile (20 – 47 mm CL) 

lobster movements in a nursery area in Birch Cove, New Brunswick, in the Bay of 

Fundy. This is the first study to utilize ultrasonic telemetry as a tool to measure the 

movements and activity levels of juvenile (emergent and vagile phase) American lobsters 

in a natural setting, and it is the first to test in nature hypotheses drawn from the literature 

concerning ontogenetic changes in behaviour over this size range. In particular, we 

investigated the hypothesis that foraging excursions outside of shelter gradually increase 

over the three juvenile phases (shelter restricted, emergent and vagile; ≈ 4 - 40 mm CL), 

which had been proposed to occur because of increasing metabolic demands and 

decreasing susceptibility to predation over this time period (Wahle 1992, Wahle & Incze 

1997, Selgrath et al. 2007, Émond et al. 2010, Wahle et al. 2013). The data from this 

thesis confirm that juvenile lobsters are mostly nocturnal (Lawton 1987) and that they 

behave as central place foragers, consistently displaying turning angles that dramatically 

reduced their dispersal away from the nursery area (Lawton 1987, Wahle 1992). 

However, the average amount of time individuals spent outside of shelter (2.2-32.7 % of 

each day, or 0.5-7.8 h), and the average size of daily home ranges (≈ 27.4-111.6 m2), did 

not increase with increasing body size, as was predicted based upon the literature. As 

well, our results provide the first evidence that activity levels of juvenile lobsters can be 

influenced by the periodicity of the tides, at least in shallow waters where tidal amplitude 
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is high. This study advanced our understanding of the behavioural ecology of juvenile 

lobsters on nursery grounds and suggested that these young individuals spend more time 

outside of shelters than might currently be concluded from the literature. 

  The second Chapter utilizes ultrasonic telemetry to track the movements of 

juvenile, adolescent and adult American lobsters over two different temporal and spatial 

scales within a nursery area in Anse-Bleue, New Brunswick, in the southern Gulf of St. 

Lawrence. This study is the first to simultaneously track these three life phases of 

American lobster in nature, and thus to directly compare their behaviours at a same point 

in time and space. During this study the six different metrics we developed to document 

the movements, activity levels and rhythms of lobsters either displayed no relationship 

with body size (n=3), or were positively associated with body size (n=3). Interestingly, 

behaviours that showed no relation to body size related to the nature or timing of 

movements (i.e., time spent outside of shelter, rhythmicity in activity, homing tendency), 

whereas those that varied with body size were all related to the magnitude of movements 

displayed (i.e., daily home range, and daily and study length displacements). However, 

the nature of these positive relationships seemed to change from a gradual increase with 

increasing body size to a more abrupt dichotomy between juveniles and 

adolescents/adults, depending on the (spatio-temporal) scale of movements being 

considered: (i) average daily home range during the 28-day VRAP portion of the study 

was better explained by a linear relationship with carapace, (ii) average daily 

displacement during the 74-day VR2 portion of the study was equally well explained by 

the linear relationship with carapace length and the juvenile vs adolescent/adult 

dichotomy, and iii) total study-length displacement during the 74-day VR2 portion of the 
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study was better explained by the juvenile vs adolescent/adult dichotomy. Most (7/8) 

adolescent and adult lobsters moved to deeper water as water temperature decreased in 

the fall, whereas all juveniles examined (6/6) stayed in shallow water near the VRAP 

triangle for the duration of the study. These results also have direct implications to 

population connectivity, as they suggest that between settlement and the end of the 

juvenile life stage (≈3-5 years after settlement) lobsters do not contribute meaningfully to 

population connectivity, because they remain on nursery grounds, but adolescent and 

adult lobsters have the potential to contribute to connectivity as they were significantly 

wider ranging and their habitat use changed from summer to fall. Results of this study 

therefore corroborate those in Chapter 1, in a different geographic region (southern Gulf 

of St. Lawrence vs Bay of Fundy), and over a larger observational time period (74 days 

versus 21 days). 

  The third Chapter utilizes an extensive mark-recapture tagging dataset for the 

American lobster to test whether the benthic movements of adolescents and adults could 

lead to meaningful population connectivity in the southern Gulf of St. Lawrence (sGSL) 

in comparison to larval movements. In the American lobster, the long-range (10s to 100s 

of kms) dispersal of pelagic larvae is often assumed to be the dominant force behind 

connectivity among stocks or management units (Chassé & Miller 2010, Quinn et al. 

2017), with little consideration given to the contribution of benthic movements. In this 

study we analyzed data from an extensive tagging study in the southern Gulf of St. 

Lawrence between 1980-1996, during which 37,579 adult lobsters were captured, using 

commercial traps, tagged and released at each of 14 locations by Department of Fisheries 

and Oceans’ scientists. In total, 6,296 were recaptured within the commercial fishery 
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after 1-6 years at large. We compared the distances travelled by these adult lobsters to 

dispersal distances predicted for larvae released from the same 14 locations. The average 

yearly top 10th percentile dispersal distances of larvae were 139 km and 57 km in the 

dominant downstream and upstream directions, respectively, and the same values for 

adult benthic movements were 18 km and 14 km only. However, using the six locations 

where a number of adults were recaptured in two consecutive years, we estimate that 

benthic movement values for lobsters after five years at large are 50 km and 50 km, 

representing 36% (downstream) and 88% (upstream) of annual dispersal values predicted 

for larvae from the same six locations. Given that (i) our estimates of pelagic and benthic 

movements are comparable, (ii) the dispersal of larvae is likely constrained by behaviours 

not accounted for by our model, (iii) benthic movements are not constrained by currents 

the way pelagic dispersal is, and (iv) lobsters are known to move relatively little in our 

study area compared to other parts of the species’ range, we conclude that more attention 

should be given to benthic movements in estimating connectivity and stock structure in 

American lobster. 
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Abstract  

  In this study we expand the size range of American lobsters Homarus americanus 

tracked in nature by quantifying for the first time the movements and activity levels of 

juveniles using ultrasonic telemetry. Ten individuals 20–47 mm carapace length (≈ 1–4 

yr old) were tracked for 21 d in August 2010 on a shallow nursery ground in southwest 

Bay of Fundy, Canada, using the Vemco VRAP tracking system. Many of our results are 

consistent with the literature on juvenile lobster ecology, which is largely based on 

laboratory experiments and short-term field observations. For example, the juvenile 

lobsters were significantly more active at night (71% of all activity) than during the day 

(29%), and they behaved as central place foragers, displaying movements that greatly 

limited their dispersal from the nursery habitat. However, the average amount of time 

individuals spent outside of shelter (≈ 2.2–32.7% of each day, or 0.5–7.8 h) and the 

average size of their daily home ranges (≈ 27.4–111.6 m2) did not increase with 

increasing body size, as was predicted based upon the literature. We also report for the 

first time evidence of a tidal (12.4 h) cycle of activity in juvenile lobsters, which was 

displayed more consistently at night than during the day. This study advances our 

understanding of the behavioural ecology of juvenile lobster on nursery grounds, and it 

suggests that these young individuals spend more time outside of shelters than might 

currently be concluded from the literature.  
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Introduction 

  Animal movement is an important ecological process that affects the demography 

and genetic structure of populations (McCauley 1995, Hanski & Gilpin 1997, Wiens 

2000). This is certainly true in the marine environment, where many species have a multi-

phase ontogeny, with each phase usually displaying spatially and temporally distinct 

movements (reviewed by Pittman & McAlpine 2003). While animal movements have 

been described for over 100 yr in both terrestrial (e.g. bird banding; Bartsch 1904) and 

aquatic (e.g. lobster tagging; Bumpus 1901) environments, technological developments 

continue to advance what can be quantified and learned about these movements 

(reviewed by Morales et al. 2010). An example of these technological advances in 

aquatic environments is ultrasonic telemetry systems, which are comprised of animal 

transmitters (tags), which emit a sonic pulse at a certain radio frequency and time 

interval, and hydrophones, which listen for and decode this information. When ultrasonic 

telemetry was first used to track adult American lobsters Homarus americanus in the 

field (e.g. Watson et al. 1999, Tremblay et al. 2003), the smallest animal tags available 

were ≈ 60 mm long and 16 mm in diameter (i.e. ultrasonic tags from Sonotronics and 

VEMCO). Animal tags are now commercially available that are less than 5% the volume 

and mass of these early tags, measuring only 12–17 mm in length and 5–6 mm in 

diameter (i.e. HTI 795-LM and VEMCO V5). Miniaturization advancements such as 

these allow for smaller-bodied species and life stages to be tagged, enabling in the latter 

case more detailed studies into the ontogeny of a species’ movement ecology. 

  In what is arguably the most detailed and recent life history scheme for the 

American lobster, the species’ life cycle is proposed to have 7 ‘phases’ (Lawton & 
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Lavalli 1995). The first phase is a pelagic larva (≈ 2–4 mm carapace length [CL]), which 

drifts in the surface waters for the first 11–54 d after hatch, dependent in part on water 

temperature, potentially over 100s of kilometers (reviewed by Cobb & Castro 2008). The 

second phase is the postlarva (≈ 4–5 mm CL), which makes the transition between 

pelagic and benthic life; the postlarva chooses an appropriate place on the bottom to settle 

and finds or builds its first shelter. Once successfully settled onto the bottom, the lobster 

begins its third phase and is referred to as a shelter-restricted juvenile (≈ 4–14 mm CL). 

Lobsters of this size are highly vulnerable to predators and are thought to spend almost 

100% of their time under shelter (Roach 1983, Hudon 1987, Wahle & Steneck 1991), 

where they are hypothesized to be opportunistic scavengers and/or suspension feeders 

(Barshaw & Bryant-Rich 1988, Lavalli & Barshaw 1989, Sainte-Marie & Chabot 2002). 

When the lobster begins to venture outside of shelter, making limited movements to find 

food, it begins its fourth phase and is known as an emergent juvenile (≈ 15–25 mm CL). 

The fifth phase is the vagile juvenile (≈ 25 to ≈ 40 mm CL), during which more extensive 

movements outside of shelter are undertaken. During the 3 juvenile phases (shelter-

restricted, emergent and vagile; ≈ 4 to ≈ 40 mm CL) foraging excursions outside of 

shelter are hypothesized to gradually increase due to increasing metabolic demands and 

decreasing susceptibility to predation (Wahle 1992, Wahle & Incze 1997, Selgrath et al. 

2007, Émond et al. 2010, Wahle et al. 2013). The sixth and seventh phases are 

adolescents and adults, respectively, which behave similarly in many regards (Lawton & 

Lavalli 1995) and are differentiated based upon physiological and functional maturity. 

Adolescents begin ≈ 50 mm CL, and in the Bay of Fundy 50% of individuals have mature 

sexual organs at ≈ 104 mm CL (DFO 2001). 
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  Scientists and fishermen have studied the movement of American lobster, 

particularly the adolescents and adults, for over 110 yr (Bumpus 1901). In certain parts of 

the species’ range, some adults have been documented to undergo seasonal movements or 

long-range migrations, which are thought to help meet physiological requirements of 

molting, mating, egg extrusion, and embryonic development (reviewed by Lawton & 

Lavalli 1995). These studies have also shown, however, that not all animals within the 

same location undertake these long-distance migrations. Indeed, and notwithstanding 

potential bias towards recapturing animals that move less, in the majority of tagging 

studies most lobsters are re-caught within 5 km of their original tagging location, even 

after a number of years at large.  

 While we have some knowledge of large-scale movements displayed by 

adolescent and adult American lobster, much less is known about the small-scale 

movements they undertake while occupying a particular habitat for more than a few days. 

Such small-scale daily movements are driven by important ecological factors and 

processes, such as habitat requirements, foraging needs, territoriality, predator–prey 

relationships and reproduction (Pittman & McAlpine 2003). It is widely accepted that 

adolescent and adult American lobsters are nocturnally active, and many studies have 

observed them retreating to shelters during the day, emerging from burrows in the 

evening, displaying peak activity in the first few hours following sunset and then 

gradually decreasing overall activity as sunrise approaches (reviewed by Lawton & 

Lavalli 1995). However, more recent observations in the laboratory (Jury et al. 2005) and 

telemetry work in the field (Golet et al. 2006) have shown that activity rates and patterns 

can vary widely among individuals on a particular day, and also among days, for the 
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same individual. Fine-scale telemetry studies have also revealed that the location of 

adolescent and adult lobster home ranges changes often (every 1–2 d), but their size 

generally remains fairly consistent (≈ 315–786 m2) from day to day (Tremblay et al. 

2003, Scopel et al. 2009, McMahan et al. 2013). The average size of daily home ranges 

was not found to be influenced by body size among adolescent and adult lobsters but was 

shown to be negatively affected by the presence of adult cod Gadus morhua, predators of 

the American lobster (McMahan et al. 2013). 

 Relatively little is known about the activity and movements of juvenile lobsters, 

probably in large part because of their cryptic nature and reduced propensity to enter 

baited traps. Accordingly, and importantly, what we do know about juvenile lobster 

activity and movements is based on laboratory experiments and short-term field 

observations and experiments. In the laboratory, juveniles have been observed to display 

nocturnal peaks in activity and feeding, similar to adolescents and adults (Lawton 1987). 

This hypothesis has not, however, been empirically tested in nature, nor has the 

possibility that juveniles display other activity cycles (e.g. tidal). In the field, juveniles 

have been observed to move more frequently within contiguous cobble habitat than in 

patchy habitat (Hovel & Wahle 2010) and to move into empty cobble plots in response to 

overcrowding (Wahle & Incze 1997). No data concerning these animals’ ‘home range’, 

i.e. the area over which they normally travel and search for food (Burt 1943), exist, and 

the hypothesis that they behave as ‘central place foragers’, undergoing foraging 

excursions from a ‘central’ shelter (Lawton 1987, Wahle 1992), has also not been tested. 

Another important hypothesis that has not been empirically tested in nature is that the 

frequency and magnitude of movements increase during the juvenile’s ontogeny (Wahle 
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1992, Lawton & Lavalli 1995, Selgrath et al. 2007, Émond et al. 2010, Wahle et al. 

2013). 

  The main objective of this study was to quantify, for the first time, the activity 

levels and fine-scale movements of juvenile American lobster in nature. As a secondary 

objective we wanted to test the usefulness of a fixed ultrasonic telemetry system to track 

small cryptic marine invertebrates that live in complex habitats and remain sheltered for 

large portions of the day. We used the tracking data of juvenile lobsters to (1) quantify 

the amount of time they spend actively roaming outside of shelters every day, (2) 

determine if there is evidence of rhythmicity (e.g. diel, tidal) in their activity patterns, (3) 

quantify the size of their home range and (4) determine if they behave as central place 

foragers. We then used the data to test the hypotheses that the frequency and magnitude 

of movements outside of shelter displayed by juvenile lobsters increase with their body 

size (Wahle 1992, Lawton & Lavalli 1995, Selgrath et al. 2007, Émond et al. 2010, 

Wahle et al. 2013). 

 

Materials and Methods 

Experimental Design 

 The study was conducted in August 2010 in Birch Cove, southwest Bay of Fundy, 

Canada (45° 8’ 32.2’ N, 67° 1’ 59.7’ W). The study site was previously found to be a 

nursery for American lobster Homarus americanus, with an average of 0.1–0.3 juveniles 

m–2 in the shallow subtidal (Lynch & Rochette 2009). The study site was comprised 

primarily of 1 to 2 layers of cobble (≈ 6–25 cm) sitting on mud within most of the area 

where the ultrasonic telemetry system was placed, a combination of cobble, gravel (≈ 2–5 
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cm) and mud in deeper portions of the tracking area, and mostly mud in deeper water 

outside the tracking area (Lynch & Rochette 2009). 

 We utilized the VEMCO radio-acoustic positioning telemetry system (VRAP), 

which consists of 3 hydrophones mounted on surface buoys and a base station with 

antenna and computer; we moored the buoys ≈ 100 m apart in an equilateral triangle and 

set up the base station in a building ≈ 300 m from the study site. The water depth within 

the tracking area generally ranged between 3 and 7 m at low tide. Due to the large tidal 

range at the site (daily average of 6 m during the study, with the exception of a 5 d period 

where it averaged 8 m due to a spring tide) each buoy was moored using an elastic 

bungee cord with a 100 percent stretch, which kept the buoys relatively straight over their 

mooring while water level fluctuated. Each buoy had a hydrophone, which listened for 

tags (both animal and reference), as well as a radio, which sent the data to the base 

station, where the position of each tag was triangulated based on the difference in signal 

arrival times to the 3 hydrophones. A complete description of the VRAP tracking system, 

including positioning accuracy testing (±3 m), can be found in Tremblay et al. (2003).  

 We tracked 10 juvenile American lobsters ranging in size from 20–47 mm CL. The 

largest individual tracked falls between the upper range of the juvenile phase (≈ 40 mm 

CL) and the lower range of the adolescent phase (≈ 50 mm CL), as defined by Lawton & 

Lavalli (1995), and whereas we refer to this individual as a juvenile, it should probably 

be considered in transition between the juvenile and the adolescent life phases. We 

estimate, based on recent work in the region (Tang et al. 2015) involving a novel age-

determination technique for crustaceans (Kilada et al. 2012), that the lobsters in this study 

were between 1 and 4 yr of age. The lobsters weighed between ≈ 50 g (20 mm CL) and ≈ 
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150 g (47 mm CL) in air. We collected these lobsters under cobble within the VRAP 

buoy triangle by hand using SCUBA, tagged them (Figure 1.1) and released them again 

using SCUBA in the immediate vicinity of abundant cobble shelter within an area of ≈ 

100 m2. The animal tags used in this study, which are the smallest ultrasonic tags 

currently available for the VRAP system, were the V7-1L coded tags (VEMCO Ltd, 18 x 

7 mm, 1.4 g in air, 0.7 g in water). In preparation for tagging, the tags were first epoxied 

onto a cardboard harness (< 1 g), which created a larger surface area for attachment to the 

animal. During tagging the lobsters carapace was dried, cleaned with ethanol to remove 

biofilm, and the tag harness was glued using HomeBond Superglue (Home Hardware). 

Lobsters were kept under moist paper towel (apart from where the tag harness was being 

attached) throughout the tagging procedure, which lasted a maximum of 10 min. Each 

animal tag emitted a single and unique acoustic pulse train (i.e., a “ping”) at 69 kHz on 

average every 120 s. In order to reduce collisions between pulse trains emitted by the 

different tags in the study, each tag was programmed to transmit randomly once every 

60–180 s. In addition to the 10 animal tags, we also moored 1 coded V16-1L tag 

(VEMCO Ltd, 58 x 16 mm) on the bottom near the center of the triangle to act as an 

unmoving reference tag (Payne et al. 2010). The reference tag transmitted once every 

240–360 s. 

One concern associated with tagging studies is that the act of tagging, or the tag 

itself, may alter the behaviour and movements of the tagged animal. Our smallest lobsters 

(20 mm CL) weighed ≈ 50 g in air, meaning our telemetry tags (1.4 g) were 2.8% of their 

body mass, while our larger lobsters weighed ≈ 75–150 g in air, meaning the tags 

weighed ≈ 1.9–0.9% of their body mass. Many fish biologists adhere to the guideline that 
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a tag’s mass in air should be 2% or less of the fish mass in air (first proposed by Winter 

1983), although more recent research has questioned the necessity for this very low 2% 

guideline (reviewed by Jepsen et al. 2005). No similar guidelines exist for decapods. To 

rigorously assess the possibility of a tag bias, we conducted a laboratory experiment in 

which we quantified the ability of tagged and non-tagged juvenile lobsters of the same 

size as used in our study to sustain rapid movement over a relatively long period of time.  

To do this we placed individually 20 lobsters (10 tagged and 10 untagged) measuring 21–

39 mm CL in a 2 m diameter circular flume (≈ 30 cm corridor) with ≈ 10 cm s–1 current, 

and we quantified their movements over a 45 min period. In order to encourage fast and 

continued movement, to provide a rigorous test of the tag-bias hypothesis, we ran the 

trials in full light and on a relatively smooth substrate of aquarium gravel with no shelter. 

Each trial was videotaped, and after the experiment was completed, we counted the 

number of laps each lobster did around the circular flume in 45 min. We compared the 

number of laps completed by tagged and non-tagged lobsters using an ANCOVA in 

which carapace length was the covariate. 
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Figure 1.1- Smallest juvenile lobster used in this study (20 mm carapace length; ≈ 50 g in air), tagged 

with a VEMCO V7-1L ultrasonic tag prior to deployment 

  We conducted the study between August 6 and 30, 2010. Nine lobsters were 

tagged on August 6 and a tenth was tagged on August 14. On August 22 the batteries 

were changed in the hydrophones of the VRAP buoys, and a technical problem reduced 

system activity until August 24. After data from all 25 d of the study were compiled, data 

from 4 d were removed (first day, last day, and the 2 d surrounding when the hydrophone 

batteries were changed), as the likelihood of tag detection and positional estimates on 

those days could have been affected by buoy movement, boat noise, scuba divers in the 

water and reduced system activity. Analyses are thus based on 21 d of tracking data. 
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Analysis of Temporal Activity Patterns  

  The amount of time each lobster spent actively roaming outside of shelter was 

determined based on the detection/non detection of their individualized tag by the 3 

buoyed hydrophones of our telemetry system, because the 69 kHz sound pulse emitted by 

these tags is not detected by hydrophones when line of sight is blocked by rocks 

(Tremblay et al. 2003, Heupel et al. 2006, Welsh et al. 2012), which juvenile lobsters 

shelter under. In order to further validate within the context of our study the assumptions 

that animals were (1) sheltered when their tags were not heard and (2) outside shelters 

when they were heard, we used the speeds of the non-moving reference tag (i.e. reflecting 

positioning error) and animal tags for each pair of consecutive position estimates over the 

duration of the study (Table 1.1). Support for the assumption that animals were outside 

shelter when their tags were heard comes from the observation that speeds of their tags 

were markedly (Table 1.1) and highly significantly (t = –32.96, df = 3924.99, p < 

0.00001) greater than those of the reference tag for the shortest comparable (i.e. 5 min) 

time interval between consecutive detections. In fact, 62% of the animal speeds based on 

5 min ping intervals were greater than the 90th percentile value of speeds for the reference 

tag over the same ping interval, confirming that animals were generally moving outside 

of shelter and not sitting at the entrance of a shelter when we detected them; many of the 

animals with movements that were not distinguished from those of the reference tag in 

this manner (38%) were also likely roaming outside shelter, given the relatively high 

error on some of the reference tag positional estimates (maximum of 12.6 m; 10th 

percentile = 0.6 m, median = 1.3 m, 90th percentile = 4.1 m). Support for the assumption 

that animals were sheltered when their tags were not heard comes first from the 
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observation that the speed estimated from their tags initially decreased with increasing 

inter-ping interval (Table 1.1), which would not be expected to occur if the animals were 

actually outside roaming during periods when they were not being detected. Secondly, 

speeds of the animal tags gradually became similar to those of the reference tag with 

increasing inter-ping interval, and they did not increase (R2 = 0.03, n = 28, p = 0.43) with 

increasing inter-ping interval between 30 and 210 min, which again is consistent with the 

assumption of no movement over these longer periods of radio silence. Finally, whereas 

the reference tag almost never went unheard for more than 30 min, 11% of inter-ping 

intervals of the animal tags were greater than 30 min, with a small proportion of these 

being up to 5 h, despite the fact that the animal tags emitted a sound pulse at greater 

frequency than the reference tag (2 vs. 5 min intervals). Whereas these findings do not 

confirm that our assumptions hold 100% of the time, they do indicate that they are 

generally true and (most importantly) suitable to address this study’s hypothesis that 

activity levels increase with body size of juvenile lobsters. 
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Table 1.1 - Estimates of the speed of the stationary reference tag (i.e., reflecting positioning error) 

and the 10 animal tags for successive positional estimates separated by different time intervals. 

Reference and animal tags emitted a sound pulse at 5-min and 2-min intervals, respectively, which is 

why no values could be estimated for the former over the 2-min time interval. Also shown is the 

number and cumulative proportion (in parentheses) of these estimates that fell within each time-

interval category 

 

 

   

  It is important to stress that while using this approach to describe activity levels 

we only considered animals to be outside of shelter when their tag was simultaneously 

detected by all 3 hydrophones and their position could be estimated, to decrease the 

incidence of false positives; sheltered animals stationed near the mouth of their shelter 

may have been detected by 1, or perhaps even 2 receivers, but they would not have had 

‘line of sight’ to all 3 receivers and would thus not have been included in this analysis. 

Whereas the approach likely led to some mistaken identifications, it revealed some 

interesting and unambiguous patterns (see ‘Results’) based on a critical aspect of the 

animal’s behavioural repertoire (utilizing shelter). The ‘daily activity level’ of each 

Time Between Sample Average Speed 10th & 90th Sample Average Speed 10th & 90th
Positions Size (m / min) Percentile Speed Size (m / min) Percentile Speed

(min) (m / min) (m / min)
0 to 2 - - - 1338 2.50 0.36 / 5.58
0 to 5 2639  (56%) 0.47 0.08 / 0.90 3736  (50%) 1.86 0.26 / 3.98
5 to 10 1274  (83%) 0.25 0.06 / 0.52 1485  (70%) 0.72 0.15 / 1.50

10 to 20 684  (98%) 0.16 0.04 / 0.33 1010  (84%) 0.43 0.10 / 0.92
20 to 30 82  (99%) 0.12 0.03 / 0.24 364  (89%) 0.26 0.06 / 0.53
30 to 40 19  (100%) 0.08 0.01 / 0.14 179  (91%) 0.20 0.04 / 0.34
40 to 50 5  (100%) 0.08 0.04 / 0.14 108  (93%) 0.17 0.04 / 0.23
50 to 60 0  (100%) - - 62  (94%) 0.15 0.04 / 0.30
60 to 120 2  (100%) 0.44 0.11 / 0.77 181  (96%) 0.09 0.02 / 0.18

120 to 180 1  (100%) 0.14 - 72  (97%) 0.05 0.01 / 0.08
180 to 300 1  (100%) 0.005 - 85  (98%) 0.03 0.008 / 0.08
300 to 600 0  (100%) - - 100  (100%) 0.02 0.007 / 0.05

600+ 0  (100%) - - 36  (100%) 0.02 0.003 / 0.07

Reference Tag Animal Tag
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lobster was assessed as the number of positional estimates obtained over a 24 h period 

divided by the number of pulses emitted over this period (n = 720). We did this for each 

of the 21 d of the study, for all 10 animal tags as well as for the reference tag. When these 

calculations were completed, it was found that the reference tag was only detected (by the 

3 buoys) on average approximately 74% of each day, even though it was in the same 

location 100% of the time. This reduced detection rate of the reference tag was likely due 

to interference by background noise, such as the ‘ping’ of a lobster tag, boat noise and/or 

waves. Importantly, this finding means that we also likely detected only approximately 

74% of the animal pings on average every day. In order to estimate the true activity of the 

juvenile lobsters, we calculated an ‘adjusted daily activity estimate’ by assuming that 

each animal emitted pings at the same rate as the reference tag. As the ‘inactivity’ of the 

reference tag varied between days, the ‘adjusted daily activity estimate’ of each lobster 

was calculated on a daily basis, based upon the ‘inactivity’ value of the reference tag on 

that particular day. We then expressed both the observed and adjusted daily activity 

estimates as study length daily averages (with 95% confidence intervals), for each tag 

separately, and determined whether study length activity values were correlated to lobster 

carapace length to test the hypothesis that the activity of juvenile lobsters increases with 

their body size. 

 To determine if lobster activity levels changed with time of day, we created 

actograms and periodograms for each of the 10 animal tags separately, for all animal tags 

combined, and also for the reference tag. The freeware program Actogram J (Schmid et 

al. 2011) was used to construct actograms and chi-square periodograms (Sokolove & 

Bushell 1978). Actograms are a graphical representation of the daily activity of an 

https://en.wiktionary.org/wiki/activity
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animal, whereas periodograms are used to identify statistically significant cycles which 

occur within a time series of animal activity (Sokolove & Bushell 1978). We investigated 

for activity cycles following a 480 min (8 h) period up to a 1920 min (32 h) period, in 10 

min time steps, using activity data from the 21 d of the study. We used chi-squared 

goodness-of-fit tests to complement the periodogram analyses by contrasting the 

observed activity data to the actual timing of the cycles proposed by the periodogram 

analyses; diel cycles were tested by comparing the number of pings detected during the 

day and night to the numbers expected based on the sunrise and sunset times during the 

study period (i.e. 0.6/0.4; day/night); tidal cycles by comparing the number of pings 

detected during ‘high tide’ and ‘low tide’ to the numbers expected following division of 

the tidal cycles in 2 equal halves (i.e. 0.5/0.5; high/low), and the interaction between 

these 2 cycles by comparing the number of pings detected during ‘Daytime High Tide’, 

‘Daytime Low Tide’, Nighttime High Tide’ and ‘Nighttime Low Tide’ to the numbers 

expected based on the overlap of the 2 cycles (i.e. 0.3/0.3/0.2/0.2; DHT, DLT, NHT, 

NLT). To elucidate significant outcomes of the later tests, we conducted pairwise chi-

squared goodness-of-fit tests involving the NHT and NLT periods (expected 0.51/0.49), 

DHT and DLT (0.50 / 0.50), NHT and DHT (0.42/0.58), and NLT and DLT (0.42 / 0.58) 

(we used a Bonferroni-adjusted alpha level of 0.0125 for these 4 post-hoc comparisons). 

 

Analysis of Movements and Home Range 

  We estimated the movement and home range of the tagged lobsters using the 21 d 

of telemetry data but removing periods where ‘movement’ of the reference tag indicated 

that the accuracy of the tracking system was compromised. The VRAP system has been 
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shown to have a positioning accuracy of ≈ 1–3 m when the tags are within the triangle of 

the 3 hydrophones (Tremblay et al. 2003). However, there were periods during our study 

when our bungee system failed to keep the hydrophones aligned with their moorings, 

most notably during spring low tides. Therefore, for these analyses of movements and 

home range we removed any period when the reference tag was estimated by the system 

to be more than 3 m away from its known location, which resulted in removal of 21.7% 

of the study duration. 

 In order to assess the extent to which the movement of juvenile lobster 

constrained their dispersal, which will occur if they are central place foragers, we 

compared the dispersal of each individual to that expected under a ‘random walk model’. 

For each tagged lobster the number of observed ‘movement steps’ during the 21 d period 

was counted, and the length of each step was measured. We defined a ‘movement step’ as 

the linear distance between 2 successive positions estimated by the telemetry system. A 

random walk analysis was then run 100 times, for each lobster separately, using the 

Hawths Tools plug in for ArcGIS. During each run a step length was drawn at random 

from the lobster’s dataset of step lengths and used to move the theoretical lobster by the 

selected step value in a direction chosen at random between 0° and 360° (±1°), and this 

process was repeated until every observed movement step was used once for that lobster. 

In order to contrast the homing tendency of different-sized lobsters, we synthesized the 

relationship between the observed and expected movements of each lobster in 3 steps. 

First, we calculated the maximum observed displacement for each individual lobster 

(maximum distance observed relative to the starting location). Second, we calculated the 

maximum displacement expected under the random walk model (mean of the maximum 
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distances observed in the 100 random walk runs of the ‘movements expected’ data set). 

Finally, we expressed the observed displacement of each individual as a percentage of the 

distance expected under the random-walk model (max. observed/max. expected x 100). 

We then used correlation analysis to test the hypothesis that the percentage of possible 

distance moved away from the starting location increases with lobster size. 

  We also used the filtered data set (78.3% of the 480 h) to calculate for each 

individual (1) an average daily home range (in m2) and (2) a study length home range. In 

both cases, we used the Adaptive LoCoH (Local Convex Hull) method to calculate each 

animal’s ‘home range’, which was measured as the 90% activity isopleth (i.e., the area 

which contained 90% of all locations; see Börger et al. 2006), either for a particular day 

or for the entire study period. The Adaptive LoCoH method used is a non-parametric 

kernel method, which has been demonstrated to be more appropriate than parametric 

kernel methods for constructing home ranges because of its ability to identify hard 

boundaries (e.g. rivers, cliff edges) and better identify areas that are not used by the 

animal (Getz et al. 2007). We counted the number of spatially segregated areas of high 

density of activity (darkest areas on the home range diagrams, which indicated the 30% 

activity isopleth) as potential indication of the number of separate ‘sheltering areas’ used 

by each lobster. We then used correlation analysis to test the hypotheses that (1) average 

daily home range, (2) study length home range and (3) number of sheltering areas used 

increase with lobster size. 
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Results 

Laboratory Experiment to Assess Tag Bias  

  During the laboratory experiment, the juvenile lobsters moved continuously for 

the entire 45 min experimental period, completing an average of 39 laps (min. = 21, max. 

= 52) of the 2 m diameter circular flume. Therefore, under relatively stressful conditions 

conducive to movements, the juvenile lobsters moved ≈ 230 m on average in 45 min. The 

number of laps completed increased significantly with lobster body size (F1,16 = 32.273, p 

< 0.0001), but it clearly did not differ (F1,16 = 0.012, p = 0.915) between similar-sized 

tagged (least square means [LSM] = 39.05, SD = 1.91) and non-tagged (LSM = 38.76, 

SD = 1.90) lobsters, and the interaction between body size and tagging was also non-

significant (F1,16 = 0.635, p = 0.437). 

 

Field Experiment: Tracking Success 

  Of the 9 juvenile lobsters tagged at the beginning of the study, 7 were detected 

and successfully positioned throughout the 21 d study period, whereas 2 were only 

detected in the first 4 and 10 d, respectively; the tenth lobster, which was added on the 

seventh day, was detected for the remaining 14 d of the study (Table 1.2). It is extremely 

unlikely that the 2 lobsters that were not tracked for the entire study duration moved 

outside the detection range of the hydrophones, given the frequency of sonic pulses 

(every 120 s on average) emitted by the tags; it is unlikely these individuals would have 

been able to travel the 30 m from the center to the outside of the tracking area without 

being positioned again, and even less so the ≈ 200 m away from the study triangle within 
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which they should have been detectable (Tremblay et al. 2003). Instead, the loss of 

contact with these 2 lobsters was likely caused by transmitter malfunction, transmitter 

loss inside a shelter, or predation upon the animal inside a shelter. 

Table 1.2: Characteristics of the 10 juveniles lobsters used in this study, including carapace length 
(CL), approximate age based on CL (see Tang et al. 2015), number of days positioned during the 
study, evidence of cyclicity in activity (based on periodogram analysis), and the estimated number of 
shelter areas used during the study (based on home range analysis). Significant diel (24-h) or tidal 
(12.4-h) cycle was (Yes) or was not (No) observed during the tracking period for a particular lobster. 
Relevant information also provided for the stationary reference tag 

 

Lobster Size 
(mm CL) 

Approximate Total 
Study 
Days 

Periodogram Results Number of 
Age 

(years) Diel  Tidal 
Shelter 
Areas 

20.0 1 - 3 14 N  N 2 
20.3 1 - 3 21 Y  N 4 
20.5 1 - 3 21 N  N 1 
21.5 1 - 3 21 Y  Y 4 
25.0 1 - 3 21 N  N 1 
31.3 2 - 4 4 N  N 2 
33.0 2 - 4 21 Y  N 1 
38.3 2 - 4 10 Y  Y 1 
38.8 2 - 4 21 Y  Y 1 
47.0 2 - 4 21 Y  N 1 

Reference Tag  21 N  N  
 

Field Experiment: Activity Patterns 

  The 10 juvenile lobsters were observed to have spent, over the 21-day study 

period, between 0% and 57.1% of any particular day outside of rock shelter (see 

methods), with an overall average of 11.8%, or 2.8 hours. It must be noted, however, that 

these values almost certainly underestimate the amount of time juveniles truly spent 

outside of shelters, because on average only 73.6% of the signals emitted by the 

references tag were detected (Figure 1.2), even though the latter was known to be in the 

open and in the middle of the receiver array during the entire study period. When these 

values were adjusted for the proportion of time each day the reference tag was not 
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detected (see Methods), the 10 juvenile lobsters were estimated to have spent between 

0% to 77.1% of each day outside of rock shelter, with an average of 15.9%, or 3.8 hours. 

The 10 lobsters showed high inter-individual variability in activity, ranging from an 

average of 0.4 hours (0.5 h after adjustment) to 5.8 hours (7.8 h after adjustment) spent 

outside of shelter every day (Figure 1.2). We found no significant correlation between 

lobster carapace length and average time spent outside of rock shelter in either the 

observed (r=0.000235, DF=8, p>0.50) or adjusted (r=0.000157, DF=8, p>0.50) data sets. 

Although one individual (31.3 mm CL) may appear to have displayed greater inter-day 

variability in activity (Figure 1.2), this high variance is at least partly due to the low 

number of days this individual was tracked (4 days, relative to 21 for most other 

individuals).    

 

Figure 1.2: Average (±95% CI) percentage of each day that each of the 10 lobster tags (circles) and 
the reference tag (square) were positioned (i.e. detected by the 3 receivers) outside of a shelter. Black 
symbols: observed values; white symbols: ‘adjusted values’ based on the fact that the reference tag 
was not detected during some portions of the study, even though it was always in the center of the 
study area (see ‘Materials and methods’). CL: carapace length  
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  The actograms showed considerable variability in the activity of a same lobster on 

different days, as well as marked variability in the activity of different lobsters, but the 

latter was not related to lobster body size (Figure 1.3). They also reveal the diurnal cycles 

documented by the periodogram analyses (e.g. lobsters 33 and 47 mm CL), where 

lobsters are more active at night than during the day. However, for some lobster these 

cycles are not as easily discernable (e.g. lobsters 20.3 and 38.8 mm CL), and for all 

lobsters they involve varying amounts of activity during the day. The tidal cycles are not 

as immediately obvious from the actograms because they are not strong, but some can 

nevertheless be gleaned (e.g. lobster 38.8 CL) from the gradual shift in activity towards 

the right of the actograms (more obvious during the day) in association with the advance 

of tidal highs and lows by ≈ 50 min every day. 

 

  

 

 

 

Figure 1.3 – (On Following Page) Study length actograms illustrating the activity of the tagged 10 

juvenile lobsters; size of each lobster indicated below its actogram. Black vertical bars indicate time 

spent outside of shelter, with bar height indicating the number of detections made during a 

particular 10 min period. Absence of bars indicates sheltering (see ‘Materials and methods’). Each 

row in the actogram is a day, with 00:00 h on the left and 23:50 h on the right. Black boxes on the left 

and right sides of each actogram indicate the portion of the day before sunrise and after sunset, 

respectively. Horizontal dotted line indicates the period surrounding the buoy change day, which was 

removed from this analysis (see ‘Materials and methods’). Note that the 20 mm carapace length (CL) 

lobster was tagged 8 d later than the other 9 lobsters 
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  The periodogram analysis revealed no significant cycles of activity for the 

reference tag data (Figure 1.4), which indicates that any significant cycle in the animal 

tags was likely the result of animal activity and not temporal biases in the system’s ability 

to detect the tags (e.g. better detection at high tide). There were 2 significant cycles of 

activity shown by the juvenile lobsters over the 4–21 d they were tracked during this 

study: diel and tidal (Table 1.2). When the activity data of the 10 juveniles lobsters were 

pooled in a same periodogram analysis, we found that as a group these lobsters showed 

highly significant cycles of activity on both diel (24 h) and tidal (12.4 h) periods (Fig. 4), 

and the chi-squared goodness-of-fit tests indicated that they were significantly more 

active at night than during the day (χ2 = 40.05, df = 1, p < 0.001) and at high tide than at 

low tide (χ 2 = 16.63, df = 1, p < 0.001). The diel cycle of this pooled data was relatively 

pronounced, with 71 and 29% of all ‘animal pings’ being detected during the night and 

the day, respectively, in comparison to the null expectation of 40 and 60%, respectively, 

considering the number of daylight hours. The tidal cycle was less pronounced, with 55 

and 45% of all ‘animal pings’ being detected during high tide and low tide, respectively, 

in comparison to the null expectation of 50% for each. 

  When the juvenile lobsters were analyzed separately, the periodogram analyses 

revealed that 6 of the 10 lobsters displayed a significant diel cycle of activity (with a peak 

at 24 h), and the chi-squared goodness-of-fit tests confirmed that all 6 of these lobsters 

were significantly more active at night (N) than during the day (D) (all χ 2 > 12.06, df  = 

1, all p < 0.05; average observed: 0.65 N/0.35 D; expected: 0.4 N/0.6 D). These analyses 

also revealed that 3 lobsters showed a tidal activity cycle (with a peak at 12.4 h), being 

significantly more active at high tide (HT) than at low tide (LT) (all χ 2 > 5.65, df =1, all 
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p < 0.05; average observed: 0.63 HT/0.37 LT; expected: 0.5 HT/0.5 LT). The likelihood 

of lobsters displaying a significant diel or tidal rhythm was not significantly correlated 

with their size (diel–logistic regression: R2 = 0.20, log likelihood χ 2 = 2.658, df = 1, p = 

0.103; tidal–logistic regression: R2 = 0.05, log likelihood χ 2 = 0.558, df = 1, p = 0.455) 

(Table 1.2). 

  When the 2 activity cycles were analyzed together, all 10 juvenile lobsters 

showed significant differences in activity between the 4 periods (all χ 2 > 18.4, df = 3, all 

p < 0.001), with highest activity being observed during high tides at night (observed: 

0.39; expected: 0.20) and lowest activity during day low tides (observed: 0.13; expected: 

0.30). Post-hoc comparisons used to assess the interaction between the 2 cycles for 

individual lobsters showed that the diel pattern was significant for 6 of the 10 lobsters 

during low tides (all χ 2 > 18.1, df = 1, all p < 0.001; average observed: 0.32 DLT/0.68 

NLT; expected: 0.58 DLT/0.42 NLT) and also 6 lobsters during high tides (only 2 being 

the same individuals as for low tide) (all χ 2 > 34.3, df = 1, all p < 0.001; average 

observed: 0.39 DHT/0.61 NHT; expected: 0.58 DHT/0.42 NHT), and that the tidal 

pattern was significant for only 1 of the 10 lobsters during the day (χ 2 = 34.7, df = 1, p < 

0.001; observed: 0.43 DLT/0.57 DHT; expected: 0.5 DLT/0.5 DHT) and 9 at night (all χ 2 

> 17.6, df = 1, all p < 0.001; observed: 0.32 NLT/0.68 NHT; expected: 0.49 NLT/0.51 

NHT).  
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Figure 1.4: Periodograms calculated for (a) the reference tag and (b) the pooled juvenile lobster tags, 
based on the detection (pings) of these tags by the 3 receivers. Observed values that are greater than 
the straight line indicate significant (alpha = 0.05) rhythmicity in activity at the corresponding period 
(Schmid et al. 2011). 

Field Experiment: Home Range 

  The 10 juvenile lobsters displayed movements that greatly limited their dispersal 

during the study period (Figure 1.5), only travelling between 3.1 to 8.6% of the distance 

away from their starting point that was expected under the random walk model, which is 

consistent with the hypothesis that they are central place foragers. There was no 
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significant correlation between the size of individuals lobsters and the distance they 

moved away from their starting point relative to the displacement expected under the 

random walk model (r = 0.000317, df =8, p > 0.50). 

                              

Figure 1.5: Comparison of the movements recorded by the telemetry system for a 20.5 mm carapace 
length lobster over the 21 d study period (192 steps) (on right, and inset polygon on left) to the 
movements expected based on 100 runs (on left; each line is 1 run) of the random walk model for the 
same lobster and number of movement steps. See ‘Materials and methods’ for details of the random 
walk model 

   

  The average daily home range of the 10 tagged juvenile lobsters over the 21 d 

study period ranged from 27.4 up to 111.6 m2, and it varied markedly among days for the 

same individual (Figure 1.6). It must be noted that these values overestimate to some 

extent the true home range of individual lobsters, as the stationary tag was estimated to 

have an average daily home range of 8.3 m2, due to precision limits of the system. We 

found no evidence of a gradual increase in average daily home range with increasing 

lobster size (r = 0.000325, df = 8, p > 0.50), although the largest individual, which should 



 

50 

probably be considered in transition between the juvenile and adolescent phases (see 

‘Materials and methods’), did have the largest home range.  

 

  

Figure 1.6: Average (±95% CI) daily home range (m2) of the reference tag (open square) and the 10 
tagged juvenile lobsters (black circles) over the 21 d study period, measured as the 90% activity 
isopleth (see ‘Materials and methods’) calculated by the LoCoH home range method. CL: carapace 
length; UD: Utilization Distribution. 

  

  We also found no correlation between the size of juvenile lobsters and their study 

length home range, using the 7 individuals that were positioned for the full 21 d of the 

study (r = 0.000012, df = 6, p > 0.50). The study length home range did vary greatly 

among lobsters, but not in relation to their size; both the smallest and largest study length 

home ranges were recorded for 20 mm CL lobsters, and the 2 largest study length home 

ranges were recorded for the largest and the smallest lobsters in the study (Figure 1.7). 
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Figure 1.7: Study length home range (m2) of the reference tag (open square) and the 7 tagged 
juvenile lobsters (black circles) that were tracked for all 21 d of the study. The home range was 
measured as the 90% activity isopleth (see ‘Materials and methods’) calculated using the LoCoH 
home range method. CL: carapace length; UD: Utilization Distribution. 

  

   The study length home range diagrams appeared to reveal inter-individual 

variability in patterns of residency and site fidelity (Figure 1.8) and suggested that 

different individuals occupied between 1 and 4 ‘central place areas’ over the 21 d study 

period (Figure 1.8, Table 1.2). As the positioning system is only precise to ±3 m, we 

cannot quantify the number of shelters each lobster used within those areas, but it is clear 

that some lobsters moved between areas of greater residency during the study (Figure 

1.8). Overall, 6 of the 10 lobsters stayed in the same shelter area over the study period, 

whereas 3 of the 5 smallest lobsters and 1 of the 5 largest lobsters appear to have utilized 

more than one shelter area (Table 1.2). There was no significant correlation between 

lobster size and number of shelter areas used during the study (r = –0.00533, df = 8, p > 
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0.50), although there was some evidence that the likelihood of lobsters utilizing more 

than one shelter decreased with body size (logistic regression based on all 10 lobsters: R2 

= 0.23, log likelihood χ2 = 2.80, df = 1, p = 0.094; logistic regression based on 7 lobsters 

tracked for the entire 21 d study period: R2 = 0.47, log likelihood χ2 = 3.9, df = 1, p = 

0.048).  

Figure 1.8 – (On Following Page) Activity isopleths of the 7 juvenile lobsters tracked for the entire 21 

d study period, estimated using the LoCoH method (see ‘Materials and methods’). The different 

shades of gray reflect the smallest areas that capture different percentages of each animal’s pings 

that were localized by the tracking system. Darkest and lightest areas indicate 30 and 90% activity 

isopleths, respectively; intermediary shadings show intermediary activity isopleths, in 10% 

increments. The 90% activity isopleth was used to estimate the extent of each lobster’s home range. 

CL: carapace length   
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Discussion 

  To the best of our knowledge this study provides the first empirical data 

concerning the activity levels and home ranges of juvenile (20–47 mm CL) American 

lobster Homarus americanus in nature. The data confirm that juvenile lobsters are 

mostly nocturnal (Lawton 1987) and that they behave as central place foragers (Lawton 

1987, Wahle 1992). They also reveal, however, that juveniles display frequent 

movements outside of shelters, and they provide no evidence of ontogenic shifts in 

juvenile behaviours or activity levels over the size range investigated. Finally, our 

results provide the first evidence that activity levels of juvenile lobsters can be 

influenced by the periodicity of the tides, at least in shallow waters where tidal 

amplitude is high. 

 

Activity and movement of juvenile lobsters in nature: confirming current 

knowledge and assumptions 

  Our first analyses of the data ignored actual positional estimates and focused 

only on how frequently and when the 3 buoys of the tracking system detected the animal 

tags. Although these analyses use only a portion of the information available in the data, 

they are of considerable interest because they speak of an important dichotomy in the 

animals’ behavior; that is, whether they are sheltered under cobble (not detected by the 3 

buoys) or are outside of shelter (detected by the 3 buoys). This distinction is important, 

and in many regards more informative than step lengths or travel speeds, because it 

speaks of the animals’ potential exposure to predation risk. When the activity data of the 
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10 juvenile lobsters used in this study (20–47 mm CL) were analyzed, the periodogram 

analysis and the chi-squared test showed that these juvenile lobsters were, as a whole, 

mostly nocturnal, which is consistent with results of Lawton’s (1987) laboratory study 

with juvenile lobsters (20–46 mm CL) and results of other telemetry studies with 

adolescent and adult lobsters (61–93 mm CL) (Golet et al. 2006, Scopel et al. 2009, 

McMahan et al. 2013). As has been found in these other studies, though, this nocturnal 

bias in activity was far from complete, and 4 of the 10 lobsters did not show a significant 

diurnal rhythm over the course of the study, and all 10 lobsters spent some time out of 

shelter during the day. 

  Juvenile lobsters also showed evidence of a second activity cycle, one related to 

tides. More specifically, 3 of our 10 focal lobsters showed a significant 12.4 h cycle of 

activity, being significantly more active at high tide than at low tide. Similarly, when the 

10 lobsters were analyzed together, they displayed a significant 12.4 h activity cycle, 

being overall more active at high tide than at low tide. These cycles were not very 

pronounced, but they were clearly present from a statistical standpoint. It is also 

noteworthy that when the diel and tidal cycles were analyzed together, 9 of the 10 

lobsters showed more activity at high tide than low tide at night compared to only 1 

during the day (and 3 when the cycles were analyzed separately in the periodograms), 

suggesting that tidal rhythmicity may become more apparent after more pronounced 

cycles of activity (e.g. diel) are somehow accounted for. These data represent the first 

evidence of tidal periodicity in juvenile lobsters, although our lab has observed similar 

circatidal rhythmicity in shallow–subtidal green crabs Carcinus maenas with the same 

telemetry system (Lynch & Rochette 2007). Experimental work would be needed to 

elucidate the function of this activity pattern. Given the pronounced tidal amplitude and 
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shallow nature of our study site (3–7 m at low tide over the study period and as low as 

1.5 m during spring tide), the lobsters’ reduced activity at low tide may have offered 

protection against waves, swell and potentially avian predators. It is unclear how 

consistently juvenile lobsters display such tidal rhythms in activity across the species’ 

range, but it is possible that these are mainly limited to areas of shallow depth and high 

tidal amplitude, such as found at our study site. 

  In addition to quantifying the amount of time juvenile lobsters spent outside of 

shelter, we quantified the magnitude of their movements when outside of shelter, and 

these analyses indicated that the movements of juvenile lobsters dramatically limited 

their dispersal from their starting positions. In fact, the 10 lobsters only travelled 3.1 to 

8.6% of the distance predicted by the random walk model, which unequivocally 

demonstrates that they did not randomly nor broadly roam around the landscape, but 

rather behaved as ‘central place foragers’. Juvenile lobsters have previously been shown 

to be central place foragers in the laboratory (Lawton 1987, Wahle 1992), undergoing 

foraging excursions from a ‘central’ shelter, but our telemetry data are the first to 

provide empirical evidence of this effect in nature (Table 1.2, Figure 1.8). Such homing 

to and from a central place foraging location has also been observed in adult lobsters 

(reviewed by Lawton & Lavalli 1995). In juveniles, homing might be particularly 

important in keeping individuals in productive and shelter-rich nursery habitats while 

they mature, and it could potentially reduce competitive interaction for shelters while on 

these grounds, which in turn could reduce the risk of predation associated with spending 

time outside of shelter. Future studies should expand on this short-term experiment to 

determine if the movements of juvenile lobsters change seasonally, as they are predicted 
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not to begin undertaking seasonal migrations until they reach adolescence (Lawton & 

Lavalli 1995). 

  

Activity and movement of juvenile lobsters in nature: challenging current 

knowledge and assumptions 

  The 10 juvenile lobsters tracked in this study were observed to spend on average 

11.8% percent of each day (i.e. 2.8 h) outside of shelter, with average daily values 

ranging between 1.7% (0.4 h) and 24.2% (5.8 h) for different individuals. For most 

individuals, the estimated amount of time spent outside of shelter varied markedly from 

day to day, generally by ≈ 22.9% (5.5 h) between the least and most active days; one 

individual spent as little as 0% (0 h) and as much as 57.1% (13.7 h) outside of shelter on 

different days. It is important to note that these activity values undoubtedly 

underestimate to some extent the actual amount of time these lobsters spent outside of 

shelter, given that (1) a ping had to be detected by all 3 buoys of the telemetry system 

for an animal to be considered outside of shelter, and (2) the reference tag was only 

positioned 73.6% of each day, on average, despite the fact that it was known to be in the 

open for the entire 21 d study period. The fact that the reference tag was not positioned 

100% of the time was presumably due to background noise or collision between tag 

signals. If we assume that the lobsters were as active during the time when the reference 

tag was not detected as they were when the reference tag was detected, then the overall 

average adjusted daily activity level of the 10 juvenile lobsters increases from 11.8% 

(2.8 h) to 15.9% (i.e. 3.8 h). The higher daily activity estimates are obviously most 

influenced by this adjustment, and the greatest activity level estimated for a single day 
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and lobster increased from 57.1% (13.7 h) to 77.1% (18.5 h). It is important to stress, 

however, that this uncertainty concerning the exact activity level of each lobster does not 

affect the main conclusions of our study, and in particular, there is clearly no relation 

between lobster size and activity levels whether we use adjusted or non-adjusted activity 

level values. 

  This is the first study to quantify the amount of time juvenile lobsters spend 

inside and outside of shelter in nature, and there are thus no values to which ours may be 

meaningfully compared. Nevertheless, we believe that the activity levels displayed by 

juvenile lobsters during our study may surprise some lobster biologists, given the 

emphasis that has been placed in the literature on their susceptibility to predation and the 

expectation that this causes them to display cryptic behaviours and low activity levels 

(reviewed by Lawton & Lavalli 1995). Field tethering experiments have shown that 

juvenile lobsters are more susceptible to fish predation when tethered in the open than in 

the presence of shelter (Wahle & Steneck 1992, Selgrath et al. 2007) and that smaller 

juveniles are more susceptible to predation than larger juveniles (Wahle et al. 2013). 

However, there exists no empirical data on mortality rates of free-roaming juvenile 

American lobsters in nature, and it is likely that predation pressure on these small 

lobsters is not as high as it may have been in the past, given the reduced abundance of 

predatory groundfish (e.g. Boudreau & Worm 2010, Wahle et al. 2013). 

  The literature predicts that juvenile lobsters will display greater movements and 

time outside shelter as they increase in size. This increase in activity is thought to occur 

between the time lobsters begin to emerge from shelter (≈ 14–20 mm CL) to forage for 

food, up to the time they reach adolescence (≈ 50 mm CL) because during this period 

their energetic requirements increase (Lawton 1987) and their susceptibility to predation 
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decreases (Wahle 1992, Selgrath et al. 2007, Émond et al. 2010, Wahle et al. 2013). We 

found no evidence of such an ontogenic shift in behaviour and activity during our 21 d 

study, which involved juvenile lobsters measuring 20–47 mm CL (≈ 1–4 yr old), but see 

below for lobsters 14–19 mm CL. The absence of such a relationship was observed for 

all metrics of activity that we quantified. For example, there was clearly no increase in 

time spent outside of shelter with increasing lobster carapace length; out of the 10 

juvenile lobsters studied, the largest individual actually had the fourth lowest average 

percentage of time spent outside of shelter, and the smallest individual had the third 

highest average percentage of time spent outside of shelter. Similarly, the carapace 

length of individual lobsters was not positively related to their mean daily home range, 

their study length home range or the number of shelter areas they exploited during the 

study. In fact, we found some evidence that the likelihood of juveniles utilizing more 

than one shelter area during the study decreased with their size, which we believe may 

have resulted from smaller individuals being chased out of shelter by larger and 

competitively superior individuals, as has been observed previously with adolescent and 

adult lobsters in the field (Golet et al. 2006, Scopel et al. 2009). Our results are, 

therefore, inconsistent with the suggestion that the movements and activity levels of 

lobsters increase with body size through the entire size range used to define juveniles. 

This suggests that these behaviours are unrelated to predation pressure and metabolic 

demands over this size range of juvenile lobsters (20–47 mm CL) or that predation 

pressure does not vary with juvenile lobster body size as is currently assumed. In a 

recent telemetry study it was observed that adolescent and adult lobsters (61–83 mm CL) 

had smaller home ranges in the presence than in the absence of adult cod Gadus morhua, 

predators of the American lobster, but the size of these home ranges was not related to 
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lobster body size (McMahan et al. 2013). It should be noted that the largest lobster used 

in our study (47 mm CL) did have a larger daily home range than all other lobsters 

tracked, which may reflect the existence of a shift in activity levels between juvenile and 

adolescent lobsters, rather than a gradual increase throughout the ontogeny of juveniles. 

Overall the average daily home ranges observed for juvenile lobsters in our study (≈27–

112 m2) were much smaller than those previously observed for adolescent and adult 

lobsters (≈760 m2; Scopel et al. 2009, ≈315–786 m2; McMahan et al. 2013), further 

suggesting the presence of a shift in behaviour between juvenile and adolescent lobsters. 

  One important limitation to our ability to comprehensively test the hypothesis 

that the activity and movements of juvenile lobsters increases during their ontogeny is 

that the smallest lobster we were able to tag measured 20 mm CL, which means that our 

study does not include individuals belonging to the ‘shelter restricted’ phase (Lawton & 

Lavalli 1995), which are thought to remain under shelter 100% of the time. We are, 

therefore, unable to test this assumption and to determine at what size juveniles start 

moving outside of shelter to forage. However, our study suggests this event occurs 

relatively early in life, likely during the animal’s first year of existence, as the 4 lobsters 

we tagged that measured 20–22 mm CL (likely 1–3 yr old) were as active and held 

similarly sized home ranges as the larger animals tagged (likely 2–4 yr old), with the 

exception of the largest lobster (47 mm CL), which should perhaps be considered to be 

in transition between the juvenile phase (≈ 4 to ≈ 40 mm CL) and the adolescent phase 

(begins at ≈ 50 mm CL) (Lawton & Lavalli 1995). Further field studies will need to be 

completed to elucidate this important ontogenic behavioural transition by juvenile 

lobsters, but telemetry will not be an option to address this question until much smaller 

tags are available.  



 

61 

Conclusion 

 The VRAP ultrasonic telemetry system enabled us to quantify, for the first time, 

the activity levels and fine-scale movements of juvenile American lobsters in nature. 

The considerable tidal range of the Bay of Fundy did complicate use of this system, 

ultimately resulting in the loss of some data. Furthermore, a relatively small number of 

juvenile lobsters could be simultaneously tagged, to limit “collisions” between pings 

emitted by the different tags in a relatively small area, and available tags were not small 

enough to track the smallest lobsters in the nursery area. Despite these limitations our 

study revealed a number of significant results that confirmed our understanding of the 

early life-history of this species, as well as some non-significant results that challenge it. 

We do not believe that the latter are the result of insufficient statistical power (i.e., type 

II error), given that the lack of ontogenic change in activity was observed in seven 

separate analyses, none of which revealed any trend of increasing activity with 

increasing lobster body size. Nevertheless, given the study’s limitations and novelty of 

some of our findings we believe that similar tracking studies should be conducted to 

assess the generality of our findings and enhance our understanding of the early life 

history of this iconic species. 
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Abstract 

  In this study, the activity and movements of juvenile, adolescent, and adult 

American lobsters (Homarus americanus) were simultaneously quantified in situ for the 

first time, using two complementary ultrasonic telemetry tracking systems. Fourteen 

lobsters measuring 28 to 80.5 mm in carapace length were first tracked for two blocks of 

14 days starting in late summer 2011 on a shallow nursery ground in Anse-Bleue, 

southern Gulf of St. Lawrence, Canada. These 14 lobsters were simultaneously tracked 

using a Vemco VRAP ultrasonic telemetry system, which had a tracking area of ≈5000 

m2, and a much larger grid of VR2 receivers that covered ≈2.5 km2. They were then 

tracked for an additional 58 days (72 total) into fall using the larger grid of VR2 

receivers only. As predicted, juvenile, adolescent and adult lobsters displayed diurnal 

activity rhythms, being significantly more active at night than during the day, and they 

behaved as “central place foragers”, undergoing excursions from and to a “central” 

shelter. These behaviours, which related to the timing and “type” of movements lobsters 

displayed, were not found to be affected by body size. In contrast, estimates of the 

magnitude of movements all showed a positive relationship with body size, and the 

exact nature of this relation varied depending on the scale of movements being 

considered. In particular, average daily home range increased gradually with increasing 

body size, whereas study length displacements showed a more abrupt dichotomy 

between juveniles and adolescents/adults. In fact, most (7/8) adolescent and adult 

lobsters moved to deeper water as water temperature decreased in the fall, whereas the 

juveniles (6/6) stayed in shallow water near the VRAP triangle for the duration of the 

study. This study provides rare empirical data concerning the movement and behavioural 
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ecology of American lobsters on shallow nursery grounds, and it reveals ontogenetic 

changes in daily and seasonal movements over the juvenile, adolescent and adult life 

stages.  

Introduction 

  The complex ways in which animals move and interact with the environment are 

fundamental to understanding both basic and applied aspects of their biology 

(Donaldson et al. 2014). Movement plays a major role in determining the fate of 

individuals, the structure and dynamics of populations, communities, and ecosystems, as 

well as the evolution and diversity of life (Nathan et al. 2008). However, because it is 

difficult to obtain accurate and continuous locomotion data from most species in the 

field, our understanding of the lifetime movements expressed by animals in their natural 

habitat is limited (Morales & Ellner 2002, Patterson et al. 2007).  

  Movements of tagged individuals have been quantified for over 100 years, 

particularly for fish (Peterson 1896) and bird species (Bartsch 1904). These studies have 

revealed many interesting aspects of the ecology of a myriad of species, such as the 

small-scale movements of European plaice (Pleuronectes platessa) entering a shallow 

inland sea from the ocean (Peterson 1896), or the seasonal migrations of barn swallows 

(Hirundo rustica), Pacific salmon (Oncorhynchus spp.), southern right whales 

(Eubaleana australis) or hundreds of other species that undertake yearly movements of 

100’s to 1000’s of kilometers (Dingle & Drake 2007). Historically, studies of 

individually tagged or banded animals have only generated information concerning the 

tagging locations (i.e., usually identified as the starting point of a migration or 

movement), and the last recapture location of the animal, and no detail of the route that 



 

74 

was taken between these two points. However, technological advances have markedly 

transformed the way that animal movement studies are conducted, and it is now often 

possible to assess the location of individual animals every day, hour or even minute. For 

example, we can now use radio waves to track terrestrial animals, and acoustic 

telemetry, archival tags, and satellite tags to provide invaluable information on the 

movements of aquatic animals’ movements (Cooke et al. 2004). Recent advances in 

monitoring technology, particularly the smaller size and increased longevity of 

transmitters, have allowed tracking of a wider variety and size of animals, leading to a 

better understanding of the movement ecology of many species (Morales et al. 2010, 

Donaldson et al. 2014).  

  The American lobster (Homarus americanus) [hereafter lobster] has had a long 

tradition of movement research, beginning with the first tagging study in 1898, which 

was conducted to determine the movements undertaken by female lobsters near the end 

of the breeding season (Bumpus 1901). In this study 500 ovigerous females were 

stripped of their eggs, tagged with a copper tag attached to the rostrum, and released in 

the nearshore waters around Woods Hole, Massachusetts, USA in June and July of 1898. 

All recaptures occurred by the commercial fishery in the area, and tagged lobsters were 

not returned to the water after recapture (Bumpus 1901). This study was the first to 

observe lobsters’ capability of rapid and sustained movements (one moved 19.3km in 

3d), the uniformity of tagged lobsters’ movements which suggested a migratory or 

homing instinct, and the extremely high recapture rate during this study was an 

indication of the fishing pressure placed upon this commercial species at that time 

(Bumpus 1901). Through the use of such mark-recapture studies in collaboration with 

fishermen, large-scale movements of lobsters have now been documented in many parts 
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of the species’ range (e.g., Campbell & Stasko 1986, Campbell 1986, Comeau and 

Savoie 2002), but due to the nature of the data (i.e., generally only one recapture 

location, and typically tagging and recapture being constrained in time to the fishing 

season) the drivers of the movements observed are difficult to elucidate, and no 

information is captured on the small-scale patterns of activity and movements between 

tagging and recapture. Nevertheless, these studies have shown that lobster movements 

vary greatly over the species’ range, with lobsters in the Bay of Fundy and Gulf of 

Maine more frequently displaying long-distance movements (10’s – 100’s km) than 

conspecifics in the Gulf of St. Lawrence. However, in both regions, and notwithstanding 

potential bias towards recapturing animals that move less, the majority of lobsters are re-

caught within 5 km of their original tagging location, even after a number of years at 

large (Lawton & Lavalli 1995 and Comeau & Savoie 2002). Furthermore, while lobsters 

undertake seasonal movements in both regions, the magnitude of these movements 

differs between regions (Lawton & Lavalli 1995 and Comeau & Savoie 2002). In the 

Bay of Fundy and Gulf of Maine, adolescent and adult lobsters have been documented to 

undertake seasonal offshore (fall) inshore (spring) movements, which are thought to help 

meet physiological requirements of molting, mating, egg extrusion, and embryonic 

development in areas where the offshore waters are warmer than the surface waters in 

the winter (Cooper & Uzmann 1971; Fogarty et al. 1980, Campbell 1986, Campbell & 

Stasko 1986, Pezzack & Duggan 1986, Pezzack et al. 1992, Lawton & Lavalli 1995, 

Estrella & Morrisey 1997, Cowan et al. 2007). In the Gulf of St. Lawrence, this seasonal 

shift in temperature difference between shallow inshore and deep offshore areas does not 

occur, and the seasonal movements lobsters make are thought to be driven by the 
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hazards of physical processes, such as ice scour and below zero surface waters (Ennis 

1984a, Lawton & Lavalli 1995, Comeau & Savoie 2002, Bowlby et al. 2007 & 2008).  

  Over the past 20 years or so, technological advances in telemetry have enabled 

researchers to obtain markedly more detailed information on small-scale movements of 

lobsters (Tremblay et al. 2003, Scopel et al. 2009, McMahan et al. 2013), including most 

recently for juvenile individuals (Morse & Rochette 2016 / Chapter 1). However, these 

studies are limited in number and geographic coverage. “Manual telemetry studies”, 

where handheld or boat-mounted receivers are used to detect tagged animals from the 

surface and then determine their approximate position based on the orientation from 

which the receiver detects the tag, have demonstrated that lobsters occupy “home areas” 

and confirmed seasonal movements documented by traditional tagging studies with 

fishermen (Watson et al. 1999, Bowlby et al. 2007). However, it was not until the advent 

of “fixed telemetry systems”, where receivers are placed in the field in a configuration 

that allows continuous and more precise positions to be estimated via triangulation of 

animals with a tag, that fine-scale movements and home ranges of lobsters could be 

measured (Tremblay et al. 2003, Scopel et al. 2009, McMahan et al. 2013, Morse & 

Rochette 2016). These studies suggest that the average daily home range of juvenile 

lobsters is considerably less (≈27 – 112 m2: Morse & Rochette 2016) than that of 

adolescents and adults (≈760 m2: Scopel et al. 2009; ≈315 – 786 m2: McMahan et al. 

2013), providing the first empirical evidence of a shift in movement behaviour between 

juveniles and older individuals in nature. These studies were, however, conducted in 

different regions and years, and to the best of our knowledge there has been no study 

that has simultaneously tracked juvenile, adolescent and adult lobsters in a same location 

to provide a direct comparion of their movements in nature. 
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  Lobster display diurnal activity rhythms, which have been best described in the 

laboratory, where activity of juveniles, adolescents and adults begins to increase at 

sunset, peaks within a few hours and then declines towards sunrise (Cobb 1969, Lawton 

1987, Wahle 1992, Jury 1999, O’Grady et al. 2001, Jury et al. 2005). Field observations 

have generally confirmed such diurnal patterns (Cooper & Uzmann 1980, Ennis 1984a 

& 1984b, Karnofsky et al. 1989), although fine-scale observations of activity using fixed 

acoustic monitoring systems have shown considerable inter- and intra-individual 

variability in the daily patterns of activity of adolescents/adults (Golet et al. 2006) and 

juveniles (Morse & Rochette 2016). To our knowledge no single study has directly 

compared activity rhythms and amount of time spent outside of shelter by juvenile and 

adolescent/adult lobsters in nature.  

  The overarching goal of this study was to simultaneously quantify small-scale 

movements and daily activity levels of juvenile, adolescent and adult lobsters in nature, 

and to determine how these vary with body size and in relation to cooling water 

temperature during autumn. The study comprised two integrated tracking systems that 

quantified movements and activity levels of lobsters varying from 28-80.5 mm carapace 

length over two spatial and two temporal domains. First, a VRAP ultrasonic telemetry 

system was used to obtain precise (± 3 m) estimates of the lobsters’ position over a 

relatively short time period (i.e., 28 days) and small spatial domain (i.e., 5000 m2). We 

used this system to: (1) quantify the amount of time lobsters spent actively roaming 

outside of shelter, (2) determine if there was evidence of diel and tidal cyclicity in 

lobster activity patterns, (3) quantify the lobsters’ home range and (4) determine if the 

lobsters behaved as central place foragers. We also used the data to test the hypothesis  

that the frequency and magnitude of movements displayed by lobsters increase with 
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their body size (Wahle 1992, Wahle & Incze 1997, Selgrath et al. 2007, Émond et al. 

2010, Wahle et al. 2013). The second tracking system was a grid of VR2 hydrophones, 

which was built around the VRAP system and provided less precise (± 15.3 m) estimates 

of the lobsters’ position but over a larger area (i.e., 2.5 km2) and longer time period (i.e., 

74 days), including as the water gradually cooled during autumn. This grid of 

hydrophones did not enable the small-scale description of movements that the VRAP 

telemetry system allowed, but it did allow estimates of daily shifts in “centers of daily 

activity”, as well as estimates of movements over a much larger area and time period 

than possible with the VRAP system (it took longer for animals to move outside the grid 

of VR2 receivers than the VRAP system). We also investigated whether and how the 

movements and activity patterns of lobsters varied with their body size over the larger 

spatial and temporal domains supported by the array of VR2 receivers. 

 

Methods 

Study Location 

  The study was conducted in Anse-Bleue, New Brunswick, Canada (N 47° 

49’59.3”, W 65° 04’32.4”) (Figure 2.1) between August 11 and October 25, 2011. The 

2.5 km2 study area (Figure 2.2) is a productive lobster ground, which includes nursery 

bottom for settlers and juveniles, comprised primarily of cobble (≈6 – 25 cm) substrate 

with patches of soft sediment and small outcrops of bedrock. The water depth ranged 

from ≈10 m on the study site’s shoreward side to ≈20 m on its seaward side, with an 

average semi-diurnal tidal fluctuation of ≈1 m over the study period and a maximum 

tidal range of 1.5 m. 
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Figure 2.1 - The location of the 2.5 km2 study area, just offshore of Anse-Bleue in the Baie des 

Chaleurs, New Brunswick, Canada, in the southern Gulf of St. Lawrence, Northwest Atlantic. 
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Figure 2.2 - Map of the study area showing the array of 38 VR2 hydrophones and the triangle of 

VRAP hydrophones, as well as depth isopleths and hardness of the seabed within and directly 

outside of the study area. Based upon substrate hardness and SCUBA observations, the substrate 

within the VR2 grid is composed of a cobble/gravel/hard-packed sand mix, and based upon the 

hardness measure (only) softer sediment is located in deeper water to the north of the VR2 grid. 

 

Study Design 

  Two separate ultrasonic telemetry systems were used to quantify movements and 

activity levels of lobsters over two spatial and two temporal domains. We used a VRAP 

telemetry system to assess the position of lobsters with relatively high precision (± 3 m) 

over a relatively small area (≈5000 m2) and short time period (28 days), and a grid of 

VR2 hydrophones that surrounded the VRAP system to track the movements of the 
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same lobsters with less precision (± 5-10 m) but over a much larger area (≈2.5 km2) and 

time period (74 days). The specifics of the two telemetry systems are outlined below. 

 

Smaller-Scale Tracking: Lobster Movements within the VRAP Tracking System 

 To describe small-scale movements and activity levels of lobsters we used the 

VEMCO Ltd. (Nova Scotia, Canada) radio-acoustic positioning (VRAP) telemetry 

system. This system consists of three hydrophones mounted on surface buoys and a base 

station with antenna and computer; we moored the three buoys ≈100 m apart in an 

equilateral triangle (Figure 2.2), and set up a land-based station ≈800 m from the study 

site. Each buoy was moored using an elastic bungee cord with a 100 percent stretch, to 

keep the buoys relatively straight over their mooring while water level fluctuated due to 

boat activity and minor tidal changes, thereby increasing accuracy of positional 

estimates. Each buoy had a hydrophone, which listened for tagged animals and reference 

tags, as well as a radio, which sent data (Tag ID and time stamp) to the base station, 

where the position of each tag was triangulated based on the difference in signal arrival 

times to the three hydrophones. A complete description of the VRAP tracking system, 

including positioning accuracy testing (±3 m when animals are within the receiver 

triangle), can be found in Tremblay et al. (2003). A reference tag was deployed inside 

the triangle to estimate precision of positional estimates during our study. 

Larger-Scale Tracking: Lobster Movement within the VR2 Grid 

  Since some lobsters’ movements outside of the 5000 m2 VRAP tracking triangle 

were expected over the course of the study, a larger 2.5 km2 grid of 38 VEMCO Ltd. 
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(NS, Canada) VR2 & VR2W hydrophones (older and newer versions of the same model 

of hydrophone) was created at the study site, surrounding the VRAP triangle (Figure 

2.2). The VR2 hydrophones placement allowed a continuous tracking of lobsters once 

they left the VRAP triangle. VR2 hydrophones were placed at a maximum of 400 m 

apart, which ensured a given ping from within the VR2 array could be heard by at least 

three hydrophones, and hence, that a position could be estimated for the tag that emitted 

the ping. The hydrophones were moored ≈2 m off the bottom, pointing towards the 

substrate. 

Number and Size of Lobsters Tracked 

 We tracked 14 lobsters ranging in size from 28.0 to 80.5 mm of carapace length 

(CL), thus covering the vagile juvenile, adolescent and adult phases of the lobster life 

cycle (Lawton & Lavalli 1995). Earlier phases of juvenile lobsters were not tagged 

because emergent juveniles (≈ 15–25 mm CL) were not found while collecting animals 

for the study, and shelter-restricted juveniles (≈ 4–14 mm CL) are too small for existing 

acoustic tags. The lobsters were collected by hand using SCUBA from within the VRAP 

buoy triangle, tagged on a boat and then returned to a suitable shelter near the center of 

the VRAP triangle. All lobsters were collected, tagged and released on August 11, 2011. 

We used two different sizes of tags in this study, V7-1L coded ultrasonic tags (VEMCO 

Ltd, 18 x 7 mm, 1.4 g in air, 0.7 g in water) for the six juvenile lobsters (28.0 – 41.0 mm 

CL) and V9-1L coded ultrasonic tags (VEMCO Ltd, 24 x 9 mm, 3.6 g in air, 2.2 g in 

water) for the eight adolescent and adult lobsters (54.0 – 80.5 mm CL). Based on the 

laboratory experiment outlined in Morse & Rochette (2016) for juvenile lobster, as well 

as previous laboratory studies on larger lobsters (Atkinson et al. 2005, Scopel et al. 
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2009), we are confident that these tags did not influence the movement ability of the 

lobsters in this study. In preparation for tagging, tags were first epoxied onto cardboard 

creating, once hardened, a larger surface area for attachment to the animal. During 

tagging, the lobsters’ carapace was dried, cleaned with ethanol to remove biofilm, and 

then the tag with hard epoxy was glued to the carapace using HomeBond Superglue 

(Home Hardware, Canada) (Figure 2.3). Lobsters were kept under moist paper towel 

(apart from where the tag harness was being attached) throughout the tagging procedure, 

which lasted a maximum of 10 minutes.  

  Each tag emits a unique acoustic pulse train at 69 kHz. To reduce collisions 

between pulse trains emitted by the different tags in the study, each tag was programmed 

to transmit randomly once every 60 - 180 s (120 s on average). In addition to the 14 tags 

glued to lobsters (hereafter referred to as animal tags), we also moored one coded V9-1L 

tag on the bottom near the centre of the VRAP triangle, and four other V9-1L tags, one 

on each line of VR2 receivers (Figure 2.2). These anchor tags acted as unmoving 

reference tags (Payne et al. 2010), transmitted once every 240 – 360 s, and were used to 

determine positioning accuracy throughout the study duration. Each of the four VR2 

receivers where a reference tag was attached also included a temperature logger, which 

allowed for the temperature to be monitored across the range of depths of the study area; 

the three that were recovered were located at approximately 8, 12 and 18 m.  
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Figure 2.3 - The smallest juvenile American lobster (Homarus americanus) measuring 28 mm of 

carapace length tagged during the study, with a Vemco V7-1L coded ultrasonic tag (VEMCO Ltd.) 

attached and ready for return to the water. 

 

  The study lasted a total of 74 days, between August 11th and October 25th, 2011. 

Lobsters were tracked within the larger-scale VR2 grid for the entire duration of the 

study, whereas tracking within the smaller-scale VRAP array ended 36 days into the 

study on September 16th, when surface buoys were removed to prevent damage during 

fall storms. Tracking by the VRAP system was also interrupted between August 26th and 

September 1st, as the study location was forecast to be in the path of hurricane Irene, 

which resulted in two blocks of 16 days of data (August 11–26 and September 1–16). 

However, after the data was compiled, we also removed the first and last day of each 

block of tracking, as the tag detection rate and positional estimates on these days were 

affected by buoy movement, boat noise and SCUBA divers in the water. There were 
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thus a total of 28 days of tracking with the VRAP system (14 in each of the two time 

blocks). 

Small-Scale Tracking: Lobster Movements within the VRAP Tracking System 

 Analysis of Temporal Activity Patterns 

  The amount of time each lobster spent actively roaming outside of a shelter was 

determined based on the detection/non detection of their individualized tag by the three 

buoyed hydrophones of our VRAP telemetry system. The rationale is that the 69 kHz 

sound pulse emitted by these tags is not detected by hydrophones when the line of sight 

is blocked by rocks (Tremblay et al. 2003, Heupel et al. 2006, Welsh et al. 2012), and 

thus it was assumed that the non-detection was because lobsters were in a shelter. 

Reliance on data from the three hydrophones should have markedly reduced the 

likelihood of false positives, because whereas sheltered animals stationed near the mouth 

of their shelter may have been detected by one, or perhaps even two receivers, they 

should rarely have had “line of sight” to all three receivers, and would thus not have 

been included in our analyses.  

  To further validate within the context of our study the assumptions that animals 

were i) sheltered when their tags were not heard and ii) outside shelters when they were 

heard, we compared the speed of the non-moving reference tag (i.e. reflecting 

positioning error) to the speed of the different animal tags, both being assessed on the 

basis of consecutive position estimates over the duration of the study (Table 2.1). 

Support for the assumption that animals were outside shelter when their tags were heard 

comes from the observation that speeds of their tags were markedly (Table 2.1) and 

highly significantly (t=-7.37, DF=29914, p<0.0001) greater than those of the reference 
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tag for the shortest comparable (i.e., 5 min) time interval between consecutive 

detections. In fact, 51% of the animal speeds based on 5 min ping intervals were greater 

than the 90th percentile value of speeds for the reference tag over the same ping interval, 

confirming that animals were generally moving outside of shelter and not sitting at the 

entrance of a shelter when repeatedly detected over short time intervals. Support for the 

assumption that animals were sheltered when their tags were not heard comes from the 

observation that the speed estimated from animal tags initially decreased with increasing 

inter-ping interval (Table 2.1), which would not be expected to occur if the animals were 

actually outside roaming during periods when they were not being detected. Whereas 

these different findings do not confirm that our assumptions hold 100% of the time, they 

do indicate that they are generally true and (most importantly) suitable to reveal some 

interesting and unambiguous patterns based on a critical aspect of the animal’s 

behavioural repertoire (using shelter). 
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Table 2.1- Estimates of the speed of the stationary reference tag located within the VRAP triangle 

(i.e., reflecting positioning error) and the 14 animal tags based on successive positional estimates 

separated by different time intervals. The reference and animal tags emitted a sound pulse at 5-min 

and 2-min intervals, respectively, which is why no values could be estimated for the former over the 

2-min time interval. Also shown is the number and cumulative proportion (in parenthesis) of the 

speed estimates that fell within each time-interval category. 

 

 

  The “daily activity level” of each lobster was assessed as the number of pulses 

simultaneously detected by the three hydrophones over a 24-h period divided by the 

number of pulses emitted over this period (n=720). We did this for each of the 28 days 

of the VRAP study, for all 14 animal tags and the reference tag. When these calculations 

were completed it was found that the reference tag was only detected on average 83.4% 

of each day, even though it was in the exact same location 100% of the time. This 

reduced detection rate of the reference tag was likely due to interference by background 

noise, such as the “ping” of a lobster tag, boat noise, and/or wave activity. Importantly, 

this finding means that we likely also only detected 83.4% of the animal pings on 

Time Between Sample Average Speed 10th & 90th Sample Average Speed 10th & 90th
Positions Size (m / min) Percentile Speed Size (m / min) Percentile Speed

(min) (m / min) (m / min)
0 to 2 - - - 9622 (25%) 1.91 0.22 / 4.63
0 to 5 962  (22%) 0.39 0.06 / 0.86 28954  (74%) 1.24 0.16 / 3.75

5 to 10 1859  (64%) 0.37 0.04 / 0.74 6609  (91%) 0.59 0.09 / 1.07
10 to 20 1093  (90%) 0.25 0.02 / 0.49 2227  (97%) 0.46 0.06 / 0.89
20 to 30 263  (96%) 0.18 0.02 / 0.43 481  (98%) 0.45 0.05 / 0.73
30 to 40 88  (98%) 0.25 0.02 / 0.53 200  (99%) 0.31 0.03 / 1.07
40 to 50 39  (99%) 0.28 0.02 / 0.92 112  (99%) 0.30 0.03 / 0.71
50 to 60 16  (99%) 0.35 0.03 / 0.94 60  (99%) 0.34 0.03 / 0.89

60 to 120 30  (100%) 0.34 0.06 / 0.72 156  (99%) 0.19 0.02 / 0.65
120 to 180 3  (100%) 0.12 0.02 / 0.24 91  (100%) 0.14 0.02 / 0.43
180 to 300 5  (100%) 0.12 0.01 / 0.26 62  (100%) 0.13 0.01 / 0.38
300 to 600 6  (100%) 0.27 0.01 / 0.75 67  (100%) 0.09 0.01 / 0.30

600+ - - - 28  (100%) 0.13 0.01 / 0.32

Reference Tag Animal Tag
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average every day. To account for this error, an “adjusted daily activity estimate” was 

also calculated by assuming that each animal emitted pings at the same rate when the 

reference tag was “silent” and “non-silent”. As the "inactivity" of the reference tag 

varied among days, the "adjusted daily activity estimate" of each animal was calculated 

on a daily basis, based upon the "inactivity" value of the reference tag on that particular 

day. Both the observed and adjusted daily activity estimates were expressed as study-

length daily averages (with 95% confidence intervals), for each tag separately.  

 The relationship between the lobster activity levels and time of day was 

determined by creating actograms and periodgrams for each of the 14 animal tags and 

the VRAP reference tag separately, for the 28 days of the study. The freeware program 

Actogram J (Schmid et al. 2011) was used to construct actograms and Chi squared 

periodograms (Sokolove & Bushell 1978) on the activity data. Activity cycles following 

a 480 min (8 h) period up to a 1920 min (32 h) period were investigated, using activity 

data from the 28 days of the study grouped into 10-minute bins. Chi-square goodness of 

fit tests were used to further elucidate the nature of the daily cycles revealed by the 

periodogram analyses; daily cycles were tested by comparing the number of pings 

detected during the day and night to the numbers expected based on the sunrise and 

sunset times during the study period (i.e., 0.6/0.4 day/night), and tidal cycles by 

comparing the number of pings detected during “high tide” and “low tide” to the 

numbers expected following division of the tidal cycles in two equal halves (i.e., 0.5/0.5 

high/low). 
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Movements and Home Range 

  The movement and home range of the tagged lobsters were investigated using 

the 28 days of telemetry data, but removing periods where ‘movement’ of the reference 

tag indicated that the accuracy of the tracking system was compromised. The VRAP 

system has been shown to generally have a positioning accuracy of 1-3 m when the tags 

are within the triangle made up of the three hydrophones (Tremblay et al. 2003, Morse 

& Rochette 2016, this study). However, there were periods during the study when our 

bungee system failed to keep the hydrophones aligned with their moorings, most notably 

during high wind and large wave events. Therefore, for these analyses of movements 

and home range, where actual positional information was important (in contrast to the 

activity analyses described earlier), we removed from the data time series any period 

when the reference tag was estimated by the system to be more than 3 m away from its 

known location. 

  To assess the extent to which the movement of lobster constrained their 

dispersal, which indirectly provides evidence of their “homing tendency”, dispersal of 

each individual was compared to that expected under a “random walk model”. For each 

tagged lobster, the number of “movement steps” observed over the 28-day study period 

was counted and the length of each step was measured. In this study a “movement step” 

is defined as the linear distance between two successive positions estimated by the 

telemetry system. As this analysis needed to be run over an uninterrupted period of data 

acquisition, the two 14-d blocks of data were ran separately. A random walk analysis 

was then run 100 times for each lobster using the Hawths Tools plug in for ArcGIS. 

During each run a step length was drawn at random from the lobster’s dataset of step 
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lengths and used to move the theoretical lobster by the selected step value in a randomly 

chosen direction between 0° and 360° (± 1°), and this process was repeated until every 

observed movement step was used once for that lobster. A figure was then made for 

each individual lobster to contrast the movements expected under the random walk 

model to those actually observed. To contrast quantitatively the “homing tendency” of 

different-size lobsters, we synthesized the relationship between the observed and 

expected movements of each lobster in three steps. First, the maximum observed 

displacement was calculated for each individual lobster (maximum distance from the 

starting location); second, the maximum displacement expected under the random walk 

model was calculated (mean of the maximum distances observed in the 100 runs of the 

random-walk model); and finally, the observed displacement of each individual was 

expressed as a percentage of the distances expected under the random-walk model (max 

observed/max expected x 100).  

  The filtered data set (77.9 percent of the 672 hours) was used to calculate an 

average daily home range (in m2) for each individual, based on the movements of each 

lobster throughout the 28-day study period. In both cases the Adaptive LoCoH (Local 

Convex Hull) method was used to calculate each animal’s “home range”, which was 

measured as the 90 percent activity isopleth (see Börger et al. 2006), either for a 

particular day or for the entire study period. The Adaptive LoCoH method is a non-

parametric kernel method, which has been demonstrated to be more appropriate than 

parametric kernel methods for constructing home ranges, because of its ability to 

identify hard boundaries (e.g., rivers, cliff edges) and better identify areas that are not 

used by the animal (Getz et al. 2007). We counted the number of spatially segregated 
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areas of “high density” of activity (30 percent activity isopleth) as potential indication of 

the number of separate “sheltering areas” used by each lobster. 

 

Large-Scale Tracking: Lobster Movement within the VR2 Grid 

Positioning Lobsters 

  As opposed to the VRAP positioning system, which allows the three 

hydrophones to work together with the base station to automatically determine the 

location of origin of each ping, the VR2 grid used for the “larger-scale” component of 

this study required post-processing to determine the origin of each ping, as each VR2 

hydrophone acts independently as a passive listening device. Each individual VR2 

hydrophone continually listened over the 74-day study period and logged the time, date 

and tag ID number every time a tag was heard.   

  Using the VR2 receiver array, the center of daily activity for each of the 14 

lobsters was estimated each day using the method described by Simpfendorfer et al. 

(2002). Before the Simpfendorfer et al. (2002) positioning analysis can be used, 

however, the assumption of a negative linear relationship between the detection rate of a 

tag and the distance away from the receiver must be verified. This is because the 

underlying assumption behind the positioning method is that if many hydrophones can 

detect a tag in a particular location, the number of times each of these hydrophones 

detects the tag over a particular time period is proportional to the closeness of the tag to 

each of these hydrophones. Based on this principle the tag’s likely “activity center” can 

be estimated using triangulation, as long as it is heard by at least three hydrophones 

during a given time period. In many other studies where a VR2 array has been used to 
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track the movement of animals, this assumption was tested once before the study begun, 

by placing tags at predetermined distances away from a hydrophone and then plotting 

the number of pings heard from each tag relative to its distance from the receiver (e.g. 

Simpfendorfer et al. 2002). We took a different approach, and used the anchored 

reference tag data gathered during the study and tested the assumption afterwards, 

partially for simplicity in the field, but mostly to verify that the assumption held true 

over the 74-day study period, as environmental conditions changed over this period 

(e.g., water temperature, biofouling of equipment). After the 74-day study was complete, 

71 sets of data were used to test the Simpfendorfer et al. (2002) assumption, each based 

on one particular VR2 receiver listening for one particular reference tag less than 1000 

meters from the receiver (20 receivers paired with between 1 to 5 tags each). While 

transmissions over distances greater than 1000 m did occur periodically during the 

study, these were very infrequent, representing only 0.9% of all tag transmissions 

detected. The straight-line distance between reference tag and VR2 receiver was 

measured via GPS coordinates of receivers and tags. The dependent variable was the 

average number of daily “pings” heard by a receiver/tag pairing over the 74-day study. 

Linear regression was then used to determine whether there was a significant negative 

linear relationship between the tag-receiver distance and the average daily number of 

pings a tag heard. 

  To estimate a lobster’s likely center of daily activity, all detections of its tag were 

counted for each receiver in the array over each 24-h period (00h00–23h59) of the 74-

day study. We used a 24-h period to estimate centers of activity. The center of daily 

activity of each lobster was estimated, on a two dimensional Cartesian plane, using only 

the receivers that detected that lobster’s tag at least once on that particular day. It was 
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estimated as the mean of the position (x and y coordinates) of these different receivers 

weighted by the number of pings they each heard (see Appendix 2 for positioning 

example). A minimum of three receivers was needed to estimate the center of daily 

activity, as there are two possible (and non-resolvable) positions for the center of daily 

activity with only two receivers. As our VR2 grid was relatively tight (i.e., a maximum 

of 400 m between receivers), on many days upwards of six receivers could be used in 

the positioning analysis, which increased the accuracy of the center of daily activity 

estimates.  

  The positional accuracy of the center of daily activity estimates was calculated 

using the five reference tags placed throughout the grid. As the position of these 

reference tags is known and did not change during the study, their estimated daily 

position can be compared to their known location, to determine the error associated with 

the daily estimates. The estimated “center of daily activity” of the five reference tags 

was found to be on average 15.3 m from the actual position of these tags, over the length 

of the study (daily distances averaged over 74 days for each reference tag, and then these 

were averaged over the five reference tags). The positional error varied markedly among 

the five reference tags, and much of this variation was related to their position within the 

VR2 array and the number of receivers that could hear them. The reference tag located 

within the VRAP triangle in the center of the VR2 array was generally detected by 8 - 12 

receivers and it had the smallest positional error, with an average (± 95% CI) “center of 

daily activity” estimate over the length of the study that was 3.3 ± 12.9 m away from its 

known position. The reference tag located on the last and deepest line of receivers 

(Figure 2.2) was generally detected by only 3 - 5 receivers and it had the greatest 

positional error, with its average “center of daily activity” estimate being on average (± 
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95% CI) 25.3 ± 9.3 m away from its known position. Another reason for the greater 

error associated with this reference tag was that receivers were more widely spaced on 

the last line and, more importantly, were not on all sides of the reference tag. The 

positional error associated with the other reference tags (Figure 2.2) fell between these 

values, with average (± 95% CI) “center of daily activity” estimates being 9.8 ± 11.6 m, 

17.7 ± 12.4 m and 20.4 ± 12.9 m away from their known positions over the length of the 

study. These values illustrate the positional error associated with our estimates of the 

lobsters’ “center of daily activity” in different parts of the study grid. 

 

Daily and Study Length Movements 

  We lost contact with a number of the tagged lobsters during the 74-day study 

period. To document the status of each lobster at the end of the study, they were 

classified as either: (1) alive and still inside the VR2 array, (2) having left the VR2 array 

during the study, or (3) having been “lost” (i.e., no radio contact) inside the VR2 array. 

There are a few potential explanations for losing contact with the tag of a particular 

lobster within detection range of the receivers: i) the tag may have stopped functioning 

during the study, which is unlikely given the expected battery life (V7 ≈220 days, V9 

≈550 days) markedly exceeded the study duration (74 days), ii) the lobster may have 

molted, and in the process lost its tag inside a shelter where it could not be heard, iii) the 

tag may have been lost while inside a shelter, iv) the lobster may have died while within 

a shelter, or v) the lobster may have been preyed upon. 

  After the Simpfendorfer et al. (2002) method was used to estimate the center of 

daily activity for each lobster, these centers of daily activity were connected 
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sequentially, creating “movement tracks” over the duration of the study. These 

movement tracks allowed a visual comparison of the movement of different lobsters. 

Two metrics to quantify the movement of the lobsters in the VR2 portion of the study 

were also developed. Firstly, the distance between consecutive centers of daily activity 

were measured, and then used to calculate, for each lobster separately, the average daily 

distance travelled between centers of daily activity, which reflects the extent to which 

each lobster roamed around the study area. Secondly, the total distance travelled 

between the tagging location of each lobster and its final center of activity was 

calculated. For lobsters that left the array during the study, the distance to the edge of the 

array where the lobster was estimated to have left was used as the final center of activity, 

while recognizing that these values underestimate the total distance travelled by these 

particular lobsters over the study period. 

 

Statistical Analyses 

 We used AICc (Akaike 1973, Hurvich & Tsai 1989) to determine whether 

variability in lobster activity and movements during the smaller-scale VRAP portion of 

the study (i.e., study-length activity values, percentage of possible distance travelled 

away from the starting location, and average daily home range) as well as the larger-

scale VR2 portion of the study (i.e., average daily distance, and total distance travelled) 

were best described by a linear relation with body size or by any particular grouping of 

the different life stages (e.g., juveniles versus adolescents/adults). We included the 

average value of the dependent variable as a null model in this exercise.    
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  The relationship between water temperature and lobster movement were 

investigated for each lobster separately by relating the estimates of average daily 

distance travelled during the VR-2 portion of the study to the daily water temperature at 

8 m (where they were initially tagged, and many spent a large portion of the study) using 

a linear regression analysis.     

 

Results 

Study Area Temperature 

 Water temperature showed a general decrease at our study site over the 74-day 

study period (August 11 to October 25, 2011), which was more pronounced at 8 and 12 

m depth than at 18 m (Figure 2.4). At all depths, however, temperature often fluctuated 

greatly over periods of a few to several days because of alongshore winds known to 

cause strong water mixing in that area (Drinkwater et al. 2006). During most of the study 

period the temperature at 8 m was warmer than at 12 m, and that at 12 m warmer than at 

18 m, but from the beginning of October and thereafter water temperature was similar at 

all three depths suggesting a well-mixed water mass.  
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Figure 2.4 - Average daily bottom temperature (°C) at three depths within the study area, measured 

using three temperature loggers placed on VR2 receivers.  

 

Small-Scale Tracking: Lobster Movements within the VRAP Tracking System 

 Of the 14 lobsters tagged at the beginning of the study, five remained within 

detection distance of the VRAP system for the entire 28 days of the VRAP portion of the 

study, three of the six vagile juveniles, one of the four adolescents and one of the four 

adults (Table 2.2). The loss of contact with the remaining nine lobsters occurred after 1 - 

16 days (Table 2.2) and was due to their movement outside of the VRAP system’s 

detection range, as they were all detected within the VR2 grid after being “lost” by the 

VRAP system. 
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Table 2.2 – Carapace length (CL), gender, number of days positioned by the VRAP system, 

significant evidence (Y=yes or N=no) of a tidal (12.4-h) or diel (24-h) activity cycle (based on VRAP 

periodogram analysis), and the estimated number of shelter areas used during the study (based on 

VRAP home range analysis) of the 14 lobsters (juveniles 28-41 mm CL; adolescents 54-67 mm CL; 

adults 74-80.5 mm CL) tracked in the small-scale VRAP section of the study. Relevant information 

is also provided for the stationary reference tag. 

Lobster Size 
(mm CL) 

 
Number of 

Days 
Positioned 
(VRAP) 

  Number of 
Gender 

 
Tidal 

Activity 
Cycle  

(12.4 h) 

Diel Activity 
Cycle 
(24 h) 

Shelter 
Areas 

(VRAP) 

28.0 F 11 N Y 1 
30.0 M 28 N Y 1 
31.0 M 28 Y Y 1 
37.0 M 11 N N 1 
39.0 M 10 N N 2 
41.0 M 28 N Y 1 

      
54.0 M 16 N N 1 
55.0 M 28 N N 1 
64.0 F 1 - - - 
67.0 F 6 N Y 1 

      
74.0 F 28 N N 3 
75.0 M 1 - - - 
80.0 F 14 N N 1 
80.5 M 1 - - - 

Reference Tag - 28 N N   1 
 

Activity Patterns 

  The 11 lobsters that remained within the VRAP study area for more than one day 

of the 28-day study period were estimated to have spent between 0.01% and 81.9% of 

any particular day outside of rock shelter, with an overall average of 26.6%, or 6.4 h. 

When these values were adjusted for the proportion of time each day the reference tag 

was not detected (16.6%), the 11 lobsters were estimated to have spent between 0.01% 
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to 98.2% of each day outside of rock shelter, with an average of 30.0%, or 7.2 h. These 

11 lobsters showed high inter-individual variability in activity, ranging from an average 

of 30 minutes (32 min after adjustment) to 18.9 h (22.2 h after adjustment) spent outside 

of shelter every day (Figure 2.5). Surprisingly, no relationship between lobster CL and 

average time spent outside of rock shelter in either the observed or time-adjusted data 

sets were found (Table 2.3), with the null model in this exercise (average value of the 

dependent variable) being the best model (lowest AICc score) and receiving 66% of the 

AIC weight in both cases. 

 

Figure 2.5 - Average (± 95% CI) percentage of each day that each of the 11 lobster tags (circles) and 

the reference tag (square) were positioned outside of a shelter; the black and white symbols indicate 

respectively the observed values and those obtained after adjusting for the fact that tags were 

sometimes not detected even when in the open. 
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Table 2.3 – Results of AIC analysis of the observed and adjusted average time spent outside shelter 

by the 11 tagged lobsters that stayed within the VRAP array more than 1 day (Figure 2.5), showing 

the number of parameters (K), AICc value (adjusted for small sample size) and AICc weight 

(relative support) of the five models that were compared. 

Observed 

Model K AICc Weight 
Mean 1 72.43 0.66 
2 Groups (Juvenile/Adolescent & Adult) 2 75.24 0.16 
2 Groups (Juvenile & Adolescent/Adult) 2 75.38 0.15 
3 Groups (Juvenile/Adolescent/Adult) 3 79.16 0.02 
Linear 2 142.92 0.00 

 

Adjusted 

Model K AICc Weight 
Mean 1 75.87 0.66 
2 Groups (Juvenile & Adolescent/Adult) 2 78.60 0.17 
2 Groups (Juvenile/Adolescent & Adult) 2 78.80 0.16 
3 Groups (Juvenile/Adolescent/Adult) 3 82.52 0.02 
Linear 2 142.93 0.00 

 

 

  The actograms demonstrated dramatic variation in the activity level of individual 

lobsters, which seemed unrelated to their body size (Figure 2.6). They also demonstrated 

variation in activity within and among days for same individuals, which was smaller 

than that existing among individuals (Figure 2.6). It is difficult to generalize the activity 

patterns depicted by the actograms, given this high amount of variability, but all 

individuals showed some alternation between periods of activity and inactivity outside 

and inside of shelter, and patterns revealed by the periodogram analyses can be gleaned 

upon careful inspection of the actograms. For example lobsters were generally more 
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active at night, as evidenced by more darker areas of the actograms occurring between 

sunset and sunrise as compared to time periods between sunrise and sunset (Figure 2.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 - (On Following Page): Study length actograms of lobster activity for the 11 tagged 

lobsters that remained in the VRAP study area for more than one day of the 28-day study period. 

The height of the black vertical bars reflects the amount of time spent outside of shelter per 10-min 

observation period, based on the number of positional estimates obtained over this period (0 to 5), 

whereas the absence of these bars indicates that no pings were heard, probably due to sheltering. 

Each row in the actogram is a separate day, with 00h00 on the left and 23h50 on the right. The 

black boxes on either side of each actogram indicate the portion of the day before sunrise (left) and 

after sunset (right). The horizontal dotted line indicates the period when the VRAP surface buoys 

were removed as the study site was predicted to be in the path of hurricane Irene.
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39 mm CL - Male 54 mm CL - Male 

67 mm CL - Female 74 mm CL - Female 

55 mm CL - Male 

28 mm CL - Female 
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  The periodogram analysis revealed no significant cycle of activity for the 

reference tag over the VRAP portion of the study (Figure 2.7), which indicates that any 

significant cycle in the animal tags was likely the result of animal activity, and not 

temporal biases in the system’s ability to detect the tags (e.g., better detection at night or 

high tide). Five of the 14 lobsters that were tagged displayed a significant diel activity 

cycle (24-h period), all being significantly more active at night than during the day (all 

χ2>14.26, DF=1, all P<0.05) (e.g., Figure 2.8; see also Appendix 1), six showed no 

significant cycles of activity (e.g., Figure 2.9; see also Appendix 1), and three did not 

remain long enough within the VRAP study area to run the periodogram analysis. The 

likelihood of lobsters displaying a significant diurnal activity cycle decreased with their 

body size, though not significantly so at an alpha level of 0.05 (logistic regression: R2= 

0.19, Log likelihood χ2=2.85, DF=1, P=0.091) (Table 2.2). One lobster displayed a 

significant tidal activity cycle (12.4-h period), being significantly more active at high 

tide than at low tide (χ2=19.46, DF=1, P<0.001) (Figure 2.8).  

 

 

 



 

 

104 

 

 

 

Figure 2.7 - Periodogram calculated for the reference tag based on the detection (pings) of the tag by 

the three VRAP receivers. Values that are greater than the straight line (Qp statistic value based 

upon Chi-Squared distribution) indicate significant (alpha=0.05) rhythmicity in activity at the 

corresponding period (Schmid et al. 2011). No significant rhythmicity was observed for the 

reference tag. 
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Figure 2.8 - The periodogram of a 31 mm of carapace length juvenile lobster that displayed 

significant tidal (12.4-h) and diel (24-h) rhythmicity, based on the detection (pings) of its tag by the 

three VRAP receivers. Values that are greater than the straight line (Qp statistic value based upon 

Chi-Squared distribution) indicate significant (alpha=0.05) rhythmicity in activity at the 

corresponding period (Schmid et al. 2011).   
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Figure 2.9 - The periodogram of a 37 mm of carapace length juvenile lobster that displayed no 

significant rhythmicity, based on the detection (pings) of its tag by the three VRAP receivers. Values 

that are greater than the straight line (Qp statistic value based upon Chi-Squared distribution) 

indicate significant (alpha=0.05) rhythmicity in activity at the corresponding period (Schmid et al. 

2011). 

 

Home Range 

  Comparisons of the maximum distance travelled by individual lobsters and the 

average maximum distance expected under the random walk model were consistent with 

lobsters behaving as central place foragers, returning to a shelter area following foraging 

excursions, although some did so more strongly than others (Figure 2.10). The 11 
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lobsters that remained within the VRAP study area for at least one day during the 28-day 

study travelled between 4.4% to 50.5% of the distance away from their starting point 

that was expected under the random walk model, presumably by using (to various 

degrees) turning angles that limited their dispersal over the study period (Figure 2.10). 

There was no relationship between body size and the percentage of distance away from 

their starting point the lobsters travelled relative to expectations of the random walk 

model during the VR2 portion of the study (Table 2.4), with the null model in this 

exercise (average value of the dependent variable) being the best model with 63% of the 

AICc weight, and individuals of similar sizes often showing markedly different patterns 

of space use (Figure 2.10).  

 

Figure 2.10 - Relation between the size (carapace length: CL) of lobsters (males: black circles; 

females: white circles) and the maximum distance each individual travelled during the 28 day 

VRAP portion of the study relative to (in percentage) the average maximum distance expected 

under 100 runs of the random walk model. 



 

 

108 

 

Table 2.4 – Results of AIC analysis of the the maximum distance each of the 11 tagged lobsters 

travelled during the 28-day VRAP portion of the study relative to the average maximum distance 

expected under 100 runs of the random walk model (Figure 2.10), showing the number of 

parameters (K), AICc value (adjusted for small sample size) and AIC weight (relative support) of 

the five models that were compared. 

Model K AICc Weight 
Mean 1 59.97 0.63 
2 Groups (Juvenile & Adolescent/Adult) 2 62.34 0.19 
2 Groups (Juvenile/Adolescent & Adult) 2 63.01 0.14 
3 Groups (Juvenile/Adolescent/Adult) 3 65.80 0.03 
Linear 2 142.93 0.00 

 

 

  The average daily home range of the 11 tagged lobsters that remained within the 

VRAP study area for longer than one day ranged from 20.7 up to 899.6 m2, and it tended 

to vary markedly between days for the same individuals (Figure 2.11). It must be noted 

that these values overestimate to some extent the true home range of individual lobsters, 

as the stationary tag was estimated to have an average daily home range of 8.7 m2, due 

to accuracy limits of the system. The average size of the lobsters’ daily home range 

tended to increase with their body size (Figure 2.11), and the AICc analysis (Table 2.5) 

identified the linear model as the best model to explain this variability, with 58% of the 

AIC weight.  
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Figure 2.11 - Average (± 95% CI) daily home range (m2) of the 11 tagged lobsters (males: black 

circles; females: white circles) that remained in the VRAP study area for more than one day over 

the 28 day study, measured as the 90 percent activity isopleth calculated by the LoCoH home range 

method. Lobster size in carapace length (CL). 

 

Table 2.5 – Results of AIC analysis of the variability in average daily home range of the 11 tagged 

lobsters that stayed within the VRAP array more than one day (Figure 2.11), showing the number 

of parameters (K), AICc value (adjusted for small sample size) and AIC weight (relative support) of 

the five models that were compared. 

Model K AICc Weight 
Linear 2 122.64 0.58 
2 Groups (Juvenile/Adolescent & Adult) 2 124.34 0.25 
Mean 1 126.78 0.07 
2 Groups (Juvenile & Adolescent/Adult) 2 127.34 0.06 
3 Groups (Juvenile/Adolescent/Adult) 3 127.87 0.04 
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Large-Scale Tracking: Lobster Movement within the VR2 Grid 

  The assumption of linearity that underlies the Simpfendorfer et al. (2002) 

positioning analysis was supported for this study’s VR2 array, because there was a 

strong and significant negative linear relationship between the average daily number of 

pings received by a VR2 receiver and the distance separating this receiver from the 

reference tag that emitted the ping (r2=0.82, DF=70, p<0.0001) (Figure 2.12).  

 

Figure 2.12 - The significant negative linear relationship observed between the average daily 

number of pings detected by a particular VR2 receiver (11-21 different receivers) and the distance 

separating this receiver and a particular reference tag (5 different tags), over the duration of the 

study. There were a total of 91 receiver-tag pairs included in this analysis. 

  

   We lost contact with five of the six juvenile lobsters, two of four adolescents and 

three of four adults during the course of the study (Table 2.6). Based on movement 
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tracks we know that we lost contact with both adolescents and two of the three adults 

because these individuals moved outside the tracking range of the grid of receivers. In 

contrast, the five juveniles and third adult we lost contact with where all well within the 

range of the receivers when we stopped detecting them. Whereas the cause for these 

“losses” is not known, moulting under cobble shelter seems to be the most plausible 

explanation, with the tag remaining attached to the old cuticle shed under shelter, 

considering that moulting occurs mainly in late summer and early fall and that juveniles 

moult more frequently than adults.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

112 

 

Table 2.6 – Carapace length (CL), gender, number of days positioned, and the outcome of the 

lobster during the study (alive within the array; lost contact within study array; or left study array) 

of the 14 lobsters (juveniles 28-41 mm CL; adolescents 54-67 mm CL; adults 74-80.5 mm CL) used 

in the VR2 grid portion of this study. The 67 mm CL lobster left and returned to the study area 

during the study and was alive at the end of the study period. 

 

Lobster Size 
(mm CL) 

 Number 
of Days 

Positioned 
(VR2) 

 
Gender 

 
Status of Lobster by End of Study 

28.0 F 28 Lost Contact Within Study Array 
30.0 M 52 Lost Contact Within Study Array 
31.0 M 74 Alive Within Study Array 
37.0 M 36 Lost Contact Within Study Array 
39.0 M 12 Lost Contact Within Study Array 
41.0 M 45 Lost Contact Within Study Array 

    
54.0 M 50 Left Study Array 
55.0 M 74 Alive Within Study Array 
64.0 F 6 Left Study Array 
67.0 F 74 Alive Within Study Array/Left Study Array 

    
74.0 F 74 Alive Within Study Array 
75.0 M 6 Left Study Array 
80.0 F 39 Left Study Array 
80.5 M 52 Lost Contact Within Study Array 

   

  There were marked differences in the behaviour of different lobsters, with some 

individuals leaving the VR2 tracking area before the end of the study (two within only 

six days of being tagged) and others staying relatively close to their starting location for 

the entire study period (Table 2.6, Figure 2.13). It can be seen from the movement tracks 

that juvenile lobsters behaved markedly differently than adolescents and adults (Figure 

2.13). For example, whereas the six juveniles had only travelled between 65 m and 324 
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m from their tagging location at the end of the 74-d experiment (n=1) or when we lost 

contact with them after 12-52 days at large (n=5), four of the seven adolescents and 

adults left the study area within a similar time period, having travelled 1858-2053 m 

within 6 to 50 days of being tagged, and three moved towards deeper water more slowly 

over the course of the study, travelling 209-2019 m in 74 days (Figure 2.13). 
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Figure 2.13 - The movements of each of the six juvenile lobsters (upper panel) and eight adolescent 

and adult lobsters (lower panel) tagged in the study, based upon their daily activity center estimates 

(see Methods) in the VR2 tracking array (each point is a receiver). The carapace length (CL) and 

gender of each lobster is indicated, along with the number of days it was successfully tracked within 

the array (in parenthesis). The bottom of each panel is nearest to shore, and the open triangle 

indicates the release point of each lobster. 
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  The average daily displacements that were observed for lobsters increased with 

body size (Figure 2.14) and was supported by a linear model (Table 2.7). This trend was 

associated with a change in variability in the average daily displacement observed for 

individual juveniles and individual adolescents/adults (Figure 2.14). More specifically, 

the activity centers of the six juvenile lobsters changed relatively little from day to day 

(11-74 m), whereas those of half (4/8) of the adolescents/adults showed a similar trend 

(23-98 m) while those of the other half changed considerably more (230-503 m) (Figure 

2.14). 

 

Figure 2.14 - The relationship between the carapace length (CL) of the 14 focal lobsters (males: 

black circles; females: white circles) tagged in this study and the average (±95% CI) daily 

displacement of their estimated “daily activity center”.  Juvenile lobsters are less than 50 mm CL 

(cut-off indicated by dotted line) and adolescents & adults are greater than 50 mm CL. 
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Table 2.7 –  Results of AIC analysis of the variability in average daily displacement of the 14 tagged 

lobsters using the data from the VR2 portion of the study (Figure 2.14), showing the number of 

parameters (K), AICc value (adjusted for small sample size) and AIC weight (relative support) of 

the five models that were compared. 

Model K AICc Weight 
2 Groups (Juvenile/Adolescent & Adult) 2 140.607 0.40 
Linear 2 140.894 0.35 
Mean 1 143.064 0.12 
3 Groups (Juvenile/Adolescent/Adult) 3 143.83 0.08 
2 Groups (Juvenile & Adolescent/Adult) 2 144.91 0.05 

   

The total distance travelled by lobsters over the duration of the study was clearly 

affected by their body size (Figure 2.15). This relation was not gradual but rather 

showed a marked increase between juveniles and adolescents/adults; the model 

reflecting this shift had the lowest AICc score and it carried 65% of the AIC weight 

(Table 2.8). It must also be recognized that these data do not show the full extent of the 

difference in movement between juveniles and adolescents/adults, because 5/8 of the 

larger lobsters travelled outside of the VR2 tracking area during the 74 day study period 

(after 6 – 74 days), and hence their overall movement distance was greater than 

estimated (1859 – 2053 m), and potentially markedly so.  
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Figure 2.15 - The relationship between the carapace length (CL) of the 14 focal lobsters (males: 

black circles; females: white circles) and their study length displacement. Lobsters that moved 

outside the VR2 array during the study are indicated by a “+” sign, and the numbers indicate the 

number of days these individuals remained within the study area before leaving; displacement 

values shown for these individuals therefore underestimate their true total movement over the 74 

days of the study. Juvenile lobsters are less than 50 mm CL (cut-off indicated by dotted line), 

whereas adolescents and adults are greater than 50 mm CL. 
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Table 2.8 - Results of AIC analysis of the variability in study length displacement of the 14 tagged 

lobsters using the data from the VR2 portion of the study (Figure 2.15), showing the number of 

parameters (K), AICc value (adjusted for small sample size) and AIC weight (relative support) of 

the five models that were compared. 

Model K AICc Weight 
2 Groups (Juvenile/Adolescent & Adult) 2 182.076 0.65 
Linear 2 184.612 0.18 
3 Groups (Juvenile/Adolescent/Adult) 3 184.99 0.15 
Mean 1 190.59 0.01 
2 Groups (Juvenile & Adolescent/Adult) 2 191.895 0.00 

 

 

 All 14 tagged lobsters displayed a positive linear relationship between daily 

displacement and average daily water temperature, but only four of these were 

statistically significant, two involving juveniles and one each involving adolescents and 

adults (Table 2.9). These four lobsters were among the five that spent the greatest 

number of days within the array of VR2 receivers (52-74 days). There was, however, 

one adult female that was tracked for 74 days that did not show a change in activity with 

water temperature (Table 2.9). 
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Table 2.9 - Results of linear regressions investigating the relationship between daily displacement 

(m) and daily water temperature (⁰C) for each of the 14 lobsters, along with their carapace length 

(CL), gender and the number of days they were successfully tracked. ** indicates significance at 

α=0.05. 

 
Lobster Size 

(mm CL) Gender N (days) 
Direction of 
Relationship R2 p 

28 F 28 + 0.07 0.187 
30 M 52 + 0.11       0.024 ** 
31 M 74 + 0.22      < 0.001 ** 
37 M 36 + 0.16 0.106 
39 M 12 + 0.05 0.518 
41 M 45 + 0.08 0.101 

   
 

 
 

54 M 50 + 0.02 0.315 
55 M 74 + 0.08      0.021 ** 
64 F 6 + 0.21 0.443 
67 F 40 + 0.01 0.643 

   
 

 
 

74 F 74 + 0.03 0.165 
75 M 6 + 0.08 0.642 
80 F 39 + 0.01 0.562 

80.5 M 52 + 0.31    < 0.001 ** 
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Discussion and Conclusions 

  This ultrasonic telemetry study provides novel insights into the movements and 

activity levels of the American lobster in nature. While a number of studies have used 

ultrasonic telemetry to track the fine-scale behaviours of adolescent and adult lobsters 

(e.g., Tremblay et al. 2003, Golet et al. 2006, Scopel et al. 2009, McMahan et al. 2013), 

this was the first to simultaneously track juveniles, adolescents and adults, allowing the 

first direct empirical comparison of movements and activity levels of these three life 

stages in nature. This was also only the second study to have ultrasonically tracked 

juvenile (< 50 mm CL) lobsters in nature, allowing a first comparison with results 

reported by Morse & Rochette (2016) for juvenile lobster’s movements tracked with the 

VRAP system in the Bay of Fundy. Another contribution of this study was that it 

successfully tracked the movements of lobsters over a longer time period (74 days) than 

previous telemetry studies on the species (2 - 40 days). This study provides new insights 

into (i) ontogenetic shift in behaviour and activity of lobsters, (ii) behaviour of lobsters 

tracked using ultrasonic telemetry in different geographic areas, (iii) inter-individual 

variation in lobster behaviour and activity, (iv) effects of water temperature on lobster 

behaviour, and (iv) usefulness of the dual tracking system study design. 

Ontogenetic Shift in Behaviour and Activity of Lobsters 

  During this study the movements, activity levels and rhythms of lobsters either 

displayed no relationship with body size (n=3), or were positively associated with body 

size (n=3). Interestingly, behaviours that showed no relation to body size related to the 
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nature or timing of movements (i.e., time spent outside of shelter, rhythmicity in 

activity, homing tendency), whereas those that varied with body size were all linked 

positively to the magnitude of movements displayed (i.e. daily home range, and daily 

and study length displacements). However, the nature of these positive relations seemed 

to change from a gradual increase with increasing body size to a more abrupt dichotomy 

between juveniles and adolescents/adults, depending on the (spatio-temporal) scale of 

movements being considered. At one extreme, the average daily home range of lobsters 

during the 28-day VRAP portion of the study was better explained by a linear 

relationship (AIC weight=0.58) than by a juvenile vs adolescent/adult dichotomy (AIC 

weight=0.25), and at the other extreme total study-length displacement during the 74-

day VR2 portion of the study was better explained by the juvenile vs adolescent/adult 

dichotomy (AIC weight=0.65) than by a linear relationship (AIC weight=0.18), while 

variability in the “intermediary” average daily displacement during the 74-day VR2 

portion of the study was similarly explained by the juvenile vs adolescent/adult 

dichotomy (AIC weight=0.4) and the linear relationship (AIC weight=0.35). This 

behavioural dichotomy between juveniles and adolescents/adults is probably best 

illustrated by the observation that all six juvenile lobsters stayed within the vicinity of 

the VR2 grid for the duration of the study, whereas seven of the eight adolescents/adults 

actually moved out of the VR2 array (not only the VRAP triangle) over this period. In 

fact, the four adolescents/adults that moved out of the VR2 array did so before/at the end 

of the study (6-50 days of the 74-d study period), indicating that true differences in 

study-length displacement between juveniles and adolescents/adults are actually much 
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greater than those reported above. Tagging studies conducted alongside the fishery have 

similarly found adolescent and adult lobsters in the sGSL making seasonal movements 

away from the shallow waters in the autumn (Templeman, 1936, Corrivault 1948, 

Bergeron, 1967, Munro & Therriault 1983, Comeau & Savoie 2002, Bowlby et al. 

2007), potentially to escape fall storms and ice scour. While juveniles could potentially 

accrue similar benefits from such seasonal migrations, it may be that these benefits are 

outweighed by the increased risk of predation that would be associated with small 

lobsters travelling these distances and moving outside the shelter provided by 

structurally complex cobble nursery areas (Wahle 1992, Wahle & Incze 1997, Selgrath 

et al. 2007, Émond et al. 2010, Wahle et al. 2013). 

These changes in behavior with lobster body size are likely related to predation 

risk and sexual maturation. Wahle et al. (2013) showed that smaller juveniles are more 

susceptible to predation than larger juveniles. Given this difference in susceptibility to 

predation among different-size juvenile lobsters, we may expect a further and marked 

decrease in vulnerability at the adolescent life phase, given the allometric relationship 

between body length and body mass. It is also within the adolescent phase that 

reproductive maturation, and its associated physiological and behavioural changes, 

begins to exert its influence on seasonal movements and local demography of lobster 

populations (reviewed by Lavalli & Lawton 1996).  
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Inter-individual Variation in Lobster Behaviour  

  In addition to the obvious changes in lobster behaviour associated with their 

body size, marked behavioural differences between individuals that were not related to 

body size or gender were also observed, as well as marked differences in behaviour of 

some individuals over time. For example, the Actograms showed that the 54 mm CL 

male lobster was not particularly active during the 28-day VRAP study period, spending 

an average of 7% of each day outside of shelter, whereas in contrast the 55 mm CL male 

lobster spent an average of 79% of each day outside of shelter. Interestingly, the pattern 

is switched for the same two lobsters over the longer VR2 tracking period, with the 54 

mm CL male leaving the VR2 grid after 50 days and the 55 mm CL male not leaving the 

VR2 array during the 72-day study period. Similarly, the 74 mm CL female lobster spent 

on average 61% of each day outside of shelter but did not leave the VR2 grid during the 

study period, while the 67 and 80 mm CL female lobsters only spent 4% and 2% of each 

day outside of shelter, respectively, but they both left the VR2 grid before the end of the 

72-day study period. We are unable to explain this marked behavioural variability 

among similarly-sized adolescent and adult lobsters of the same gender, although such 

variability has been reported in other studies (Tremblay et al. 2003, Golet et al. 2006, 

Scopel et al. 2009, McMahan et al. 2013). 

  Lobsters in this study, particularly juveniles, also displayed behavioural 

variability in tidal and diel activity rhythms that was not related to their body size. More 

specifically, only one of six juvenile lobsters displayed a tidal (12.4-h) activity rhythm, 

whereas four out of six juveniles (and one out of three adolescents) displayed a diel (24-
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h) activity rhythm. Similarly, in the recent study by Morse & Rochette (2016), three out 

of ten juvenile lobsters displayed a tidal (12.4-h) activity rhythm, and six out of ten 

lobsters displayed a diel (24-h) activity rhythm. It is unknown why this variability in 

daily activity cycles exists between similarly-sized juvenile lobsters, but this could be 

related to the physical conditions in an area (i.e., smaller tidal range in the Baie des 

Chaleurs as compared to the Bay of Fundy), and/or shelter competition (i.e., the forcing 

of smaller juvenile lobsters to leave their shelters due to competition from a larger 

lobster, regardless of time of day) on these productive nursery areas.  

 

Behaviour of Lobsters Tracked using Ultrasonic Telemetry in Different 

Geographic Areas 

This telemetry study provides empirical data on the home range of lobster, which 

are generally in agreement with studies in other locations of the species’ range. For 

example, the average daily home ranges observed for juvenile lobsters in our study 

(average: ≈66 m2; range: ≈21-199 m2) were similar to those recently observed by Morse 

& Rochette (2016) for juvenile lobsters in the Bay of Fundy (average: ≈56 m2; range: 

≈27 – 112 m2). This similarity in home range occurred despite the fact Morse & 

Rochette (2016) tracked a somewhat wider range of juvenile lobsters (20-47 mm CL) 

compared to this study (28-41 mm CL), which may be explained by the fact that in both 

studies home range did not vary with body size within the juvenile phase lobsters.  

  Fine-scale telemetry studies have revealed that the location of adolescent and 

adult American lobster home ranges changes often (every 1-2 days), but their size 
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generally remains fairly consistent (≈315-786 m2) from day to day (Tremblay et al. 

2003, Scopel et al. 2009, McMahan et al. 2013).  Similarly, our findings showed that 

adolescent and adult lobsters had an average daily home range of 425 m2 (range: ≈ 34-

899 m2/day). Interestingly, daily home ranges of adolescent and adult lobsters observed 

in a number of different geographic locations (southern Gulf of Maine: Scopel et al. 

2009; Mid-Coast Gulf of Maine: McMahan et al. 2013; Scotian Shelf: Tremblay et al. 

2003; sGSL: this study) have been found to vary markedly among days and among 

individuals, but not in relation to body size. The causes of this large variability (intra- 

and inter-individual) in home range are not well understood. Some of this variability 

might be related to predation risk, as one study has shown that the presence of adult cod 

(Gadus morhua), a predator of the lobster in the Gulf of Maine (McMahan et al. 2013), 

causes a marked reduction in daily home range of adolescent and adults. But much of 

this variation is likely unrelated to predation risk. Future lobster telemetry studies could 

manipulate variables such as lobster and shelter density, predators, and food resources to 

elucidate causes daily and inter-individual variability in juvenile, adolescent and adult 

home range. 

Effects of Water Temperature on Lobster Behaviour and Activity 

  When the daily displacement of each of the 14 lobsters was compared to daily 

average water temperature, four lobsters (two juveniles, one adolescent and one adult) 

were found to display significantly smaller daily displacements with decreasing water 

temperature, and in addition all lobsters showed a similar quantitative relationship 

between acitivity and water temperature. This relationship was not the result of a gradual 
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decrease in activity and temperature over time, but was rather related to wide daily 

temperature fluctuations related to alongshore winds causing upwelling and 

downwelling, consistent with a classical Ekman response, often observed in Baie des 

Chaleurs (Drinkwater et al. 2006). This effect of fluctuating water temperature on 

lobster activity has been hypothesized in previous studies, based on observations of 

commercial catch rates rising with steady or slightly increasing water temperature and 

dropping with fluctuating temperature or a sudden decrease of temperature (Smith & 

Tremblay 2003, Drinkwater et al. 2006). To the best of our knowledge, however, this 

study is the first to empirically demonstrate a decrease in fine-scale (i.e., daily) lobster 

movements in nature with decreasing water temperature.   

The fact that only four of the 14 lobsters displayed a significant reduction in 

activity in colder water appears to have been partly related to the number of days over 

which the different lobsters were tracked, and the effect this had on variation in 

temperature they experienced during the study period. In particular, the four lobsters that 

displayed significantly shorter movements in colder than warmer water were 

successfully tracked in the VR2 array for 49-74 days (average=63d) of the 74-day study 

period, which was significantly more (t=3.167, df=10, p=0.01) than the 5-74 days 

(average=34d) the 10 other lobsters that did not show this significant pattern were 

tracked.  

Tracking System Design 

  During this study we used two separate ultrasonic tracking set-ups, the VEMCO 

VRAP tracking system, which calculated positions in real time and with high precision 
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(±3 m) but over a small area (5000 m2), and a grid of VEMCO VR2 hydrophones, from 

which we calculated animal positions after the study was complete and with lesser 

precision (±15 m) but over a large area (2.5 km2). While the VRAP tracking system is 

particularly useful to obtain high precision, real time, positional data of juvenile lobsters, 

which display strong central place foraging and do not move far from where they are 

tagged, its usefulness for tracking adolescent and adult lobsters is considerably more 

limited, as these roam more broadly and rapidly leave the VRAP’s relatively small 

tracking area. Other acoustic telemetry studies have physically contained adult lobsters 

to ensure they could not travel outside the VRAP tracking area by using (50x50 m) 

enclosures (Golet et al. 2006, Scopel et al. 2009) or conducting the experiment within a 

naturally enclosed embayment (McMahan et al. 2013). While these studies have 

provided novel information on small-scale behaviours of lobsters, such as daily activity 

levels and home ranges, here we were interested in tracking unconstrained lobsters over 

longer periods and over larger areas than was done in these other studies. By placing the 

VRAP tracking system within a large grid of VR2 receivers we were able to continue to 

observe lobster movements after they left the VRAP tracking area, albeit with somewhat 

less precision. The two tracking methods therefore allowed us to gather different and 

complimentary data. While the VRAP system allowed quantifying the time spent 

sheltering, daily home ranges, and tendency to use a central place foraging strategy, the 

VR2 grid allowed us to quantify daily movements and total study movements over a 

larger area and time period. Hence, together these two systems allowed us to test 

hypotheses relating to ontogenetic changes in behaviour at more than one spatial and 
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temporal scale, leading to stronger inferences than could have been derived from only 

one of these systems independently. The new VEMCO Positioning System (VPS) may 

provide the same benefits of our study set-up, as the VPS system is able to provide fine-

scale positioning while covering a large area using receiver synchronization tags, 

although this will come at a greater cost due to the extra equipment and post-processing 

services required.  

  We used a relatively long period (24-h) to estimate centers of activity in 

comparison to other studies based on arrays of independent hydrophones (e.g., 1-h 

periods for snapper Pagrus auratus: Egli & Babcock, 2004; 0.25-h periods for neonate 

blacktip sharks Carcharhinus limbatus: Simpfendorfer, 2002) because lobsters do not 

move as fast as do species in these other studies, reducing the usefulness of shorter 

estimate periods. Also, lobster would have been detected infrequently if hourly periods 

had been used, because they spent a lot of time sheltered under rock, which would have 

resulted in wide errors around the estimated centers of activity. One position estimate 

per day (over the 74-day study) was adequate to address the “large-scale movements” 

(e.g., seasonal) of lobsters the VR2 array was designed to address.  

  As in Chapter 1, only a relatively small number of lobsters could be 

simultaneously tagged during this study, to limit “collisions” between pings emitted by 

the different tags, particularly within the VRAP portion of the study. Despite this 

limitation our study revealed a number of significant results that confirmed our 

understanding of the early life-history of this species, such as an increase during 

ontogeny in average daily home range, average daily displacement and study-length 
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displacement. We did, however, also observe a number of behaviors that did not change 

with ontogeny, such as the percentage of each day spent outside shelter, percentage of 

area used compared to a random walk model, and maximum distance travelled during 

the VRAP portion of the study. We do not believe that the latter non-significant results 

are due to insufficient statistical power (i.e., type II error) caused by low sample size, 

given that i) these three behaviors showed no trend whatsoever of increasing activity 

with increasing lobster body size, ii) we did detect three significant results based on the 

same level of replication (see above), and iii) these three behaviors were also found to be 

unrelated to body size of juveniles in Chapter 1 (Morse & Rochette 2016). Incidentally, 

results obtained in this study also provide evidence that the non-significant relations 

observed in Chapter 1 between the activity of juvenile lobsters and their body size were 

not the result of insufficient sample size and statistical power, as the same findings were 

made in this study as well. More specifically, all changes in lobster behavior and activity 

observed in this study were driven by adolescent and adult individuals, and were 

unrelated to the body size of juvenile individuals 
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Appendix 1 

Results of periodogram analyses conducted from the “activity data” of all lobsters that 

remained in the VRAP study area for more than one day (n=11). The activity data is 

based on the detection of pings from the animal’s tag by the three buoys of the VRAP 

tracking system, which is an indication that the lobster is actively moving outside of 

shelter given that pings are not detected by the system when the lobsters are hiding 

under rock (see methods). Values that are greater than the straight line indicate 

significant (α=0.05) rhythmicity in activity at the corresponding period (Schmid et al. 

2011). 

 

 

28 mm CL Female – Significant 24 hour cycle of activity 
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30 mm CL Male – Significant 24 hour cycle of activity 

 

31 mm CL Male – Significant 12.4 hour and 24 hour cycles of activity 
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37 mm CL Male – No significant cycle of activity 

 

39 mm CL Male – No significant cycle of activity 
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41 mm CL Male – Significant 24 hour cycle of activity 

 

54 mm CL Male – No significant cycle of activity 
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55 mm CL Male – No significant cycle of activity 

 

67 mm CL Female – Significant 24 hour cycle of activity 
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74 mm CL Female – No significant cycle of activity 

 

80 mm CL Female – No significant cycle of activity 
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Reference Tag – No significant cycle of activity 
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Appendix 2 

Positioning the ultrasonic tags within the VR2 hydrophone grid was completed using a 
weighted triangulation approach. This approach takes into account the locations of all 
VR2 receivers within the grid (i.e., their locations on a two dimensional Cartesian 
plane), and the number of ‘pings’ that were received over a 24-h period by each VR2 
receiver.  
 
For this example the animal tag (31 mm CL male on Aug 11, 2011) was heard by eight 
VR2s over a 24-h period. The number beside each dot indicates the number of ‘pings’ 
that the VR2 received, and the star indicates the estimated position of the animal tag 
after triangulation occurred.  
 
Please note that this method indicates the estimated position of a tag, and there is always 
error associated with the estimate. Based upon the estimations of the five reference tag 
locations during the study, of which the absolute location of each is known, the average 
error was found to be ±15.3m over the length of the 74-d study.  
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Abstract 

  In the marine environment, the long-range (10s to 100s of kms) dispersal of 

pelagic larvae is often assumed to be the dominant force behind connectivity among 

stocks or management units, with little consideration given to the contribution of benthic 

movements. This is the case in the American lobster, Homarus americanus. In this study 

we analyzed data from an extensive tagging study in the southern Gulf of St. Lawrence 

between 1980 and 1996, during which 37,579 adult lobsters from 14 locations were 

tagged and 6,296 were recaptured after 1-6 years at large. We compared the distances 

travelled by these adult lobsters to dispersal distances predicted for larvae released from 

the same 14 locations. The average yearly 10th percentile greatest dispersal distances of 

larvae from these 14 study locations were 139 km and 57 km in the dominant 

“downstream” and “upstream” directions, respectively, and the same values for adult 

benthic dispersal were 18 km and 14 km only. However, using the six locations where a 

number of adults were recaptured in two consecutive years, we estimated that benthic 

dispersal values for lobsters after five years at large would be 50 km in each direction, 

representing 36% (downstream) and 88% (upstream) of annual dispersal values 

predicted for larvae from the same six locations. Similar relative contributions of larval 

and adult dispersal were estimated on the basis of mean rather than 10th percentile 

greatest dispersal distances at each location. Given that (i) our estimates of pelagic and 

benthic dispersal are not markedly different, (ii) the dispersal of larvae is likely 

constrained by behaviours not accounted for by our model, (iii) benthic movements are 

not constrained by currents the way pelagic dispersal is, and (iv) lobsters are known to 
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move relatively little in our study area compared to other parts of the species’ range, we 

conclude that more attention should be given to benthic movements in estimating 

connectivity and stock structure in American lobster. 

Introduction 

 Biological dispersal can cause considerable exchange of propagules and 

individuals over the geographic range of a species, and this “connectivity” can impact 

the demography and genetics of populations (Clobert et al. 2001, Kinlan & Gaines 2003, 

Cowan & Sponaugle 2009). Demographic connectivity is broadly defined as the 

exchange of individuals between spatially separated subpopulations (Lowe & Allendorf 

2010, Frisk et al. 2014). Based on results of modeling exercises simulating genetic 

changes in a “finite island model”, Waples and Gaggiotti (2006) proposed that two 

subpopulations could be considered transitioning to demographic independence when 

the fraction of the subpopulation that immigrates from another subpopulation falls below 

0.1 (i.e., no more than 10% of individuals in subpopulation A have emigrated from sub-

population B). Therefore, demographic connectivity depends on the proportional 

contribution of migrants in each generation to local subpopulation size. In contrast, 

genetic connectivity depends on the absolute number of migrants between 

subpopulations in each generation (Waples & Gaggiotti 2006, Waples et al. 2008). One 

of the most important outcomes of these modeling exercise is the demonstration that 

demographic dependence between two locations requires an exchange of individuals 

(i.e., >10% sensu Waples & Gaggiotti 2006) that is several orders of magnitude greater 

than that required for the maintenance of genetic dependence between the same two 
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locations, which has been proposed to require levels of exchange possibly as low as only 

a few individuals per generation (Slatkin 1993).  

  Connectivity in the marine environment arises from both passive and active 

means, such as the drift of planktonic stages within ocean currents and directed 

movements of adults on the sea floor, respectively. In most marine invertebrate fisheries, 

the current paradigm is that connectivity is largely a function of physical and biological 

processes affecting patterns of larval dispersal and retention, structuring populations at a 

variety of temporal and spatial scales (Frisk et al. 2014).  Based on this paradigm, 

coupled biological-physical models of larval dispersal have greatly advanced our 

understanding of population connectivity via larval dispersal in many species (Fogarty & 

Botsford 2006, Miller 2007, Cowan & Sponaugle 2009). The importance of adult 

movement to connectivity, including relative to larval dispersal, has received little 

consideration, likely in part due to the difficulties of tracking mobile marine 

invertebrates over long periods of time. This neglect is probably also partly due to the 

intuition that the dispersal of larvae by ocean currents must occur over large distances 

and is likely the process that is most consequential to connectivity. Increasingly, 

however, studies are showing that larvae display strategies that markedly reduce their 

dispersal in comparison to the inert particles (e.g., Butler et al. 2011) that are generally 

used in larval drift models (Quinn et al. 2017). It has also recently been argued that the 

movements of adults may result in greater connectivity than those of larvae, due to the 

comparatively long time period during which movements by adults (years to 10s of 

years) and larvae (minutes to months) are likely to occur (Frisk et al. 2008, 2010). As the 
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focus of marine connectivity research has primarily been on larval drift (Kritzer & Sale 

2006), the role of adults in connectivity may have been underappreciated, resulting in an 

incomplete understanding of the patterns and mechanisms underlying population 

structuring in marine species (Frisk et al. 2014). 

   The American lobster (Homarus americanus) is distributed along the eastern 

coast of North America, between North Carolina in the USA and the Strait of Belle Isle 

in Canada. It supports the most important fishery, in terms of landed value, in Canada 

(http://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2015av-

eng.htm; accessed 1 August, 2017) and in eastern North America overall (Wahle et al. 

2004). There are two distinct life phases in the American lobster’s life history, a pelagic 

larval phase and the benthic phase. The former comprises 4 larval stages (≈2-4 mm 

carapace length [CL]), which drift in the water column for the first 11-54 days after 

hatch, dependent in part on water temperature (reviewed by Cobb & Castro 2008). It is 

currently unknown whether swimming behaviours by lobster larvae affect their dispersal 

trajectories and distances in nature, although they are sufficiently mobile (particular the 

stage IV postlarva) for this to be likely (Stanley et al. 2016). The benthic phase 

comprises juvenile, adolescent, and adult individuals that live on the sea floor, and in the 

absence of heavy commercial exploitation the length of the adult stage may exceed 30 

years (Lawton & Lavalli 1995). Both life-history phases are capable of long-distance 

movements (> 100 km), via passive drift of larvae in the water column and 

behaviourally-driven movements of benthic stages on the sea floor (Lawton & Lavalli 

1995), and these could have large impacts on connectivity in the species. 

http://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2015av-eng.htm
http://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2015av-eng.htm
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 Larval drift modeling of the American lobster has been done in both the Gulf of 

Maine (Incze & Naimie 2000, Xue et al. 2008, Incze et al. 2010)and the Southern Gulf 

of St. Lawrence (sGSL) (Chassé & Miller 2010), and more recently over most of the 

species’ range (Quinn et al. 2017). These studies suggest that connectivity during the 

larval phase of the American lobster is highly important to population structure, through 

the annual movement of larvae over 10s to 100s of kilometers. However, larvae 

simulated in these models largely behave as inert particles before they are ready to settle 

(Incze & Naimie 2000, Xue et al. 2008, Chassé & Miller 2010, Incze et al. 2010), and 

that the drift distances predicted by these models have received very little empirical 

validation (Quinn et al. 2017). 

  Facilitated by an intense commercial fishery, large body size, and ease of 

handling, mark-recapture tagging studies have been used to quantify exploitation rate, 

growth, and movement of the American lobster since 1898 (e.g., Bumpus 1901, Krouse 

1980, Haakonsen & Anoruo 1994, Lawton & Lavalli 1995, Comeau & Savoie 2002). 

The long-distance movements (10s to 100s of km) of mature lobsters observed during 

some mark-recapture tagging studies (e.g., Uzmann et al. 1977, Campbell & Mohn 

1983, Campbell & Stasko 1985, Campbell & Stasko 1986, Campbell 1986) led to 

suggestions of extensive mixing of adult lobsters in the Bay of Fundy and Gulf of 

Maine. In contrast, mark-recapture studies in the sGSL (reviewed by Comeau & Savoie 

2002) observed only short annual alongshore movements (< 10 km on average) and 

concluded that these do not contribute to demographic connectivity between neighboring 

management units (Lobster Fishing Areas) in this region.  
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  The sGSL (Figure 1) is a unique environment within the range of the American 

lobster. The combination of wide and shallow (20-40 m) coastal environments allows 

water to quickly warm up over large areas in the summer, to a greater temperature than 

observed in other parts of the species’ range in Canada, and during the harsh winters the 

surface waters freeze completely along the coast. Additionally, the sGSL is 

characterized by the presence of an extensive cold intermediate layer (CIL), which is a 

large and cold body of water occurring between the coastal water and the deep waters of 

the Laurentian Channel (Gilbert & Pettigrew 1997). The temperature of the CIL is 

always < 1.5°C. American lobsters can survive in water temperatures between -1.5°C 

and 30°C, but at temperatures below 5°C molt induction and other physiological 

processes are blocked and below 0°C lobsters enter a state of hibernation (Waddy et al. 

1995). The CIL occurs between 20 and 40 m depth from June to October and then 

covers the entire water column from January to April (Gilbert & Pettigrew 1997). Thus, 

lobsters in the sGSL are only observed within the CIL in the winter, when there is no 

warm water available, and between the spring and fall they spend their time in the warm 

shallow coastal waters to facilitate growth and embryonic maturation (Lawton & Lavalli 

1995). Most importantly, contrary to other parts of the species’ range (see below), there 

is no physiological advantage for lobster in the sGSL to making long-distance 

movements into deep (> 40 m) water (Stasko 1980) in the winter because of the CIL 

(Comeau & Savoie 2002). However, lobsters in the sGSL are thought to move away 

from the shallow coastal waters in the fall (Templeman 1936, Corrivault 1948, Bergeron 

1967, Munro & Therriault 1983, Comeau & Savoie 2002), where temperatures drop 
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below 0°C and extensive ice scouring can occur. For this reason (i.e., ice scouring) the 

inshore/offshore movement is quite different than what occurs in the Gulf of Maine, 

where seasonal migrations are driven by temperature. More specifically, in the Gulf of 

Maine the deep water is warmer than shallow coastal water during winter months, and 

lobsters execute shallow to deep migrations in late fall that facilitate growth and 

embryonic development (Campbell & Stasko 1985, Campbell & Stasko 1986, Campbell 

1986, Campbell 1989, Cowan et al. 2007).  

  The purpose of this study was to estimate the relative contribution of benthic and 

larval dispersal to demographic connectivity in the American lobster within the sGSL. 

Previous tagging studies in the sGSL concluded that benthic movements by the 

American lobster are limited and short-ranged (see Comeau & Savoie 2002 for review) 

based generally on mean displacement values, which ignore the potential role of 

individuals that move longer distances to demographic and genetic connectivity. 

Furthermore, the directionality of these benthic movements has not been considered, and 

is likely to be less constrained than that of larvae, which are predicted to drift primarily 

in the direction of the dominant west to east circulation of the sGSL (Chassé & Miller 

2010, Quinn et al. 2017). Finally, there has so far been no consideration of the fact that 

benthic movements can accrue over the lifetime of an individual. As a first attempt to 

compare the scale of connectivity caused by benthic and larval dispersal of American 

lobster in the sGSL we: (1) used the results of an extensive tagging study conducted in 

the sGSL between 1980 and 1996 to quantify the magnitude and direction of the 

movements undertaken by lobsters at large for one and two years, (2) estimated 
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demographic connectivity among Lobster Fishing Areas (LFAs), fishing districts and 

fishing ports caused by benthic dispersal, and (3) compared estimates of benthic 

dispersal from 14 tagging-and-release locations to estimates of larval dispersal derived 

from a bio-physical model for the same release (i.e., hatch) locations. These analyses 

likely provide a conservative test of the contribution of benthic movements to 

connectivity in American lobster, because lobsters in other parts of the species’ range 

(e.g., the Bay of Fundy-Gulf of Maine region) are known to execute longer-ranging 

movements (e.g., Uzmann et al. 1977, Campbell & Mohn 1983, Campbell & Stasko 

1985, Campbell & Stasko 1986, Campbell 1986) than documented in the sGSL 

(Templeman 1935, 1936, Corrivault 1948, Wilder 1963, 1974, Bergeron 1967, Munro & 

Therriault 1983, Comeau & Savoie 2002). 

Methods 

Mark – Recapture Dataset 

Lobsters were captured using commercial traps, tagged, and then released at 14 

sites in the sGSL between 1980 and 1996 by the Department of Fisheries and Oceans 

(DFO) scientists (Figure 3.1). They were tagged directly after capture onboard either 

chartered fishing vessels or DFO research vessels between June and November. They 

were tagged with orange sphyrion anchor tags prior to 1989, and with blue streamer tags 

after 1992. Between 1989 and 1992 inclusively, both types of tags were used (Comeau 

et al. 1999). Both of these tags are designed to remain attached to the lobster during 

moulting. A description of the tags and tagging technique are presented in Moriyasu et 
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al. (1995) and Comeau et al. (1998). A total of 37,579 lobsters were tagged between 

1980 and 1996 in the sGSL (Table 3.1). 

 

Figure 3.1 - The 14 tagging locations in the southern Gulf of St. Lawrence (NB: New Brunswick; 

PEI: Prince Edward Island; NS: Nova Scotia) that were used in this study to evaluate adult-

mediated connectivity of lobsters. The boundaries of the Lobster Fishing Areas (LFAs) in the sGSL 

are indicated. 

 

  Information on the recapture location came from commercial harvesters, as the 

lobsters were caught during the commercial fishing seasons. Coordinate information was 

taken by the harvesters, who then passed along the tagged lobsters to DFO 

representatives and were reimbursed for the market value of the lobster, or in the case of 

undersized or ovigerous lobsters, released them back where they were caught with their 
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tag still attached. A major awareness and advertising campaign was run to maximize the 

participation of harvesters reporting recaptured individuals (Comeau et al. 1999). Based 

on the position of all recaptures, it appears that this awareness campaign was a success, 

as recaptures were widespread in the sGSL (Figure 3.2). A total of 5,906 tagged lobsters 

were recaptured after one year at large after tagging, and an additional 281 after being at 

large 2 years after tagging (Table 3.1). While a small number (n = 109) of lobsters were 

recaptured 3-6 years after tagging, sample sizes of such individuals at each tagging 

location were too small to be used in this study. Comeau & Savoie (2002) found no 

evidence of a relationship between lobster size or gender and distance travelled. 

Therefore, for simplicity and to increase sample size, we pooled all lobsters by tagging 

location for the analyses in this study, and did not discriminate them on the basis of size 

or gender. 
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Figure 3.2 - Overview of the recapture locations of all 6,200 lobsters used in this study (white circles) in relation to the Lobster Fishing Areas (large 
numbers), statistical districts (small numbers), tagging locations (large black circles with white crosses) and fishing ports (small black circles) in the 
southern Gulf of St. Lawrence. Note that there are a large number of lobsters that were recaptured along the coastline, near the tagging sites, and thus 
many recaptures overlap in this figure.  
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Table 3.1 - Details of the mark-recapture dataset used in this study. Tagging was conducted in the 

southern Gulf of St. Lawrence between 1980 and 1996 at 14 locations. For each tagging location the 

Lobster Fishing Area (LFA), total number of lobsters tagged, number of lobsters recaptured after 

one year and number of lobsters recaptured after two years are reported.  

Tagging Location LFA 

Total  
Number  

of  
Lobsters 
Tagged 

Number of 
Recaptures 

after 1 
year-at-

large 

Number of 
Recaptures 

after 2 
years-at-

large 

     Belledune, NB LFA 23 2,638 496 72 
Stonehaven, NB LFA 23 1,135 502 38 
Anse Bleue, NB LFA 23 510 234 47 
Caraquet, NB LFA 23 3,931 1,190 99 
Miscou, NB LFA 23 1,005 130 25 
Val Comeau, NB LFA 23 1,995 374 - 

     Malpeque, PEI LFA 24 2,813 492 - 
Tracadie, PEI LFA 24 462 27 - 

     Egmont Bay, PEI LFA 25 6,489 20 - 

     Beach Point, PEI LFA 26 A 4,879 188 - 
Ballantynes Cove, NS LFA 26 A 1,968 226 - 

     Port Hood, NS LFA 26 B 1,986 339 - 
Margaree, NS LFA 26 B 4,868 1,317 13 
Pleasant Bay, NS LFA 26 B 2,900 371 - 

     Total  37,579 5,906 294 
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Evaluation of Connectivity: Benthic versus Pelagic Dispersal   

Evaluation of Connectivity: Benthic Dispersal 

In previous tagging studies in the sGSL (reviewed by Comeau & Savoie 2002), 

lobsters were observed to generally move alongshore away from the tagging site, as their 

movements were constrained by the CIL, and movement distances were estimated as the 

Euclidean distance between tagging and recapture locations.  As this study is concerned 

with dispersal that leads to connectivity between fishing ports and management areas 

along the shore, and not between shallow coastal and deep offshore water, only the 

component of individual movements that was parallel to the shore (hereafter longshore 

movements) was considered, and components of movements perpendicular to the shore 

were ignored (see Figure 3.3 for example). Longshore movements of each lobster were 

classified as “upstream” or “downstream” in relation to the general west to east 

circulation in the sGSL, as considering directionality of movements could result in 

important differences in the contribution of adults and larvae to connectivity. 
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Figure 3.3 - Illustration of two ways to estimate lobster movements between their tagging and 

recapture location. The animal in this example was tagged close to the coast (light grey area at 

bottom of figure), and it moved at an angle relative to the coast and towards the Cold Intermediate 

Layer (hatched line at top of figure). Line “A” displays the Euclidean distance between the two 

points, which is what has been reported in previous tagging studies of lobster in the southern Gulf of 

St. Lawrence (e.g., Comeau & Savoie 2002). Line “B” captures only the component of the movement 

away from the tagging location that is parallel to the shore (i.e, measurements made in this study). 

The larval dispersal estimates were obtained the same way.  

 
The “upstream” and “downstream” lobster movements from each of the 14 

tagging locations were summarized in two different ways. First, we estimated the mean 

distance moved in each direction, to provide a simple index of movement that would be 

comparable to other studies (e.g., Comeau & Savoie 2002), other than the fact that the 

latter have not considered directionality relative to circulation. Second, for each tagging 

location we also estimated the 10th percentile greatest distance moved by lobsters, as an 
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index of the contribution of these movements to demographic connectivity. The 

rationale behind this second estimates is that if individuals moving from point A to point 

B represent < 10% of the number of individuals in B, and vice versa, their influence on 

each other is low and they can be considered independent demographic populations 

(sensu Waples & Gaggiotti 2006). Upstream and downstream dispersal-distance 

frequency distributions were generated for each of the 14 tagging locations, based on 

longshore distances moved by individual lobsters after one year at large, and from each 

of these we derived the mean and greatest 10th percentile distance moved. This 

procedure was then repeated based on longshore dispersal distances of lobsters that were 

recaptured after being at large for two years, using the six tagging locations from which 

at least 10 individuals were recaptured after two years at large. These 10th percentile 

greatest distances moved after one and two years at large were used to estimate 

demographic connectivity among LFAs, Statistical Districts, and Fishing Ports (Figure 

2). Finally, we estimated the dispersal that could occur after 5 years at large based on the 

observed change in 10th percentile greatest dispersal distance between Yr1 and Yr2, and 

assuming that this change is constant across years. While the rate of change could not be 

linear between Yr1 and Yr5, we made this assumption because the empirical data 

collected for Yr1 & Yr2, is the best estimate we have for dispersal over two consecutive 

years in the sGSL. 

To make inferences about demographic connectivity based on the 10th percentile 

greatest distance moved, we assumed that all sub-populations in the sGSL have similar 

sizes, as demographic connectivity is a function of the relative and not the absolute 
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number of migrants to the subpopulation. For example, 10% of individuals from a small 

subpopulation moving into a large subpopulation may not be demographically 

meaningful to the large sub-population, but the same proportion of individuals moving 

in the opposite direction would be. Unfortunately, we do not know where are the 

“boundaries” of lobster subpopulations in the sGSL, nor the number of individuals 

within each of these subpopulations. It is, in fact, quite likely that there are no hard 

boundaries to longshore dispersal in the sGSL, although the system is also not 

completely “mixed” and recent molecular work indicates significant (albeit small) 

genetic structure at relatively small (≈100–200 km) spatial scale (Benestan et al. 2015). 

Importantly, this assumption of similarly sized sub-populations is of no real 

consequence to our main objective of estimating the relative contribution of benthic 

movements and larval dispersal to connectivity.  

Fifteen lobsters tagged in Baie des Chaleurs (Figure 3.1) were re-captured more 

than once in subsequent years, providing a small but unique dataset to investigate how 

individual lobsters move over multiple years. These data were analyzed to determine if 

the lobsters tended to remain in a general area year after year, gradually moved further 

away from the tagging location year after year, or behaved differently in different years 

(i.e., moved away from the tagging location one year, but moved back in the next, or the 

reverse). 
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Evaluation of Connectivity: Larval Dispersal 

Larval dispersal distances, which reflect the estimated spread of larvae from a 

spawning site to a settlement site as a result of ocean currents, were derived from 

simulations with an individual-based bio-physical dispersal model of American lobster 

larvae (Quinn et al. 2017) coupled to a three-dimensional physical oceanographic model 

(CANOPA) of the Atlantic Shelf of eastern North America (longitude: 71.5°–54.9°W; 

latitude: 38.6°–52.0°N; Brickman & Drozdowski 2012). Simulations of the larval drift 

model were run over 8 years from 2005 to 2012, and while these years do not overlap 

with those of the tagging studies (1980-1996), modeling results suggest that there is 

considerable inter-annual consistency in the direction and distance of larval dispersal 

predictions in the sGSL (Chassé & Miller 2010, Quinn et al. 2017).  

During each simulation, clusters of larvae were released every 12 h between June 

and September, when larval release and drift occur in nature (Aiken & Waddy 1986; 

Incze et al. 2010). Larvae were released in the same quantity and at the same time in all 

model cells (≈54 km2) of our model domain that fell within the lobster’s historical range 

(Pezzack 1992). Larvae were assumed to drift passively at the surface (i.e., no 

directional swimming was included in the model), and no mortality was included. Time 

spent drifting was controlled based on (i) water temperature experienced by larvae, (ii) 

temperature-dependent development equations derived from laboratory studies on this 

species (MacKenzie 1988; Quinn et al. 2013) and (iii) settlement beginning halfway 

through stage IV (Cobb et al. 1989) and occurring where bottom temperature was ≥ 
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10°C (Chiasson et al. 2015). Additional details concerning this model can be found in 

Quinn et al. (2017).  

  The circulation model tracks individual simulated larvae, enabling the 

identification of release and settlement “locations” (i.e., model grid cells) of each larva 

that was predicted to have successfully settled. For this study we only concerned 

ourselves with the larvae that were released in each of the 14 model grid cells that were 

closest to the 14 locations where adult lobsters were tagged. We created “upstream” and 

“downstream” longshore dispersal-distance frequency distributions of these larvae, as 

was done for the adults (see Figure 3.3), and calculated from these 28 (14 release 

locations x 2 directions) mean and 10th percentile greatest distances moved. It should be 

noted that passively drifting larvae obviously cannot move against currents. “Upstream” 

movement of larvae in this context refers rather to larvae that dispersed in directions 

against the predominant current directions in their region of the sGSL, during periods of 

current reversal, eddies, or other transient circulation features. 

 

Results 

Benthic Connectivity - One Year at Large 

  A total of 5,906 lobsters were recaptured after one year at large over the course 

of the tagging study in the sGSL. More lobsters were re-caught “upstream” (mean ± SD 

of 14 release locations = 262 ± 244 individuals) than “downstream” (160 ± 174) from 

their release location, and this difference was statistically significant (paired t-test, t=-
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2.24, df=13, p=0.04). The mean longshore distance moved by these lobsters (one 

direction or the other) at each of the 14 tagging locations was relatively low, varying 

between 1.1 (Stonehaven, New Brunswick [NB]) and 25.7 km (Egmont Bay, Prince 

Edward Island [PEI]) (mean ± SD = 7.6 ± 5.9 km), and it caused no movement between 

neighbouring LFAs, statistical districts or fishing ports (Table 3.2 & Table 3.3; Figure 

3.4). The 10th percentile greatest distance moved was between two and four times 

greater than the mean distance, varying between 2.4 km (Stonehaven, NB) and 59.2 km 

(Egmont Bay, PEI) (mean ± SD = 16.3 ± 14.5 km), and generally contributed to 

demographic connectivity between neighbouring statistical districts and neighbouring to 

multiple neighbouring fishing ports, and in one location between LFAs (Table 3.2 & 

Table 3.3; Figure 3.4). Furthermore, while lobsters displayed fairly even benthic 

dispersal distances in both directions at a number of the tagging locations, in other 

locations they showed dispersal distances that were approximately two to three times 

greater in one direction than in the other (Table 3.2 & Table 3.3; Figure 3.4).  
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Figure 3.4 - (On Previous Page) Visual representation of the mean (black line) and 10th percentile 

greatest (white line) longshore dispersal distance of adult lobsters released at each of the 14 tagging 

locations in the southern Gulf of St. Lawrence  (sGSL), and recaptured after one year at large. The 

six tagging locations in and near the Baie des Chaleurs are in the top panel, and the eight tagging 

locations in the remainder of the sGSL are in the bottom panel. The dispersal lines were drawn to 

generally follow the coast, keeping within the Cold Intermediate Layer (CIL) and the shore. For the 

one tagging location where different options exist for movement route (i.e., Caraquet, New 

Brunswick) given the distances measured and individual recapture locations, the three route options 

are presented.  The actual distance values can be found in Table 3.2 & Table 3.3, and site names can 

be found in Figure 3.1. Fishing ports are identified by asterisks, statistical districts by thin solid 

lines, Lobster Fishing Areass by single dotted lines, and the CIL is indicated by the thin crossed line. 

  

 

Benthic Connectivity - Two Years at Large 

  A total of 294 lobsters were recaptured after two years at large (compared to 

5,906 after a single year at large), and these were all from six of the 14 tagging locations 

(Table 3.2 & Table 3.3). A similar (paired t test, t=0.976, df=5, p=0.37) number of 

lobsters were re-caught in the upstream (mean ± SD = 26 ± 19 individual lobsters) and 

downstream (23 ± 14) directions. The mean longshore distance moved over two years by 

these lobsters (one direction or the other) at each of the six tagging locations was 

relatively low, varying between 1.0 and 15.7 km (mean ± SD = 8.1 ± 5.4 km), and it 

caused no connectivity between LFAs, statistical districts or fishing ports (Table 3.2 & 

Table 3.3; Figure 3.5 & Figure 3.6). The 10th percentile greatest distance moved after 

two years at large was between two and four times greater than the mean distance, 
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varying between 2.3 km (Stonehaven, NB) and 40.1 km (Anse Bleue, NB) (mean ± SD 

= 19.8 ± 13.9 km), and generally contributed to demographic connectivity between 

neighbouring statistical districts and neighbouring to multiple neighbouring fishing 

ports, but not among LFAs (Table 3.2 & Table 3.3; Figure 3.5). Overall, there was a 

significant increase in both mean dispersal distances (paired t-test including upstream 

and downstream distances: t=-2.87, df=11, p=0.015) and 10th percentile greatest 

dispersal distances (t=-3.24, df=11, p=0.0079) by lobster after two versus one year at 

large. This increase in dispersal distance after two years at large is important, as it 

indicates that demographic connectivity based on benthic movements increases over 

time. While both the mean and 10th percentile greatest dispersal distances moved by 

lobsters after two years at large caused no connectivity between LFAs, they increased 

demographic connectivity between statistical districts and fishing ports (Figure 3.5 & 

Figure 3.6). The lobsters from Caraquet, NB, displayed the greatest displacements after 

two years at large, with 10th percentile greatest distance moved reaching ≈70 km and 

connecting four statistical districts and 11 fishing ports (Figure 3.5). 
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Figure 3.5 - Visual representation of the 10th percentile greatest longshore dispersal distances of 

adult lobsters re-captured after one (white line) and two (black double dotted line) years at large 

after being tagged at six locations (stacked black circles) in and near the Baie des Chaleurs. The 

dispersal lines were drawn to generally follow the coast, keeping within the Cold Intermediate 

Layer (CIL) and the shore. At one of the tagging locations there were no lobsters that were re-

captured after two years at large. Note that the Caraquet, New Brunswick, tagging location has 

three possible dispersal routes, based on the 90th percentile movement distance in the easterly 

direction. The actual distance values can be found in Table 3.2 & Table 3.3, and site names can be 

found in Figure 3.1. Fishing ports are identified by asterisks, statistical districts by thin solid lines, 

Lobster Fishing Areas by single dotted lines, and the CIL is indicated by the thin crossed line. 
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Figure 3.6 - Visual representation of the 10th percentile greatest longshore dispersal distances of 

adult lobsters re-captured after one (white line) and two (black double dotted line) years at large 

after being tagged at six locations (stacked black circles) in Nova Scotia. The dispersal lines were 

drawn to generally follow the coast, keeping within the Cold Intermediate Layer (CIL) and the 

shore. The actual distance values can be found in Table 3.2 & Table 3.3, and site names can be 

found in Figure 3.1. Fishing ports are identified by asterisks, statistical districts by thin solid lines, 

Lobster Fishing Areas by single dotted lines, and the CIL is indicated by the thin crossed line. 

 



 

 

175 

 

Benthic Connectivity - Multiple Recaptures 

 In the Baie des Chaleurs, where a large proportion (24.5%) of the lobsters 

included in this study were tagged, there were 15 lobsters that were tagged, re-captured 

in the following year, returned to the water, and then re-captured again one year later. 

Out of these 15 lobsters, 10 moved very little and were recaptured within 2 km of their 

tagging location for two consecutive years. However, five of these lobsters moved 

considerably more, four moving less than 2 km in the first year but > 40 km in the 

second year, and one moving 35.9 km in the first year and an additional 33.5 km in the 

same direction in the second year.  

 

Larval Connectivity 

  Larval dispersal in the sGSL was significantly (paired t-test: t=4.07, df=13, 

p=0.001) biased in the “downstream” direction (i.e., in the same direction as the primary 

west to east circulation), with an average of 76% and 24% of simulated larvae from the 

14 study locations dispersing downstream and upstream, respectively. Furthermore, 

mean predicted dispersal distances of these larvae averaged 71 km in the downstream 

and 2 km in the upstream direction, across our 14 study locations (Table 3.2). Dispersal 

estimates based on 10th percentile greatest values were greater, averaging 139 km and 57 

km in the downstream and upstream directions, respectively, across our 14 study 

locations (Table 3.3). The percentage of larvae moving downstream versus upstream 

varied widely between study locations. For example, in Pleasant Bay, Nova Scotia (NS), 
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99.99% of simulated larvae moved downstream and only 0.001% moved in the upstream 

direction, and in Belledune, NB, only 19.91% of simulated larvae moved downstream 

relative to the general west-to-east circulation in the sGSL and 80.09% moved upstream. 

As well, larval dispersal distances varied among release locations, with a few locations 

having similar larval dispersal distances in the upstream and downstream directions, and 

others showing no larval dispersal in the upstream direction and more than 100 km mean 

longshore dispersal in the downstream direction (Table 3.2 & Table 3.3).  

 

Comparison between Benthic and Larval Dispersal Distances 

Mean Dispersal Values 

  Comparisons of mean larval and benthic dispersal distances show considerable 

variability among tagging locations, and even greater differences between dispersal 

directions (Table 3.2). After 1 year, benthic dispersal in the downstream direction ranged 

from 1.2% to 45.5% of larval dispersal distances at the 14 release locations, with a mean 

± SD of 23 ± 29%. After 2 years of benthic dispersal, these values range from 1.1% to 

58.2% (mean ± SD = 16 ± 21%) among the six study locations where some individuals 

were re-captured after two years at large, and when these benthic dispersal values were 

projected over 5 years, they represented 0.9% to 96.2% (mean ± SD = 31 ± 34%) of the 

larval dispersal distances at these six tagging locations.  

The importance of benthic dispersal relative to pelagic dispersal was markedly 

greater in the upstream than in the downstream direction. After 1 year, benthic dispersal 
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in the upstream direction ranged from 89.2% to 7,320.5% of larval dispersal distances at 

the 14 tagging locations, with a mean ± SD of 1,904 ± 2,485%. After 2 years of benthic 

dispersal, these values range from 306.5% to 15,510% (mean ± SD = 4,869 ± 5,826%) 

among the six study locations where some individuals were re-captured after two years 

at large, and when these benthic dispersal values were projected over 5 years, they 

represented 725% to 50,640% (mean ± SD = 11,096 ± 19,779%) of the larval dispersal 

distances at these six tagging locations.  

 

10th Percentile Greatest Dispersal Values 

  The relative importance of larval and benthic dispersal based upon 10th percentile 

greatest distances moved is similar to the overall trend displayed by the mean dispersal 

distances (Table 3.3). After 1 year, upper 10th percentile benthic dispersal values in the 

downstream direction ranged from 2.5% to 58.3% of larval dispersal distances at the 14 

tagging locations, with a mean ± SD of 16 ± 17%. After 2 years of benthic dispersal, 

they ranged from 2.4% to 33.4% (mean ± SD = 14 ± 11%) among the six study locations 

where some individuals were re-captured after two years at large, and when these 

benthic dispersal values were projected over 5 years, they represented 2.1% to 92.6% 

(mean ± SD = 35 ± 33%) of the larval dispersal distances at these six tagging locations.  

  As with the mean dispersal distance comparisons, the importance of benthic 

relative to pelagic dispersal based on the upper 10th percentile values was markedly 

greater in the upstream than in the downstream direction. After 1 year, the upper 10th 

percentile benthic dispersal distance in the upstream direction ranged from 4.7% to 
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1,479.3% of larval dispersal distances at the 14 tagging locations, with a mean ± SD of 

233 ± 436%. After 2 years of benthic dispersal, these values range from 8.7% to 342.2% 

(mean ± SD = 111 ± 140%) among the six study locations where some individuals were 

re-captured after two years at large, and when these benthic dispersal values were 

projected over 5 years, they represented 9.4% to 717.2% (mean ± SD = 220 ± 268%) of 

the larval dispersal distances at these six tagging locations.   

 

 

 

 

Table 3.2 - (on Next Page): Mean dispersal distances of American lobster larvae (in water column) 

and adults (on sea floor) in “upstream” and “downstream” directions from 14 locations within the 

southern Gulf of Saint Lawrence (sGSL). The larval dispersal distances and percentage of larvae 

from each site that moved “upstream” and “downstream” are based on simulations by a bio-

physical model (Quinn et al. 2017). The adult benthic distances are based on a large tagging study in 

the sGSL between 1980–1996 (Comeau et al. 1999). Benthic values for one and two years are based 

on lobsters that were re-captured after one and two years at large, whereas values for 5 years are 

projected based on the increase in mean dispersal distance between animals at large for two and one 

year. Benthic dispersal after one, two, and five years is also calculated as a percentage of yearly 

larval dispersal, to illustrate the relative importance of benthic and pelagic dispersal distances to 

demographic connectivity. (LFA = Lobster Fishing Area; NB = New Brunswick; NS = Nova Scotia; 

PEI= Prince Edward Island). 



 

 

179 

 

1 yr Dispersal 1 yr Dispersal 2 yr Dispersal Extrapolated
  (km)   (km)   (km) 5 yr

Source LFA Direction Larvae Benthic n Benthic n Benthic 1 year 2 years 5 years

Belledune, NB LFA 23 Downstream 12 19.91 5.5 185 7.0 34 11.5 45.5 58.2 96.2
Belledune, NB LFA 23 Upstream 0.1 80.09 6.2 311 7.4 38 11.1 6180.0 7420.0 11140.0

Stonehaven, NB LFA 23 Downstream 88 93.35 1.1 234 1.0 16 0.8 1.2 1.1 0.9
Stonehaven, NB LFA 23 Upstream 0.1 6.65 1.8 268 1.7 22 1.6 1750.0 1700.0 1550.0

Anse Bleue, NB LFA 23 Downstream 80 85.61 1.8 144 2.5 28 4.6 2.3 3.1 5.7
Anse Bleue, NB LFA 23 Upstream 0.1 14.39 3.8 90 15.5 19 50.6 3800.0 15510.0 50640.0

Caraquet, NB LFA 23 Downstream 87 85.23 10.1 652 12.5 59 19.9 11.6 14.4 22.8
Caraquet, NB LFA 23 Upstream 2 14.77 7.8 538 13.7 40 31.4 390.0 685.5 1572.0

Miscou, NB LFA 23 Downstream 167 99.20 4.6 70 15.7 13 49.3 2.7 9.4 29.5
Miscou, NB LFA 23 Upstream 0.1 0.80 4.5 60 3.6 12 1.0 4470.0 3590.0 950.0

Val Comeau, NB LFA 23 Downstream 97 93.18 9.5 107 9.8
Val Comeau, NB LFA 23 Upstream 3 6.82 8.1 267 271.0

Malpeque, PEI LFA 24 Downstream 79 78.31 10.4 218 13.2
Malpeque, PEI LFA 24 Upstream 11 21.69 9.8 274 89.2

Tracadie, PEI LFA 24 Downstream 101 91.74 13.8 13 13.7
Tracadie, PEI LFA 24 Upstream 0.1 8.26 7.3 14 7320.0

Egmont Bay, PEI LFA 25 Downstream 13 38.13 14.1 16 108.7
Egmont Bay, PEI LFA 25 Upstream 3 61.87 25.7 4 856.7

Beach Point, PEI LFA 26 A Downstream 20 54.64 8.2 65 41.0
Beach Point, PEI LFA 26 A Upstream 1 45.36 8.4 123 840.0

Ballantyne Cove, NS LFA 26 A Downstream 57 77.89 23.2 38 40.6
Ballantyne Cove, NS LFA 26 A Upstream 4 22.11 6.5 188 162.0

Port Hood, NS LFA 26 B Downstream 12 61.07 3.7 56 30.4
Port Hood, NS LFA 26 B Upstream 4 38.93 4.6 283 116.0

Margaree, NS LFA 26 B Downstream 99 90.90 3.0 370 10.2 8 31.7 3.0 10.3 32.0
Margaree, NS LFA 26 B Upstream 2 9.10 3.3 947 6.1 5 14.5 167.0 306.5 725.0

Pleasant Bay, NS LFA 26 B Downstream 85 99.97 3.2 67 3.8
Pleasant Bay, NS LFA 26 B Upstream 1 0.03 2.4 304 244.0

Mean of Locations Downstream 71 76 8 8 20 23 16 31
Mean of Locations Upstream 2 24 7 8 18 1904 4869 11096

Percentage of 
Virtual Larval 
Movement

Benthic Dispersal as Percentage of Yearly Larval Dispersal
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Table 3.3 - (on Next Page): 10th percentile greatest dispersal distances of American lobster larvae (in 

water column) and adults (on sea floor) in “upstream” and “downstream” directions from 14 

locations within the southern Gulf of Saint Lawrence (sGSL). The larval dispersal distances and 

percentage of larvae from each site that move “upstream” and “downstream” are based on 

simulations by a bio-physical model (Quinn et al. 2017). The adult benthic distances are based on a 

large tagging study in the sGSL from 1980 – 1996 (Comeau et al. 1999). Benthic values for one and 

two years are based on lobsters that were re-captured after one and two years at large, whereas 

values for 5 years are projected based on the increase in 10th percentile dispersal distance between 

animals at large for two and one year. Benthic dispersal after one, two, and five years is also 

calculated as a percentage of yearly larval dispersal, to illustrate the relative importance of benthic 

and pelagic dispersal distances to demographic connectivity. (LFA = Lobster Fishing Area; NB = 

New Brunswick; NS = Nova Scotia; PEI= Prince Edward Island).
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1 yr Dispersal 1 yr Dispersal 2 yr Dispersal Extrapolated
  (km)   (km)   (km) 5 yr

Source LFA Direction Larvae Benthic n Benthic n Benthic 1 year 2 years 5 years

Belledune, NB LFA 23 Downstream 63 19.91 8.6 185 21.0 34 58.4 13.6 33.4 92.6
Belledune, NB LFA 23 Upstream 5 80.09 10.9 311 17.1 38 35.9 217.2 342.2 717.2

Stonehaven, NB LFA 23 Downstream 96 93.35 2.4 234 2.3 16 2.0 2.5 2.4 2.1
Stonehaven, NB LFA 23 Upstream 2 6.65 3.9 268 4.6 22 6.5 195.0 227.5 325.0

Anse Bleue, NB LFA 23 Downstream 94 85.61 4.8 144 6.2 28 10.3 5.1 6.6 11.0
Anse Bleue, NB LFA 23 Upstream 96 14.39 7.5 90 40.1 19 138.2 7.8 41.8 143.9

Caraquet, NB LFA 23 Downstream 272 85.23 38.1 652 40.8 59 49.0 14.0 15.0 18.0
Caraquet, NB LFA 23 Upstream 91 14.77 14.0 538 29.9 40 77.7 15.4 32.9 85.4

Miscou, NB LFA 23 Downstream 246 99.20 8.9 70 33.7 13 108.1 3.6 13.7 43.9
Miscou, NB LFA 23 Upstream 64 0.80 5.4 60 5.6 12 6.0 8.5 8.7 9.4

Val Comeau, NB LFA 23 Downstream 124 93.18 18.2 107 14.7
Val Comeau, NB LFA 23 Upstream 60 6.82 13.3 267 22.1

Malpeque, PEI LFA 24 Downstream 182 78.31 19.9 218 10.9
Malpeque, PEI LFA 24 Upstream 92 21.69 17.9 274 19.4

Tracadie, PEI LFA 24 Downstream 185 91.74 31.8 13 17.2
Tracadie, PEI LFA 24 Upstream 5 8.26 16.9 14 337.2

Egmont Bay, PEI LFA 25 Downstream 65 38.13 28.5 16 43.9
Egmont Bay, PEI LFA 25 Upstream 4 61.87 59.2 4 1479.3

Beach Point, PEI LFA 26 A Downstream 64 54.64 19.9 65 31.1
Beach Point, PEI LFA 26 A Upstream 2 45.36 18.4 123 919.0

Ballantyne Cove, NS LFA 26 A Downstream 94 77.89 54.8 38 58.3
Ballantyne Cove, NS LFA 26 A Upstream 91 22.11 15.1 188 16.6

Port Hood, NS LFA 26 B Downstream 90 61.07 3.8 56 4.2
Port Hood, NS LFA 26 B Upstream 90 38.93 8.6 283 9.5

Margaree, NS LFA 26 B Downstream 185 90.90 7.2 370 23.4 8 72.3 3.9 12.7 39.1
Margaree, NS LFA 26 B Upstream 95 9.10 7.4 947 14.1 5 34.3 7.8 14.9 36.1

Pleasant Bay, NS LFA 26 B Downstream 188 99.97 6.6 67 3.5
Pleasant Bay, NS LFA 26 B Upstream 98 0.03 4.6 304 4.7

Mean of Locations Downstream 139 76 18 21 50 16 14 35
Mean of Locations Upstream 57 24 14 19 50 233 111 220

Percentage of 
Virtual Larval 
Movement

Benthic Dispersal as Percentage of Yearly Larval Dispersal
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Discussion   

 Findings of this study indicate that benthic movements are consequential to 

demographic connectivity of American lobster in the sGSL. This conclusion is supported 

by estimates of the contribution of benthic dispersal to connectivity between fishing 

areas, especially when considering benthic dispersal of adults after multiple years at 

large. It is also supported by consideration of the magnitude and directionality of benthic 

movements relative to those made by larvae in the water column.  

Contribution of benthic dispersal to connectivity between ports, districts and LFAs 

The mean benthic dispersal distances we estimated were somewhat lower than 

those previously reported for the same data and 14 tagging locations in the sGSL 

(reviewed by Comeau & Savoie 2002), because they only reflected the longshore 

component of movements rather than Euclidian distances. These mean longshore 

dispersal estimates did not connect fishing ports, statistical districts, or LFAs. However, 

the 10th percentile greatest dispersal distances did lead to benthic connectivity between 

fishing ports and statistical districts, and at one site between neighbouring LFAs (Figure 

3.4). It should also be noted that the 14 tagging sites used in this study are an arbitrary 

subset of the 100+ fishing ports in the sGSL, and if these 14 spatial landmarks had been 

located closer to LFA boundaries we would have concluded that benthic movements 

contribute more strongly to connectivity between LFAs. The latter point also serves to 

highlight more generally one important limitation to these analyses, which is that they are 
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based on arbitrary spatial units (e.g., release locations, fishing ports, statistical districts, 

LFAs) that are not reflective of lobster meta-population structure. 

  Our study is the first to explicitly investigate connectivity in American lobster on 

the basis of the greater movements displayed by a small fraction of the population, or 

more specifically the 10th percentile greatest distances moved, rather than only the mean 

distances moved by a group of individuals. Importantly, these 10th percentile values 

allowed us to more directly speak to the potential demographic connectivity (sensu 

Waples & Gaggiotti 2006) of lobsters in the sGSL, and estimates like these are becoming 

more widely recognized as useful to the management of populations, including those 

exploited by fisheries. For example, Palsbøll et al. (2006) proposed that the identification 

of management units (stocks in fisheries science) from population genetic data should be 

based on the amount of genetic divergence at which populations become 

demographically independent, rather than genetic divergence at which the null hypothesis 

of panmixia is rejected. They suggest that populations should be assigned to different 

management units if the rate of dispersal of individuals among populations is < 10% 

(sensu Waples & Gaggiotti 2006), and that if the assessment is to be based on genetic 

data, the threshold should not be rejecting panmixia but rather reaching the level of 

genetic differentiation that corresponds to a dispersal rate of 10% for the sub-populations 

being studied (Palsbøll et al. 2006).  
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Contribution of benthic versus pelagic dispersal to connectivity in the sGSL: 

magnitude 

 This study is also the first to compare the magnitude of dispersal by adults and 

larvae of American lobster from a same area, and results suggest that these are loosely 

comparable and likely both need to be considered to obtain an accurate picture of 

demographic connectivity. Furthermore, benthic movements may be particularly 

important in areas where larval modeling predicts almost no larval retention and/or 

minimal settlement (Quinn et al. 2017). This conclusion suggests the need for an 

expansion of research focus, as connectivity in American lobster has mainly been studied 

on the basis of larval dispersal, both in the sGSL (Comeau & Savoie 2002, Chassé & 

Miller 2010, Quinn et al. 2017) and elsewhere over the species’ range (Incze & Naimie 

2000, Xue et al. 2008, Incze et al. 2010, Quinn et al. 2017). There are probably several 

explanations for this research bias (see Introduction), but our findings suggest that impact 

on connectivity should probably not be one of these. For example, at Beach Point, PEI, 

Egmont Bay, PEI and Ballantyne Cove, NS, the 10th percentile greatest benthic dispersal 

in the “downstream” direction after one year was 31%, 44% and 58% of the larval 

dispersal distance at each of the sites, respectively. Furthermore, whereas the mean 10th 

percentile greatest benthic dispersal in the “downstream” and “upstream” directions (18 

km and 14 km) were only 13% and 25% of same estimates for larvae (139 km and 57 

km) after one year, these values increase to 36% and 88% (50 km and 50 km) when 

considering estimates of benthic dispersal after 5 years at large; the conclusion 

concerning the relative contribution of benthic and pelagic movements to connectivity is 
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unchanged when analyses are based on mean rather that 10th percentile greatest dispersal 

distances. These multi-year estimates are justified by the fact that both mean and 10th 

percentile greatest distances were found to increase significantly between lobsters 

collected after one and two years at large, indicating that adults were not 

consistently/strongly homing to a same location year after year, but were rather 

continuing to drift (at least to some extent) from the initial release location. Therefore, the 

magnitude of benthic connectivity becomes increasingly comparable to that of pelagic 

connectivity as we consider that adults live and move multiple years, whereas larvae 

disperse over a single season.  

One challenge to our multi-year estimates of adult dispersal is that the American 

lobster is among the most heavily exploited marine species in the world, and in many 

parts of its range between 70% and 90% of legal-size lobsters are estimated to be taken 

each year (Cobb 1995). In the sGSL, the average exploitation rate between 1999-2011 

(estimates during our study period, 1980-1996, are not available) was estimated to be 

63% (DFO 2013), ranging from 47% to 81% in different LFAs. This high fishery 

mortality rate will obviously reduce the contribution of multi-year benthic movements to 

demographic connectivity. It is important to note, however, that females have enhanced 

protection from the fishery compared to males, through a complete ban on landing of 

egg-bearing individuals for the entire sGSL, a maximum legal size in LFA 25 and 

window-size female in LFAs 23, 24 and 26A (MacMillan et al. 2009, Rondeau et al. 

2015), and may thus contribute more to demographic connectivity than males. Adult 

lobsters also experience natural mortality, which varies with habitat, predator abundance 



 

 

186 

 

and lobster size, but estimated at ≈10%-15% in Atlantic Canada (Gendron & Gagnon 

2001, Comeau & LeBreton 2012, Tremblay et al. 2013). It must be noted in this regard 

that connectivity will also be affected by larval mortality, which has been estimated at up 

to 90% between hatch and settlement (Ennis 1995). Once larvae successfully recruit to 

the bottom, post-settlement mortality will occur for 5-7 years before individuals recruit to 

the fishery, but are expected to be markedly less than mortality during the larval stage 

(Wahle et al. 2004). More work is needed to estimate how demographic connectivity is 

impacted by mortality at different stages of the lobster life cycle, potentially in relation to 

proposed thresholds of demographic independence.    

Contribution of benthic versus pelagic dispersal to connectivity in the sGSL: 

directionality 

 Another reason why benthic movements should not be ignored in demographic 

connectivity studies is that their directionality is not constrained by ocean currents like 

those of larvae. This means that even if the magnitude of benthic and pelagic movements 

were the same, their impact on connectivity and stock structure could still differ based on 

directionality. If benthic movements and larval drift move lobsters in the same direction, 

their combined effects could favour greater demographic interdependence over the area 

investigated, which would offer less resilience to overfishing (Hastings & Harrison 1994, 

Botsford et al. 2001). In contrast, benthic movements and larval drift may work together 

to enhance the resilience of specific areas to harvesting if benthic movements occur in 

opposite direction (e.g., “up-current”) to larval drift (“down current”) in the area, creating 

a cyclical “re-seeding loop” (Dadswell 1979). In this study we found some evidence of 
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re-seeding loops for lobsters in the sGSL, as (i) larval dispersal was markedly skewed 

towards the “downstream” direction, both in terms of number of larvae and the distance 

they travelled, (ii) a greater number of adult lobsters were re-captured “upstream” versus 

“downstream” from their original tagging locations after one year at large, and (iii) 

upstream dispersal distances were much greater for benthic adults than for pelagic larvae. 

Interestingly, a similar scenario has been hypothesized for lobster in two other parts of 

the species’ range. First, in the Gulf of Maine, a re-seeding loop has been proposed based 

on adults displaying directed benthic movements from inshore to offshore banks, and 

larvae released on these offshore banks drifting with currents to seed inshore areas 

(Fogarty 1998). Secondly, it has been proposed that larvae hatching in the northeast 

portion of the Scotian shelf seed southwest areas, and then adults return into northeast 

areas (Dadswell, 1979). Similar cyclical life history has also been hypothesized in other 

lobster species (i.e., Jasus edwardsii, Kelly 2001; Panulirus argus, Cruz & Bertelsen 

2008), with directed benthic movements thought to move egg-bearing lobsters to areas 

offshore or alongshore away from the protected nursery areas before eggs are released 

into the currents, with the larvae moving from oceanic to nearshore habitats before 

settlement.  

 

Influence of benthic movements on connectivity outside the sGSL   

  The sGSL is a unique environment within the range of the American lobster, and 

was an ideal region to estimate for the first time the relative influence of benthic and 



 

 

188 

 

larval movements to connectivity. As the sGSL is characterized by the presence of an 

extensive CIL (Gilbert & Pettigrew 1997) where the water is < 1.5°C year round, it is 

assumed that there would be no physiological advantage for lobster to make seasonal 

movements into deep (> 40 m) water in the sGSL. Therefore, the study of benthic 

movements in the sGSL can be largely thought of as a two-dimensional problem, with 

lobsters moving along the shore away from the tagging locations. In most other areas 

south of the sGSL (i.e., Scotian shelf and southwards) water temperatures and topography 

allow lobsters to be found at a much greater depth range (Richaud et al. 2016) and to be 

markedly less restricted to movements along the coastlines. Many tagging studies have 

been conducted in and around the Gulf of Maine over the past 120 years (e.g., Bumpus 

1901, Uzmann et al. 1977, Campbell & Mohn 1983, Campbell & Stasko 1985, Campbell 

& Stasko 1986, Campbell 1986, Campbell 1989), and these have revealed that most adult 

lobsters move relatively short distances yearly or multi-yearly (10s of km over 1-6 years 

at large). However, these studies have also consistently shown that some individuals 

undertake markedly longer-range movements (100s of kms over 1-6 years at large, with a 

maximum distance ever recorded of 798 km [undertaken by a male lobster in 3.5 years; 

Campbell & Stasko 1986]), which radiate out from the tagging locations in all directions. 

In the sGSL, the maximum individual distance moved at each tagging location after one 

year at large ranged from 16 km to 93 km, with an average of 52 km (n = 14 tagging 

locations), and this sub-100 km maximum movement continued even for individuals at 

large for 2 years after tagging. In contrast, movements over 100s of km in length after 1 

to 6 years at large are relatively common in and around the Gulf of Maine (Campbell & 
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Stasko 1985,1986) suggesting that benthic movements in that region are markedly more 

important to population connectivity than they are in the sGSL. However, since these 

benthic movements have not been directly compared against larval drift estimates for the 

same areas, their overall contribution to population connectivity are unknown.   

Conclusion 

 The findings of this study indicate that benthic movements are likely 

consequential to demographic connectivity of American lobster in the sGSL, or more 

specifically that the importance of such movements does not pale into insignificance 

relative to that of pelagic dispersal. This contrasts with the current paradigm in the 

marine literature, where connectivity is generally assumed to be mainly function of 

physical and biological processes that affect patterns of larval dispersal and retention. 

Our findings do, however, agree with a growing body of work suggesting that benthic 

movements are of importance to demographic connectivity in marine species, which has 

lead Frisk et al. (2014) to recently argue that only management and research pursuits that 

integrate the full life cycle of these species will generate a complete understanding of the 

patterns and mechanisms underlying structuring of their populations. As we continue to 

increase our understanding of population structure in the American lobster (e.g., genetics: 

Benestan et al. 2015, 2016; larval dispersal: Quinn et al. 2017; juvenile and adult 

movements; Morse & Rochette 2016 / Chapter 1, Chapter 2, this study), we are hopefully 

getting closer to being able to consider the distance(s) over which larval and benthic 

movements are consequential to demographic connectivity and management of the 

fishery. 
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GENERAL DISCUSSION 

  The three scientific studies in this thesis utilized a variety of methods and 

analyses to enhance our knowledge of movements and activity patterns of juvenile, 

adolescent, and adult American lobster (Homarus americanus) [hereafter lobsters] in 

nature, and our understanding of the implications of benthic movements to the species’ 

ecology and demography. We used ultrasonic telemetry to document the small-scale 

movements undertaken by juvenile, adolescent and adult lobsters over a timescale of 

minutes to months, and traditional mark-recapture to document larger-scale movements 

of adolescents and adults over periods of 1-2 years. The results from this thesis have 

increased our knowledge of the general behavioural and population ecology of lobsters 

in their natural environment. This has included the description of (i) ontogenetic changes 

in daily activity patterns and daily home ranges of juvenile, adolescent and adult lobsters 

in both the Bay of Fundy and southern Gulf of St. Lawrence (sGSL), (ii) seasonal 

behaviour changes of juvenile, adolescent and adult lobsters in the sGSL, (iii) multiyear 

movements of adolescent and adult lobsters in the sGSL, and (iv) the first comparison of 

the relative importance of larval dispersal and benthic movements to population 

connectivity in the sGSL.  

  This General Discussion Chapter will provide an overview of the more salient 

findings of each data chapter of the thesis, and it will propose useful next steps in 

research to further understand how the movement of American lobsters influences their 

behavioural and population ecology. This will include considering the usefulness of 



 

 

203 

 

tracking technologies, relatve to traditional mark-recapture studies, to address future 

lobster movement questions. A first suite of next steps will be focused on the small-scale 

localized movements of juvenile and adolescent lobsters (following from the results of 

Chapter 1 & 2) and a second will be focused on large-scale movements and their 

implication to the population structure of the American lobster (following from the 

results of Chapter 3).  

 American Lobster - Small Scale Movements  

Summary of Major Results by Chapter 

Chapter 1 – Movements and activity levels of juvenile American lobsters Homarus 

americanus in nature quantified using ultrasonic telemetry 

  In this study, we expanded the size range of American lobsters (Homarus 

americanus) tracked in nature. We used ultrasonic telemetry to estimate the movements 

and activity levels of juveniles measuring 20-47 mm carapace length (CL) (≈1-4 year 

old). Ten individuals were tracked for 21 days in August 2010 on a shallow nursery 

ground in southwest Bay of Fundy, Canada, using the Vemco VRAP tracking system. 

To the best of our knowledge, this study provides the first empirical data concerning the 

activity levels and home ranges of juvenile American lobster in nature. The data confirm 

that juvenile lobsters are mostly nocturnal (Lawton 1987) and that they behave as central 

place foragers, consistently displaying turning angles that dramatically reduce their 

dispersal away from the nursery area (Lawton 1987, Wahle 1992). They also reveal that 

the average amount of time individuals spent outside of shelter (2.2-32.7 % of each day, 
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or 0.5-7.8 h) and the average size of daily home ranges (≈ 27.4-111.6 m2) did not 

increase with increasing body size, as was predicted based upon the literature (Wahle 

1992, Lawton & Lavalli 1995, Selgrath et al. 2007, Émond et al. 2010, Wahle et al. 

2013). As well, our results provide the first evidence that activity levels of juvenile 

lobsters may be influenced by the periodicity of the tides, at least in shallow waters 

where tidal amplitude is high. This study advances our understanding of the behavioural 

ecology of juvenile lobsters on nursery grounds and suggests that these young 

individuals spend more time outside of shelters than might currently be concluded from 

the literature.  

 

Chapter 2 – Movements and activity levels of juvenile, adolescent, and adult American lobsters 

(Homarus americanus) in the southern Gulf of St. Lawrence quantified by two complementary 

ultrasonic telemetry systems. 

  In this study, the activity and movements of juvenile, adolescent, and adult 

American lobsters (Homarus americanus) were simultaneously quantified in situ for the 

first time, using two complementary ultrasonic telemetry tracking systems. Fourteen 

lobsters measuring 28 to 80.5 mm in carapace length were first tracked for two blocks of 

14 days starting in late summer 2011 on a shallow nursery ground in Anse-Bleue, 

southern Gulf of St. Lawrence, Canada. These 14 lobsters were simultaneously tracked 

using a Vemco VRAP ultrasonic telemetry system, which has a tracking area of ≈5000 

m2, and a much larger grid of VR2 receivers that covered ≈2.5 km2. They were then 

tracked for an additional 58 days (72 total) into fall using the larger grid of VR2 

receivers only. During this study the six different metrics we developed to document the 
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movements, activity levels and rhythms of lobsters either displayed no relationship with 

body size (n=3 metrics), or were positively associated with body size (n=3).  

Interestingly, behaviours that showed no relation to body size related to the nature or 

timing of movements (i.e., time spent outside of shelter, rhythmicity in activity, homing 

tendency), whereas those that varied with body size were all linked positively to the 

magnitude of movements displayed (i.e., daily home range, daily displacements, study-

length displacements). However, the nature of these positive relations seemed to change 

from a gradual increase with increasing body size to a more abrupt dichotomy between 

juveniles and adolescents/adults, depending on the (spatio-temporal) scale of movements 

being considered. At one extreme, the average daily home range of lobsters during the 

28-day VRAP portion of the study was better explained by a linear relationship with 

carapace length than by a juvenile vs adolescent/adult dichotomy, and at the other 

extreme total study-length displacement during the 74-day VR2 portion of the study was 

better explained by the juvenile vs adolescent/adult dichotomy than by a linear 

relationship with carapace length, while variability in the “intermediary” average daily 

displacement during the 74-day VR2 portion of the study was equally well explained by 

the juvenile vs adolescent/adult dichotomy and the linear relationship with carapace 

length. Most (7/8) adolescent and adult lobsters moved to deeper water as water 

temperature decreased in the fall, whereas all juveniles (6/6) stayed in shallow water 

near the VRAP triangle for the duration of the study. These findings have direct 

implications to population connectivity, as they suggest that between settlement and the 

adolescent life stage (≈3-5 years after settlement) lobsters do not contribute to 
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population connectivity, because they remain on nursery grounds. Results of this study 

therefore corroborate those in Chapter 1, in a different geographic region (southern Gulf 

of St. Lawrence vs Bay of Fundy), and over a larger observational time period (74 days 

versus 21 days). 

Future Research Focus – Movement and Habitat Use of Juvenile Lobster 

  Juvenile stages of many marine invertebrates use shallow near-shore habitats, 

such as estuaries, sea grass beds and marshes, as nursery areas in order to decrease the 

risk of predation (Beck et al. 2001, Adams et al. 2006). Both postlarvae and young 

juvenile American lobsters show strong preference for cobble substrate over more 

homogeneous substrates such as mud, bedrock or sand, both in the laboratory (Botero & 

Atema 1982, Wahle & Steneck 1992) and in the field (Cobb et al. 1983, Wahle & 

Steneck 1991). Field tethering experiments have shown that juvenile lobsters are more 

susceptible to fish predation when tethered in the open than in the presence of shelter 

(Wahle & Steneck 1992, Selgrath et al. 2007), and that smaller juveniles are more 

susceptible to predation than larger juveniles (Wahle et al. 2013). Few studies have 

reported utilization of featureless mud bottom by juvenile lobsters in the wild, and those 

that have investigated this possibility report relatively small numbers compared to those 

found on complex cobble nursery areas (Mackay 1929, Cooper & Uzmann 1977, Wahle 

& Steneck 1991, Wahle et al. 2013). However, there exists no empirical data on 

mortality rates of free-roaming juvenile American lobsters in nature, and it is likely that 

predation pressure on these small lobsters is not currently as high as it may have been in 

the past, given the reduced abundance of predatory groundfish (e.g., Boudreau & Worm 
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2010, Wahle et al. 2013). While cobble is the preferred substrate for postlarval and 

juvenile lobsters, the relative scarcity of this substrate over the species’ range (Ennis 

1983, Hudon et al. 1986, Hudon 1987) may result in some lobsters being displaced to 

less optimal habitats, such as sand or mud bottom, due to competition and overcrowding 

(Steneck 2006, Wahle et al. 2013, Tang et al. 2015). This may be particularly true in 

recent years, as landings data suggest that lobster populations have markedly increased 

over the past 30-40 years over much of the species’ range (DFO 2012, NOAA 2012).  

  While Chapter 1 of this Thesis (Morse & Rochette 2016) showed that juveniles 

on a nursery area consistently displayed turning angles that dramatically reduced their 

dispersal from the optimal cobble substrate, it is unknown what the movements of 

juveniles would look like if they were forced into a featureless mud or sand substrate 

due to competition or overcrowding. It is unknown if the juveniles would begin to make 

longer random movements to attempt to move to a new cobble patch, would move back 

into the same cobble patch, would remain at the fringe of the mud substrate and make 

daily foraging excursions into the cobble, or would take up residence in the mud. It is 

also unknown how the movements of a juvenile lobster forced from a cobble substrate 

onto mud would compare to those of a juvenile that settled as a postlarva on mud, and 

remained on mud thereafter. Given that featureless mud habitat is the dominant substrate 

type in many areas over the species’ range, such as in the Bay of Fundy (Fader et al. 

1977, Shaw et al. 2012), mud bottom may serve as a suitable habitat for juvenile lobsters 

(Tang et al. 2015). It will be important to understand how the behavioural ecology of 

juvenile, adolescent and adults on such substrates differs from what we know of their 
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behaviours within cobble nursery areas. These research questions could be addressed 

using a fixed ultrasonic telemetry system, such as the Vemco VRAP system used in 

Chapter 1 and 2 of this thesis, deployed to cover a mixed bottom of mud with 

interspersed cobble patches. The system could then be used to simultaneously record the 

fine scale activity levels and movements between and within different substrate patches 

by juvenile lobsters captured on different habitat types (i.e., mud vs sand vs cobble). 

This research would help understand the importance of different types of habitat to 

benthic recruitment, which is a key factor in evaluating the carrying capacity of the 

system. This question is particularly important in current context of high population 

levels, which presumably is leading to increased overcrowding of productive cobble 

nursery habitat. Furthermore, if certain areas of the bottom are to be protected in the 

future (e.g., via marine protected areas), it will be important to know the productivity of 

all types of benthic habitat across the species’ range, including their capacity to support 

benthic recruitment of American lobster.  

  Fixed acoustic tracking systems represent the best option at present for studying 

fine scale movements and activity levels of animals, but they also have a number of 

drawbacks. First, the costs relating to the purchase and maintence of the acoustic 

receivers and tags, as well as that of fieldwork needed to set up the system and tag the 

animals, are steep. Nevertheless, costs arguably do not represent the most significant 

limitation of fixed telemetry systems to study fine-scale movements in aquatic animals. 

Instead, the greatest constraints of this approach are the limited temporal-spatial scales 

that can be studied, the limited number of tags that can be tracked simultaneously, and 
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the resulting challenges to the generality of results obtained. All studies of fine scale 

movements and behaviours of American lobsters conducted using fixed acoustic 

tracking systems (Tremblay et al. 2003, Golet et al. 2006, Scopel et al. 2009, McMahan 

et al. 2013, Chapter 1, Chapter 2) have covered relatively small areas (2500 m2 to 2.5 

km2) and short time periods (hours to months), and then the results obtained have been 

cautiously expanded to broader spatio-temporal scales to make them more useful. The 

spatial constraint of acoustic tracking systems is related to the distance over which 

acoustic signals propagate in water, which is further reduced by local environmental 

noise such as waves, currents and boats (Roy et al. 2014). However, as ultrasonic 

telemetry technology continues to improve, the number of animal tags that can be 

tracked simultaneously, and the battery life within each of these tags, is steadily 

increasing. This is beneficial as it allows a researcher to include more animal tags in the 

study design and design longer studies, therefore better capturing variability in 

individual behavior, whether related to ontogeny or not. Of particular interest to 

American lobster small scale research, is that by increasing the number of animals 

simultaneously tracked in an area we could potentially gain insight into interactions 

between individuals, including shelter competition and interactions between different-

sized lobsters. As limitations related to cost and scale of investigation are reduced 

through further technological advances, we expect that fixed telemetry systems will 

become increasingly valuable tools for studying movement and activity in aquatic 

systems.  
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American Lobster – Large Scale Movements 

Summary of Major Results by Chapter 

 

Chapter 3 - Stock structure and connectivity of the American lobster Homarus americanus in 

the southern Gulf of St. Lawrence: do benthic movements matter? 

 While information on the benthic movements of adult American lobsters 

(Homarus americanus) has been collected since 1898 (Bumpus 1901), the contribution 

of these movements to connectivity has yet to be assessed in any comprehensive fashion. 

Benthic connectivity was assessed in this study within the southern Gulf of St. Lawrence 

(sGSL) in eastern Canada, based upon data drawn from a large-scale mark-recapture 

dataset spanning 14 sites and 16 years (Comeau et al. 1999). Lobsters were captured, 

using commercial traps, tagged and released at each of these 14 locations between 1980 

and 1996 by Department of Fisheries and Oceans’ scientists. All recaptured lobsters 

were collected within the commercial fishery in subsequent years. Benthic connectivity 

was assessed by quantifying the 10th percentile greatest distance of dispersal curves from 

the 14 locations based on movement of tagged lobsters recaptured after one and two 

years at large. The variability in 10th percentile greatest dispersal distances between 

tagging locations was large; the smallest dispersal distance after one year at large was 

2.44 km, and the largest was 59.17 km. Overall, there was an increase in the 10th 

percentile greatest dispersal distances after two versus one year at large, which indicates 

that demographic connectivity based on benthic movements increases over time, at least 

for the first two years. The results of this study indicate, for the first time, that 
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connectivity at the scale of multiple fishing ports, statistical districts and lobster fishing 

areas occurs for the American lobster in the sGSL due to the benthic movements of 

adolescents and adults. This is important, as it is currently thought that the benthic 

movement of adolescent and adult lobsters in the sGSL does not lead to demographic 

connectivity (reviewed by Comeau & Savoie 2002), based on the average movement 

distances of lobsters rather than the 10th percentile greatest distances. Basing conclusions 

concerning demographic connectivity solely on the average movements of a group of 

individuals is inadequate, as it ignores the contributions of a smaller number of longer 

distances dispersers. These previous analyses also failed to consider how distances 

moved by lobsters could accrue over multiple years at large. When these benthic 

movement distances were compared to dispersal distances of lobster larvae estimated 

with a recent biophysical model of lobster larval dispersal (Quinn et al. 2017), based on 

larvae simulated to hatch at the same 14 locations where the tagging study was 

conducted with the adults, it was found that the average yearly 10th percentile greatest 

dispersal distances of larvae were 139 km and 57 km in the dominant downstream and 

upstream directions, respectively, and the same values for adult benthic movements were 

18 km and 14 km only. However, using the six locations where a number of adults were 

recaptured in two consecutive years, we estimate that benthic movement values for 

lobsters after five years at large are 50 km and 50 km, representing 36% (downstream) 

and 88% (upstream) of annual dispersal values predicted for larvae from the same six 

locations. Given that (i) our estimates of pelagic and benthic movements are 

comparable, (ii) the dispersal of larvae is likely constrained by behaviours not accounted 
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for by our model, (iii) benthic movements are not constrained by currents the way 

pelagic dispersal is, (iv) lobsters are known to move relatively little in our study area 

compared to other parts of the species’ range, we conclude that more attention should be 

given to benthic movements in estimating connectivity and stock structure in American 

lobster. 

Future Research Focus – Focused Studies on Benthic Movements using 

Biotelemetry 

  Movements of benthic-phase American lobster have been documented over the 

past 120 years using mark-recapture tagging in collaboration with harvesters. Through 

this research, regional-scale differences in movement potential, seasonal movement 

patterns, daily to monthly (within season) movement rates, and considerable long-

distance movements by adult lobsters across the species’ range have been quantified. 

Together, this movement data has suggested how these movements could contribute to 

population structure and connectivity among regions. However, one important limitation 

to traditional mark-recapture data is the fact that only a proportion of tagged animals are 

generally recaptured, and these re-captured animals likely do not represent a random 

sample of those that were tagged. Most importantly, it is very likely that fishermen non-

reporting of recaptures increased with distance away from the tagging site due to a lack 

of knowledge regarding the purpose of the study and how to participate, therefore 

biasing the study’s results towards lobsters that moved less. The consequence of this 

limitation is that the recapture data likely generally underestimate movements of the 

population. For example, based on 6 large tagging studies (Fogarty et al. 1980, Campbell 
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1986, 1989, Campbell & Stasko 1985, 1986, Comeau & Savoie 2002) the average 

recapture rate was 24%, ranging from 9% (Campbell & Stasko 1985) up to 49% 

(Campbell 1986), and it is unknown where the other tagged lobsters moved to during the 

studies. A second drawback to mark-recapture studies is the inability to elucidate the 

drivers of individual movements, as most often there is only one tagging and one 

recapture point that are weeks to years apart. One solution to both of these drawbacks of 

traditional mark-recapture studies is that the movement of individual lobsters, as well as 

the environmental stimuli that they are experiencing, could be quantified in detail 

through the use of specialized tracking technology, such as ultrasonic telemetry and pop-

up satellite archival tags. The usefulness of such technologies in context of American 

lobster seasonal migrations is described below.  

 

Seasonal Migrations 

 Adult lobsters in different parts of the species’ range have been documented to 

undergo seasonal movements or long range migrations to meet the physiological 

requirements of molting, mating, egg extrusion, and embryonic development (e.g., 

Cooper & Uzmann 1971, 1980; Campbell & Duggan 1980; Forgarty et al. 1980; Ennis 

1984; Campbell 1986, 1990, 1992; Pezzack et al. 1992; Lawton & Lavalli 1995; 

Comeau & Savoie 2002; Wahle et al. 2004; Cowan et al. 2007). It has, for example, 

been hypothesised that ovigerous (egg bearing) lobsters undertake seasonal 

inshore/offshore migrations to maximise the degree-days experienced by their embryos 

(Campbell & Stasko 1985, 1986; Campbell 1989, Cowan et al. 2007). Recently, one 
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study has measured both the migration (horizontal distance) and temperatures 

experienced by naturally brooding lobster (Cowan et al. 2007) using a combination of 

mark-recapture, temperature loggers and manual tracking of ultrasonic telemetry 

acoustic tags. In this study, larger ovigerous lobsters migrated further than smaller ones, 

and they inhabited warmer water areas during the winter but colder water areas during 

the spring, in comparison to smaller ovigerous females. This study showcased the 

usefulness of technology as prior to this the precise thermal histories of free roaming 

lobsters could not be obtained, greatly increasing our knowledge of why seasonal 

migrations of lobsters occur. However, in this study depth was not recorded during 

lobster migrations, and the temperatures experienced by migrating ovigerous lobsters 

could thus not be compared to spatial differences in temperatures in the animal’s 

environment, such that it is not possible to determine whether migrations lead to a more 

beneficial thermal regime than not migrating. In their review, Haakonsen & Anoruo 

(1994) conclude that the meaningful parameters for understanding lobster movement are 

temperature and vertical displacement (depth) rather than horizontal displacement.  

  Pop-up satellite archival tags (PSATs) allow a user to record the physical 

parameters that an animal experiences at pre-set intervals (e.g., depth and temperature 

measurements taken every 15 min), and after a pre-set length of time the tag separates 

from the animal, floats to the surface, and then transmits the tag position and its archived 

data back to the user via satellite. Although at this time this technology is probably 

prohibitively expensive ($500 - $4000+ per tag) to address many wide-reaching 

population connectivity research objectives, it would be ideal for focused objectives, 
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such as determining daily temperature and depth profiles experienced by ovigerous 

lobsters during seasonal migrations. The advantages of PSATS are: (1) animals do not 

need to be recovered, (2) 100% of the data is expected to be retrieved, and (3) if the 

animals migrate in a direction you did not anticipate, the data from its journey will still 

be recovered. The ultimate consequence of these advantages is that the data set will not 

be biased due to a non-uniform or non-random recovery scheme based on fishery 

recaptures.  

  After the PSAT data is gathered from the lobsters it could be compared to bottom 

water temperatures in different areas (i.e., tagging location, likely overwintering 

location, etc), which could be drawn from an existing model of the area, or from 

temperature loggers placed before the start of the project. From this it could be 

determined whether seasonal migrations with large vertical (depth) displacements 

increase the amount of time a lobster spent in the warmest water available, increasing 

degree days for embryonic development, compared to a say non-migrating behaviour or 

a migration that is based on horizontal rather than vertical distances. This type of study 

would not be possible without this new tracking technology, and we expect that PSATs 

will open up many new research opportunities in the future.   
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Closing Remarks 

  The results of this thesis expand our knowledge of the small-scale behaviours of 

juvenile, adolescent, and adult American lobsters in their natural habitat, and it makes the 

case that benthic connectivity likely plays a larger role in American lobster population 

connectivity than is currently assumed. Interestingly, these two general contributions 

were based on completely different study designs, tracking technologies, and required 

vastly different levels of scientific staff and time commitments. Ultrasonic technology 

played an essential role in elucidating fine-scale behaviours of lobsters in Chapters 1 & 2, 

and these studies required a small number of people and a short time period to execute 

successfully. In contrast, Chapter 3 is based upon a mark-recapture dataset that took 16 

years to compile, including requiring many government personnel during project 

planning and co-ordination, lobster tagging, and data compilation afterwards, as well as 

the participation of many lobster harvesters across the sGSL. The three papers resulting 

from this thesis all contribute to fundamental knowledge concerning lobster biology and 

movement ecology, and the third is also relevant to management of the fishery. 

  This thesis would not have been possible without extensive collaboration with 

other research labs at the Department of Fisheries and Oceans and other universities, to 

conduct fieldwork, access ultrasonic telemetry hardware, learn data analysis techniques, 

and access unpublished datasets.  As well it would not have been possible without 

constant support from my PhD supervisor Dr. Rémy Rochette, the Lobster Node and the 

NSERC Canadian Fisheries Research Network group, other students in the Rochette lab 
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and other research labs at the University of New Brunswick, and of course my ever 

supportive (and highly patient) family.   
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