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Abstract 

I used a new larval drift model to investigate potential spatial connectivity of American 

lobsters at a large scale incorporating most of the species' range. Because temperature

dependent development of lobster larvae might vary across the species' range, I 

compared a lab study using cold-water larvae with results of previous studies using 

warm-water larvae, and tested the sensitivity of model predictions to differences in larval 

development. The relationship between temperature and larval development time differed 

between warm- and cold-origin larvae, possibly due to adaptation to local thermal 

regimes. Different larval development scenarios affected the amount of connectivity 

predicted by the model among areas. The model predicted much potential connectivity 

among lobster fisheries areas, and predicted retention of larvae in certain areas, and 

reliance on external larval supply in others. This is important to management, as the 

amount and direction of connectivity among lobster fisheries can be used to manage them 

sustainab I y. 
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General Introduction 
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1.1 Overview 

Understanding the effects of the physical environment on living organisms is a 

fundamental component of the sciences of biology and ecology (Ricklefs 2008). Physical 

conditions such as temperature affect biota at all levels, ranging from effects at the 

fundamental biochemical and physiological levels (Belehradek 1935; Coutant and 

Talmage 1976), to effects on individual organisms (MacKenzie 1988; Briere et al. 1999), 

populations (McLaren et al. 1969; Aiken and Waddy 1986; Cooper et al. 2012), 

communities (Menge 1978; McQuaid and Branch 1985), and even ecosystems (Walther 

et al. 2002). In marine systems, physical conditions such as ocean currents and circulation 

patterns play important roles in determining the dynamics and structure of populations 

(Cowen and Sponaugle 2009). Many marine species support major human fisheries, yet 

due to life history characteristics of some of these species our understanding of how 

physical processes like currents and temperature interact with and influence spatial and 

temporal patterns of fisheries recruitment is limited (Cowen et al. 2000; Ennis 1995). 

Knowledge of such interactions is needed to determine the effectiveness of current 

fisheries management practices, as well as to be able to predict changes to the fishery, 

due to factors such as climate change (Galbraith et al. 2012), and to ensure sustainable 

management in the future. 

In this thesis, I examine how characteristics of the physical environment, 

specifically temperature and currents, affect larval development processes, larval drift, 

and large-scale population connectivity of American lobster. In this general introduction, 

I first describe temperature and its effects on living organisms, with particular emphasis 

on its effects on larval development rates. I then discuss how development rates influence 
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drift of larvae with ocean currents, and how this drift might result in connectivity among 

populations of marine organisms. Next, I describe the potential for the functional 

relationship between temperature and larval development rates to vary geographically as 

a result of adaptation to local temperatures. I then describe my study species, the 

American lobster, and outline the importance of temperature-dependent larval 

development, larval drift, potential thermal adaptation, and population connectivity to the 

lobster fishery in eastern North America. Finally, I present my thesis objectives and an 

overview of the organization of my thesis. 

1.2 Effect of temperature on larval development 

Temperature is a physical property of matter that describes the kinetic energy of its 

constituent atoms or molecules (Garrison 2004). Through its effects on the physical and 

chemical properties of biologically active molecules, such as enzymes, temperature 

affects the rate at which numerous life processes occur, including metabolism, oxygen 

consumption, photosynthesis, movement, survival, and growth (Belehradek 1935; 

Coutant and Talmage 1976; Briere et al. 1999), as well as embryonic development 

(McLaren et al. 1969; Corkett 1972; Herzig 1983; Du et al. 2007; Geffen and Nash 2012). 

Temperature also significantly affects larval development rate of poikilotherm animals, 

including rates of metamorphosis of some vertebrate larvae (Lind and Johansson 2007; 

Miller et al. 2006) and moulting rates of larval invertebrates (McLaren 1963; Corkett and 

McLaren 1970; Anger 1984; MacKenzie 1988; Easterbrook et al. 2003; Hamasaki et al. 

2009; Koda and Nakamura 2010; Marchioro and Foerster 2011). Within certain tolerance 

limits (Belehradek 1935; Campbell et al. 1994; Briere et al. 1999; Shi and Ge 2010) rates 
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of biological processes of poikilotherms, including larval development, are positively 

correlated with temperature; thus, higher temperatures generally result in more rapid 

development than lower temperatures. This has important ecological implications, as 

environmental temperatures can influence generation times, production cycles, and 

population dynamics of such organisms. Higher or lower temperatures could, for example, 

lead to changes in the amount and/or timing of peak secondary marine production of 

copepods (McLaren 1963; Huntley and Lopez 1992), outbreaks of agricultural pests 

(Easterbrook et al. 2003) or vector-borne diseases (Bayoh and Lindsay 2003), or 

introduction and establishment of invasive species into new areas ( de Rivera et al. 2007). 

Water temperatures could also influence patterns of recruitment to populations of 

marine invertebrates, including crustaceans, on which human fisheries depend 

(Rothlisberg 1979; Caddy 1986; Anger 1984; Aiken and Waddy 1986; MacKenzie 1988; 

Ennis 1995). Many of these fished species have a planktonic or nektonic larval phase that 

drifts and/or swims for some time before being recruited to fished adult populations 

(Factor 1995; Yakubu and Fogarty 2006). The duration of this larval phase is largely 

determined by the effects of temperature on larval development rates, and thus different 

water temperatures could result in different distances drifted by larvae (Kamps 1978; 

Thessalou-Legaki 1990; Incze and Naimie 2000; Annis et al. 2007; Roberts et al. 2012), 

lower or higher larval survival (Thessalou-Legaki 1990; Choy 1991; MacKenzie 1988; 

Roberts et al. 2012), and different spatial patterns of recruitment (Rothlisberg 1979; 

Roberts et al. 2012), including patterns of settlement for species in which adults live on 

the benthos, such as most decapod crustaceans (Caddy 1986; Incze et al. 1997; Wahle 

and Incze 1997). The effect of temperature on larval development rates might also 



influence the extent to which populations and fisheries are interconnected by drift of 

larvae. For example, warmer environmental temperatures resulting in more rapid 

development might result in shorter drift distances and higher local retention of larval 

production, meaning that populations and fisheries might remain relatively closed and 

separate (Cowen et al. 2000). Alternatively, lower temperatures resulting in longer 

development and further drift could result in less retention and more long distance 

connectivity, with populations mixing, possibly depending on one another for their 

supply of larvae ( e.g., Miller 1997), and perhaps representing sub-components within a 

larger population structure (Cowen and Sponaugle 2009). 

1.3 Larval drift and potential connectivity of marine organisms 

The life cycles of many marine species, including crustaceans (Hedgecock 1986; Factor 

1995), involve a pelagic-benthic coupling, in which adults inhabit the seafloor, while 

larvae inhabit the water column (Cowen et al. 2000). Depending on local oceanographic 

conditions, then, pelagic larvae of such species might potentially drift or swim over 

considerable distances after being released from their benthic population of origin, settle 

to the benthos in different and distant geographic locations, and then contribute to a 

different benthic population than that from which they were produced. This may result in 

connectivity among benthic populations of such marine organisms via larval drift and 

exchange (Hedgecock 1986; Cowen and Sponaugle 2009). A group of such populations 

that is interconnected by larval exchange is sometimes referred to as a metapopulation 

(Cowen et al. 2000; Yakubu and Fogarty 2006; Cowen and Sponaugle 2009). 

Theoretically, a metapopulation contains several sub-populations that may be spatially 

5 



separate, but because of larval exchange between them they are actually interconnected, 

mixed, and in some cases interdependent for their supply of new recruits (Y akubu and 

Fogarty 2006). Potential connectivity and metapopulation dynamics of marine 

populations has been the subject of much research (for example, see Fogarty 1998; 
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Cowen et al. 2007; Bradbury and Snelgrove 2001; Chittam et al. 2013), as it has 

important implications to genetic structure (Banks et al. 2007) and recruitment dynamics 

(Hoffman et al. 2012), as well as to the effectiveness of fisheries management practices 

(Ennis 1995). For example, in metapopulation theory certain sub-populations are more 

likely to persist, and others more likely to become locally "extinct" or extirpated as a 

result of biotic and abiotic stressors (Cowen and Sponaugle 2009); further, certain sub

populations could be more or less likely to be recolonized through dispersal after 

becoming locally extinct (Smedbol et al. 2002). Characteristics of the local physical 

environment that affect patterns of larval drift and dispersal will influence the extent to 

which each sub-population depends on others for its supply of larvae and new recruits (i.e. 

- its degree of self-seeding versus export of larvae), and thus influence its likelihood of 

persisting versus going extinct (Cowen et al. 2000; Cowen and Sponaugle 2009). 

Mortality due to human fisheries represents a substantial stressor to a fished sub

population through the loss of potential sources of new recruits ( e.g., Currie and 

Schneider 2011 ), as well as to any other sub-population that depends upon it for much of 

its own recruitment. Therefore, for fisheries depending upon organisms with these sorts 

of population dynamics to be sustainable (i.e. - allow a sufficient proportion of adults to 

survive fishing long enough to be able to reproduce and maintain the species' stock in a 
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given area), fisheries management practices will need to take these large-scale population 

connectivity patterns and their effects on recruitment dynamics into account. 

1.4 Local adaptation to thermal regimes 

Species that are distributed over a large geographic range may be exposed to 

considerably different thermal regimes in different parts of their range, which may result 

in adaptation to otherwise stressful or suboptimal local temperatures. For example, 

populations of invertebrates from different latitudes have been found to have different 

physiological tolerances to extreme temperatures (Cooper et al. 2012) and different 

thermoregulatory abilities (Munguia et al. 2013) corresponding with different thermal 

regimes in their region of origin. The functional relationship between temperature and 

development rates of both eggs (McLaren et al. 1969; Edgar and Andrew 1990; Peterait 

et al. 2008) and larvae (Sastry and Vargo 1977; Sarver et al. 1979; Anger et al. 2003; 

Carlotti et al. 2007; Balashov and Kipyatkov 2008; Walther et al. 20 I 0) of arthropods has 

also been found to vary geographically, presumably as a result of adaptation to local 

thermal regimes. Importantly, for most marine species with pelagic larvae it should be 

advantageous for larval development to occur as quickly as possible to increase retention 

and recruitment to local populations, reduce the length of time larvae are exposed to 

predation (Anderson 1988; Robert et al. 2007), and reduce the chance of larvae being 

advected into waters too deep or cold for settlement (lncze and Naimie 2000). Therefore, 

in regions where water temperatures during larval development remain relatively low or 

high (and presumably nearer to the physiological tolerance limits of the species sensu 

Briere et al. (1999)), thermal adaptation may have occurred to allow larvae to develop 



more rapidly at these temperatures than larvae from less stressful thermal environments. 

This process might involve either a broadening of the thermal tolerance range (Jost et al. 

2012), or perhaps a shift of the optimal tolerance range towards lower or higher 

temperatures. An example of the latter was reported by Walther et al. (2010), who 

observed more rapid development at lower temperatures by later-stage spider crab (Hyas 

araneus) larvae from colder-water latitudes than by larvae from warmer-water latitudes, 

but slower development at higher temperatures by the cold-origin larvae relative to those 

from warmer sources. Such geographic differences in temperature-dependent larval 

development have the potential to impact drift of larvae and subsequent connectivity 

between marine populations. 

1.5 The American lobster fishery 

8 

The American lobster Homarus americanus (H. Milne Edwards 1837) is a decapod 

crustacean with a life-cycle that involves pelagic-benthic coupling, in which adults are 

benthic, the first three larval stages (I-III) are planktonic, and the fourth larval stage (IV, 

or postlarva) swims before eventually settling to the benthos (Factor 1995). Development 

rate of lobster larvae is temperature-dependent, with higher water temperatures resulting 

in faster development (Hadley 1906; Templeman 1936; Hughes and Matthiessen 1962; 

MacKenzie 1988; Hudon and Fradette 1988; Annis et al. 2007), and thus potentially 

shorter larval drift. The lobster supports the most important fishery in terms of landed 

value in both Atlantic Canada (DFO 2010) and all of eastern North America (Wahle et al. 

2004). The fishery is divided into several independently-managed divisions, each of 

which has its own regulations intended to conserve its local stock of lobsters to sustain 
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future fishing. However, because of the characteristics of the lobster's life cycle, there is 

potential for lobster populations separated by considerable geographic distances, i.e., ca. 

20 to 400 km or more (lncze and Naimie 2000; Xue et al. 2008), to be interconnected via 

larval drift and exchange. As a result, different lobster fisheries management areas may 

actually represent interconnected components of a larger stock, or possibly even of a 

metapopulation (Yakubu and Fogarty 2006; Cowen and Sponaugle 2009), which could 

pose considerable challenges to the effectiveness of current fisheries management 

practices. 

Oceanographic data and computer models of larval development and drift have 

been used in several studies (Harding and Trites 1988; Katz et al. 1994; Incze and Naimie 

2000; Harding et al. 2005; Miller and Hannah 2006; Xue et al. 2008; Chasse and Miller 

201 O; Incze et al. 2010) to estimate the extent of drift of lobster larvae and potential 

connectivity between different lobster populations and fisheries. Such studies have thus 

far been carried out within a single basin, such as the Gulf of Maine ( e.g., Incze et al. 

2010) or southern Gulf of St. Lawrence (Chasse and Miller 2010). However, the lobster's 

range actually encompasses a much larger geographic area, from Cape Hatteras, North 

Carolina (35.25°N latitude) to Labrador (51.73°N) (Lawton and Lavalli 1995), and drift 

and settlement of larvae within single basins in eastern North America is likely 

influenced by remote, larger-scale processes (Koutitonsky and Bugden 1991) and 

external import and export of larvae. Therefore, such investigations of lobster population 

structure need to be carried out at a larger scale than in those previous studies if 

biological units, stocks, and/or metapopulations are to be defined. Previous models also 

included development functions describing the relationship between temperature and 
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development rate of lobster larvae to control drift times of larvae. These were based on 

either a single lab study by MacKenzie (1988) in which larvae from relatively warm

water source regions in the Gulf of Maine and southern Gulf of St. Lawrence (Ouellet et 

al. 2003; Galbraith et al. 2012) were raised, or field-based estimates from the Gulf of 

Maine by Annis et al. (2007) of approximately 60% faster development than MacKenzie 

(1988) reported. However, the effect of using these different development functions to 

predict potential connectivity using models has not previously been investigated. Further, 

no previous study has investigated the effect of temperature on development rate of 

lobster larvae from cold-water, northern regions, such as the northern Gulf of St. 

Lawrence of Newfoundland (Ouellet et al. 2003), which might differ from that previously 

reported for warm-source larvae by MacKenzie (1988) and others due to adaptation to 

colder thermal regimes during larval development (Anger et al. 2003; Walther et al. 

2010). Such differences in larval development due to geographic origin could impact 

larval drift, and thus connectivity among lobster fisheries, so this aspect of lobster larval 

biology and how it is incorporated into drift models needs to be examined in more detail. 

In addition to influencing larval development time, water temperature may also 

affect larval survival. First, it may do so indirectly by shortening or lengthening the time 

spent in the larval phase, and thus vulnerability to predation (Roberts et al. 2012). Second, 

water temperature may also directly impact mortality via its effects on the performance of 

enzymes (sensu Briere et al. 1999). Prior studies of lobster observed low survival in 

warm-origin larvae exposed to waters cooler than l 2°C (Templeman 1936; MacKenzie 

1988), and a few studies anecdotally reported irregular heartbeats and other likely 

deleterious physiological effects in larvae exposed to both extremely low (- l-5°C) and 
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extremely high (30-35°C) water temperatures (Huntsman 1924; Sastry and Vargo 1977). 

Therefore, it seems likely that mortality of lobster larvae in nature could be influenced by 

the water temperatures they experience. If so, then this would affect potential larval drift 

and connectivity between areas; for example, perhaps connectivity among lobsters in 

particularly cold regions would actually be quite low, due to the generally lower survival 

of larvae drifting in such a cold-water region. However, larval mortality rates in general 

are poorly understood at present, and most estimates currently available are very crude, 

derived from time-series of plankton tows (Scarrat 1964; Chasse and Miller 2010; Incze 

et al. 2010). No study has yet provided a thorough examination of the possible 

relationship between temperature and larval survival, so at present it is difficult to include 

this parameter in larval drift models. Accordingly, in my thesis I have focused on the 

relationship between water temperature and larval development rate. 

1.6 Objectives and thesis overview 

My overall objectives were to determine whether geographic differences due to local 

thermal adaptation exist in the effect of temperature on development rate of lobster larvae, 

and if so to what extent these differences affect potential large-scale spatial connectivity 

of American lobster by larval drift. 

In chapter two I conducted a lab study in which I reared larvae from cold-water 

origin lobster in water at different constant temperatures, and observed the duration of 

individual larval stages. I then examined the functional relationship between water 

temperature and development time of these cold-origin larvae, and compared my results 

to those of published studies, particularly MacKenzie ( 1988), that reared larvae from 



warm-water origin lobster at different temperatures. I predicted that if larvae from cold

water lobsters were adapted for development in colder waters, they should complete 

development more quickly relative to larvae from warm-water lobster at lower 

temperatures, and they might develop slower than larvae from warm-water lobsters at 

higher temperatures. 

12 

In chapter three I used a new bio-physical model of lobster larval drift coupled to 

a physical oceanographic model of most of the Atlantic Shelf of eastern North America to 

estimate potential connectivity between lobster populations or fisheries in different 

management and geographic areas. This model covered a larger geographic domain than 

that examined in previous modelling studies of lobster (Xue et al. 2008; Chasse and 

Miller 201 O; lncze et al. 2010), which could reveal large-scale connectivity patterns not 

previously observable. I first performed a series of sensitivity analyses with this model, to 

examine the effect of including different functions to control larval development time 

based on water temperature in the model on its predictions of larval drift and potential 

connectivity patterns. I tested development functions based on (1) development ofwarm

water larvae reported by MacKenzie (1988), (2) faster development in the field reported 

by Annis et al. (2007), and (3) development of cold-water larvae from Chapter 2. I 

predicted that in all regions field estimates of rapid development should result in less drift 

and distant connectivity and more local retention of larvae than the other functions. 

Further, development functions that assumed adaptation to warm-water conditions should 

result in higher retention, less drift, and less long-distance connectivity in warmer-water 

regions than those assuming adaptation to cold-water environments. Finally, I examined 

overall patterns of larval drift and large-scale connectivity predicted by the model 
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including geographic differences in larval development and preliminary biological inputs, 

compared these to results of previous modelling studies, and considered the implications 

of model predictions to the lobster fishery. 

This work adds to knowledge of (1) the effect of temperature on lobster larval 

development, and (2) potential large-scale dynamics and structure of lobster stocks in 

eastern North America. The model will support future investigations into lobster 

dynamics, stock structure, and the definition of lobster biological units. 

Chapters two and three are presented in article format for publication. Chapter 

two was submitted to the Journal of Crustacean Biology on 7 September, 2012, and was 

accepted for publication on 8 February, 2013, with authors Brady K. Quinn, Remy 

Rochette, Patrick Ouellet, and Bernard Sainte-Marie (Quinn et al. 2013). Material in 

chapter two is copyright© The Crustacean Society, 2013, published by Brill NV, Leiden, 

and reproduced by the author with permission from the publisher (Appendices I .A, l .B). 

Chapter three will be submitted for publication fo11owing discussion and revision to the 

Canadian Journal of Fisheries and Aquatic Sciences, with authors Brady K. Quinn, Joel 

Chasse, and Remy Rochette. 
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1 This chapter was published in Journal of Crustacean Biology, 2013, 33(4): 527-536, 

with authors Brady K. Quinn, Remy Rochette, Patrick Ouellet, and Bernard Sainte-Marie. 
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Abstract 

The duration of the larval phase of the American lobster influences the distance larvae 

drift, and thus the potential settlement and recruitment patterns of lobsters to local 

populations and fisheries. The duration of larval stages is influenced by temperature, with 

warmer temperatures resulting in faster development and shorter stage duration. The 

quantitative relationship between temperature and duration of larval stages has been 

previously investigated, but only for lobsters originating from relatively warm-water 

regions. I examined the effects of temperature on stage duration for lobster larvae 

originating from a cold-water region, the northern shore of the Gaspe Peninsula in the 

northern Gulf of St. Lawrence, Canada. I reared larvae individually using a new 

experimental apparatus with automated movement of culture containers to facilitate water 

exchange. I compared observed duration of larval stages for these cold-water source 

larvae to durations in previous studies that used warmer-water source larvae. I observed 

38 % shorter development times at the coldest temperature used (10°C) and 47, 50, and 

100 % longer development times at warmer temperatures (14, 18 and 22°C, respectively) 

than at the same temperatures in previous studies of warm-water larvae, suggesting 

potential geographic variation in the functional relationship between temperature and 

larval development time. Given these results, future research should examine this 

question in more detail, to enhance understanding of lobster ecology and population 

dynamics across the species' range. 
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2.1 Introduction 

The American lobster, Homarus americanus (H. Milne Edwards 1837), sustains 

important fisheries across Atlantic Canada and the northeastern United States (W ahle et 

al. 2004). While adult lobsters are benthic, larvae are planktonic (Factor 1995) and are 

expected to drift with ocean currents across distances ca. 20 to 400 km or more (Incze 

and Naimie 2000; Xue et al. 2008) from hatch to settlement. Consequently, different 

lobster fishing areas may exchange larvae with one another, and thus depend on one 

another for their supply of recruits to the fishery (Miller 1997; Miller et al. 2006). Lobster 

larvae develop through planktonic larval stages I, II and III, followed by the transitory 

postlarval stage IV, which settles to the benthos (Factor 1995). How long and how far 

larvae drift before settlement is greatly affected by the duration of the larval phase, as 

faster-developing larvae spend less time drifting and being advected by currents than 

slower-developing ones. Development rate determines the duration of individual larval 

stages and the overall larval phase, and is strongly temperature-dependent, with higher 

temperatures resulting in shorter total development time (Hadley 1906; Templeman 1936; 

MacKenzie 1988). Therefore, understanding the functional relationship between 

temperature and larval duration is important to estimating larval drift and its implications 

for lobster fisheries management. It is noteworthy that lobster larvae that complete 

development at a constant temperature have equiproportional development, spending the 

same proportion of the total larval phase in each larval stage regardless of temperature 

and its effects on overall larval duration (Mackenzie 1988), unless the organisms are 

stressed, such as if food quality is very low (Hart 1998). 
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Typically female lobsters spawn in late summer or early fall, incubate their 

embryos over winter, and then hatch their larvae sometime between May and late August, 

depending on region (Aiken and Waddy 1986). The larvae from inshore populations 

develop in the first 2-3 meters of the water column (Hudon et al. 1986; Ennis 1995; P. 

Ouellet, unpub. data), whereas larvae from offshore populations may be distributed more 

deeply although most remain well above and do not cross the thermocline (Harding et al. 

1987; Boudreau et al. 1992; Ennis 1995); thus, temperature at the sea surface is 

representative of thermal regimes experienced by lobster during their larval phase. The 

geographic distribution of the lobster extends from Cape Hatteras, NC (35.25°N latitude) 

to the Strait of Belle Isle, Labrador (51.73 °N) (Lawton and Lavalli 1995). Across this 

range, sea surface temperature varies markedly during the summer, when larvae are 

released and develop, exceeding 20°C in some areas (e.g., Northumberland Strait) or 

remaining below 12°C in others (e.g., Newfoundland) (Ouellet et al. 2003). It is probably 

advantageous for lobster larvae to develop as quickly as possible, to avoid advection to 

offshore waters too deep and cold for settlement (Incze and Naimie 2000), and potentially 

also to reduce mortality by predation as has been documented for fish larvae (Anderson 

1988; Robert et al. 2007). If temperature during development remains low, completion of 

the larval phase will take more time, and larval survival to settlement may be 

compromised. In certain locations, parts of Newfoundland for example, lobster larvae 

must develop and settle at temperatures below 10°C (R. Stanley, Memorial University of 

Newfoundland, pers. comm.), which some previous laboratory studies concluded to result 

in very long larval development and low survival (Sastry and Vargo 1977; MacKenzie 

1988). 
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Development and duration of lobster larvae has been investigated in many 

different locations (Fig. 2.1), using several different rearing methods. For example, mass

rearing at ambient temperatures was used by Hadley ( 1906) who reared larvae in scrim 

bags anchored in harbour at Wickford, RI and Woods Hole, MA, and also by Hughes and 

Matthiessen (1962) who reared larvae in flow-through hatchery tanks at Oak Bluffs, MA. 

These approaches have the advantage of being logistically simple, but they do not allow 

precise tracking of individual larvae, and the results may be influenced by faster

developing larvae cannibalizing slower-developing ones (Sastry and Zeitlin-Hale 1977). 

Plankton sampling in the field was also used to derive estimates of larval duration under 

natural conditions (Hudon and Fradette 1988; Annis et al. 2007), but this approach may 

lead to errors resulting from sampling heterogeneous groups of larvae hatched at different 

times or sites (Gendron and Ouellet 2009). Individual rearing in jars at controlled 

temperatures was used for larvae from the Northumberland Strait and either the Bay of 

Fundy (Templeman 1936) or southwest Nova Scotia (MacKenzie 1988). Although this 

approach allows for the most precise estimation of larval duration in relation to 

temperature or other factors, it is labour-intensive, hence limiting the number of larvae 

that can be raised simultaneously in different conditions. 

All of the aforementioned studies were carried out on lobster larvae originating 

from relatively warm-water regions in Rhode Island, the Gulf of Maine, and the southern 

Gulf of St. Lawrence (Fig. 2.1 ). No study has yet examined temperature effects on larval 

duration of lobster larvae originating from a relatively cold-water population. However, 

local adaptation to temperature regimes resulting in better performance of larvae during 

development when raised at native versus non-native temperatures has been demonstrated 
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in common-garden experiments with other decapod crustaceans (Sastry and Vargo 1977; 

Sarver et al. 1979; Walther et al. 2010), and may also exist in the lobster. Knowledge of 

geographic differences in the functional relationship between larval development time 

and temperature could be extremely important for estimating large-scale settlement and 

potential spatial connectivity patterns of lobster from larval drift models such as those 

developed by Chasse and Miller (2010) for the southern Gulf of St. Lawrence and Incze 

et al. (2010) for the Gulf of Maine. Such models have thus far used a temperature

dependent larval development function based on the results of the study by MacKenzie 

(1988), which involved larvae from warm-water sources. However, it is possible that the 

functional relationship between temperature and development time of larvae from cold

water sources differs from that predicted by this function, in which case a different one 

would be required to model larval drift in colder regions, such as the northern Gulf of St. 

Lawrence. 

As a first step in the investigation of potential region- or population-specific 

thermal effects on lobster larval duration, I reared larvae obtained from females caught 

near Gaspe in the northern Gulf of St. Lawrence (Fig. 2.1 ). This is a cold-water region, in 

which summer sea surface temperatures may be as low as 8°C in June and late September 

and do not usually exceed 15°C in August (Galbraith et al. 2011). An experimental 

apparatus was built that enabled individual-rearing of a great number of larvae (initially 

360-420 larvae per temperature) at controlled water temperatures of 10, 14, 18, and 22°C, 

which covered most of the range of temperatures experienced by lobster larvae in nature 

and used in previous experimental studies of lobster larval development. I quantified 

individual larval stage duration at each temperature, and after assessing the performance 
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of the new rearing apparatus for rearing viable larvae, I compared my observed 

development times of cold-water lobster larvae to those reported at the same temperatures 

in the influential study by MacKenzie (1988) and other studies of larvae from warm-

water sources. 

2.2 Materials and Methods 

2.2.1 Sources of eggs and larvae: 

Ovigerous female American lobsters from the north shore of the Gaspe Peninsula (Fig. 

2.1), Quebec, Canada, were obtained from fishermen in June 2011. Females were housed 

at the Maurice Lamontagne Institute in individual crates within large basins connected to 

a semi-open seawater system (full renewal of water every 6-7 hours). Custom-made 

cooling/heating units maintained water temperature in the basins at l 2°C, near 

temperatures that females would experience naturally in Gaspe in late spring and early 

summer (Stasko 1980; Galbraith et al. 2011 ). To assess the size and developmental stage 

of embryos, the Perkins (1972) eye index of a sample of embryos from each female was 

measured at collection using a measuring grid in the eyepiece of a dissection microscope, 

and mean values per female ranged from 0.311 to 0.374 mm (mean± SD= 0.354 ± 0.028 

mm). Larvae began to hatch after females had been housed in these basins for three 

weeks. Larvae from seven females with carapace lengths (CL) ranging from 81.1 to 144.9 

mm (mean± SD= 114.6 ± 23.8 mm) were used in the rearing experiment. Females were 

checked daily and all newly-hatched (stage I) larvae not used in the rearing experiment 

from each female were preserved in 4% formaldehyde for subsequent measurement of 

larval CL at emergence. CL was measured in a straight line from the posterior margin of 



the eye orbit to the posterior margin of the cephalothorax: adult lobsters were measured 

(± 0.1 mm) with calipers and larval lobsters were measured(± 0.01 mm) under a 

dissecting microscope ( 40x magnification) using a measuring grid in the eyepiece. 

2.2.2 Individual rearing: 
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A new experimental apparatus for individual rearing of lobster larvae was designed and 

built. The basic unit of the setup was a rearing container (lobster "condominium") that 

contained 30 cells of 216 cm3 each for rearing larvae individually (Fig. 2.2A). The 

condominium's walls and cell dividers were constructed from PVC, and its faces were 

covered with 1 mm plastic mesh. In each of four rearing apparatuses, twelve 

condominiums were hung vertically beneath an aluminum frame, 18 cm apart in 

staggered rows, with one condominium per row. Each condominium and one of its covers 

were removable to facilitate observation and feeding of larvae. The aluminum frame was 

mounted on rollers made of PVC piping on the top of a large (2235 L) flow-through tank, 

and was attached to an electric motor (Fig. 2.28 and 2.2C) that caused the frame and the 

attached condominiums to move back and forth every 10 seconds at a speed of 4.3 cm s-1
• 

The purpose of this movement was to automatically refresh the water within each larva's 

cell, replenishing oxygen and flushing away larval wastes. 

Sixty larvae (in two condominiums) from the first sufficiently large hatch(~ 240 

larvae) of each of 6 females were reared individually at each of the constant target 

temperatures of 10, 14, 18 and 22°C. One rearing tank was used for each temperature 

treatment, with each tank containing a maximum of twelve condominiums at a time. 
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Condominiums were randomly distributed within rearing tanks ( one tank for each 

temperature) connected to the semi-open seawater system and a cooling/heating unit 

(described above) designed to maintain water temperatures at a set value. To confirm that 

temperatures were controlled as intended, a VEMCO Minilog submersible temperature 

data logger was placed in each tank and recorded temperature every 30 minutes. Realized 

mean temperature (1-99 percentiles in parentheses) in each tank was I0.2°C (10.l-

10.30C), 14.4°C (12.0-15.2°C), 17.5°C (17.0-18.3°C), and 22.2°C (22.1-23.TC). To 

increase sample size, and because time and space were available due to asynchronous 

hatching and rapid larval development at warmer temperatures, larvae from an additional 

seventh female were placed in two condominiums in the 18 and 22°C tanks. Therefore, 

there were a total of 360 larvae at IO and 14 °C, and 420 larvae at 18 and 22°C. 

Photoperiod in the rearing facility followed the natural day/night cycle for the season and 

latitude from which lobsters originated. 

During the first week (16 July, 2011) of the rearing experiment, back-and-forth 

movement of the frame and condominiums occurred continuously, but due to high 

mortality of the first larvae to moult from stage I to II, seemingly from injuries caused by 

continuous movement during or after moulting, these procedures were changed. A 

Woods TMl 702 outdoor mechanical timer (Woods Industries Inc., Canada) was attached 

to motors to maintain a periodic movement cycle, in which the frame and condominiums 

moved at the same speed as before but only for 15 minutes every two hours. Due to 

asynchronous hatching, larvae from four of the seven females used experienced the initial 

continuous movement regime, while larvae from the remaining three females experienced 

the intermittent movement only. The survival and development of larvae from these two 



groups of females were compared to assess the impact of this procedural modification 

from continuous to intermittent movement. 
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Condominiums were detached once every day from the frame of the apparatus, 

after interrupting its movement or between intermittent movements, and placed on a tray 

partially immersed within the tank water to feed and examine the larvae. Larvae were fed 

with frozen adult Artemia, either Sally's Frozen Brine Shrimp (San Francisco Bay Brand, 

Inc.) or Bio-Pure Brine Shrimp (Hikari Sales USA, Inc.). Larvae were fed to slight excess 

to avoid potential biases due to uneven satiation levels, with specific feeding regimens for 

each temperature and larval stage based on preliminary feeding trials. During these trials, 

larvae in all temperature treatments were initially provided with equal amounts of food, 

and then feeding regimens were adjusted for each temperature and larval stage to the 

minimum daily amount of food that resulted in leftover food being observed on the 

following day. Therefore, larvae at IO and 14 °C were given 3-4 Artemia per day until 

they reached stage III, at which point their ration was increased to 7-8 Artemia per day. 

Larvae at 18 and 22°C were fed 7-8 Artemia per day at stages I and II, and were then fed 

l 0-12 Artemia per day at stage III. During the rearing experiment, leftover Artemia were 

almost always observed in the cells of larvae at all temperatures and stages, so I am 

confident that satiation levels among larvae were equal. During daily checks, excess food 

from the previous day was removed and moulting events or deaths of larvae were noted. 

The stage of each larva was determined on a daily basis using distinctive anatomical 

features. Specifically, presence of pleopods was used to distinguish stage II from stage I 

larvae, and presence of uropods was used to distinguish stage III from stage II larvae 

(Charmantier et al. 1991 ). Sometimes it was difficult to distinguish these small structures 
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without disturbing or risking harm to larvae, resulting in a few instances where larvae 

were mistakenly identified as the incorrect stage. However, in the vast majority of 

instances (see below), daily assessments allowed accurate determination of larval stages 

and their duration (in days). 

Larvae were left in their cells until dead or moulted to stage IV (postlarva). All 

larvae that reached stage IV were removed and preserved in 4% formaldehyde, and their 

CL was measured as described above for comparison to growth in previous studies. 

Stage-specific survival was determined for each condominium as the number of larvae 

surviving to the start of a stage divided by the number of larvae alive at the start of the 

previous stage. I did not observe duration of postlarval stage IV due to time limitations, 

and also because the duration of stage IV in the plankton is highly variable and 

influenced by substrate preferences and availability (Botero and Atema 1982). 

2.2.3 Analyses: 

I first examined larval stage duration values for potential outliers (Tukey 1977), likely 

representing cases of mistaken stage determination, which resulted in 0.8 % of initial 

observations being removed. A one-way ANOVA was used to compare larval survival 

(per female) from hatch to stage IV among temperature treatments, where the value for 

each female (n = 6-7) was the arcsine-transformed mean percent survival of her 2 

condominiums. A one-way ANOV A was also used to compare the time from hatch to 

stage IV among temperature treatments, where each datum was the mean value for each 

female's larvae. Post-hoc multiple comparisons were made using Tukey's HSD test. 
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Female CL was not used as a covariate in these analyses as it was not significantly 

correlated with larval duration or survival at any temperature (-0.033 ~ r ~ 0.785, p 2: 

0.27). Statistical analyses were carried out using P ASW 18 (SPSS Inc., 2010). All data 

passed Cochran's test of homogeneity of variances and the Kolmogorov-Smimov test of 

normality of residuals. 

Non-linear regression analysis was used to derive equations relating larval stage 

durations to temperature. Analyses were carried out separately for each of the three larval 

stages (I, II, and III). The dependent variable was the mean stage duration for each 

female's larvae. Regressions were carried out using several different equations 

commonly used to relate development rate, or time, to temperature (Heip 1974; Guerrero 

et al. 1994 ), but the best fit for the data for all three larval stages was obtained using a 

second-order polynomial equation (as in Incze et al. 2010) of the form D = aT2 -bT + c, 

in which Dis stage duration in days, Tis temperature in °C, and a, b, and care fitted 

constants. Data met the assumptions of parametric regression, including normality of 

residuals and homogeneity of error variances. 

To assess potential effects on larvae of the change from continuous to intermittent 

movement regime of the condominiums, I conducted separate one-way ANCOVAs for 

each larval stage, in which movement regime was a fixed factor, log10-transformed 

temperature was a covariate, and dependent variables were mean duration of larval stages 

per female or arcsine-transformed mean stage-specific survival per female. Also, to 

ensure that stage duration of surviving larvae represented a random sample of stage 

duration of all larvae (i.e., to ensure that not only the faster- or slower-developing larvae 

survived to stage IV), I used a paired-samples t-test to compare mean durations of stages 
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I and II at each temperature for larvae that died during stages II or III, respectively, to the 

duration of those same stages for larvae that survived to stage IV. 

In order to check for potential artifacts of the individual-rearing setup on other 

aspects of larval biology not directly related to development time, such as abnormal 

moulting cycles or inhibited growth, I tested for equiproportional development of larvae 

in this study and compared their size to the size of larvae in MacKenzie (1985; 1988). 

First, to check for abnormal development I estimated the proportion of time spent by 

larvae in each stage (I, II, and III) out of the total time from hatch to stage IV, and tested 

whether these estimates were consistent with equiproportional development. Proportions 

for each larval stage were calculated for individual larvae that successfully completed 

stage III (n = 72). Proportion estimates for each stage were arcsine-transformed, tested 

for temperature-independence with one-way ANOV As, and then compared with values 

reported by MacKenzie (1988) using an independent-samples !-test. As a second test of 

potential effects of the individual-rearing apparatus, I checked for inhibited larval growth 

by comparing stage I and stage IV CLs to mean ± SD values reported in MacKenzie 

(1985) with independent-samples !-tests. 

To test whether the development of the cold-water source larvae we used was 

differently affected by temperature than that of larvae from warm-water sources, I 

performed statistical comparisons between observed stage duration and survival at each 

temperature to the results of MacKenzie ( 1988), which is the most comprehensive study 

of warm-water larvae to date. I summarized my data in the same way as this author had 

done to facilitate comparisons. For stage duration, values from individual larvae were 

used; the larvae came from 5 females in the previous study and 7 females in this one. 
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Data from the previous study were extracted from mean ± SD stage durations and sample 

sizes reported by MacKenzie (1988). I used separate independent-samples t-tests, with 

corrected degrees of freedom for unequal variances, to compare stage durations (days) 

between the two studies for each larval stage (I, II, and III) and temperature treatment 

used in both studies (10, 14, 18 and 22°C). The mean of stage-specific survival of larvae 

by female was similarly compared between the two studies using independent-samples t

tests for each larval stage and temperature. Finally, I also visually compared the 

combined duration of larval stages I, II and III from my study to values reported in all 

published studies. 

2.3 Results 

2.3.1 Effect of temperature on survival and development oflarvae from Gaspe: 

Survival of larvae was generally higher through stage I than through stages II and III, and 

higher through stage II than through stage III (Fig. 2.3). The majority, 59.2 %, of deaths 

occurred during the intermoult periods ( 14.2 % in stage I, 20.8 % in stage II, and 24.2 % 

in stage III), while 40.8 % occurred during the moulting process (28.5 %, 8.8 % and 

3.5 % at the first, second and third moult, respectively). Mean larval survival per female 

from hatch to stage IV was highest at 22°C (mean± SD= 12.1 ± 17.1%), and lower at 

I0°C (1.0 ± 1.4 %), 14°C (3.9 ± 3.6 %), and l8°C (2.6 ± 4.4 %), but the differences 

among temperatures were not significant (F 3, 22 = 1.97, p = 0.149). The duration of larval 

stages I, II, and III was negatively correlated with temperature between 10-22°C (Fig. 

2.4). Mean time from hatch to stage IV of larvae in this study (shown in Fig. 2.5) was 
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significantly affected by temperature (F 3,22 =12.77, p = 0.001), with larvae at 10 and 

14°C taking significantly longer to reach stage IV than those at 18 and 22°C (Tukey's 

HSD test, p ~ 0.002); differences between IO and 14°C, and between 18 and 22°C, were 

non-significant. 

2.3.2 Tests of potential biases caused by the new rearing apparatus: 

Survival through all larval stages was higher for larvae that did not experience the initial 

continuous movement regime relative to larvae that did (stage I: F 1, 23 = 8.38, p = 0.008; 

stage II: F 1,23= 33.30, p < 0.001; stage III: F 1,23= 5.06, p = 0.034). The mean± SD 

relative increase in survival related to the change in condominium movement regime, 

calculated across all temperatures, was 22.7 ± 32.3 % for stage I, 80.5 ± 10.9 % for stage 

II, and 42.8 ± 80.2 % for stage III larvae. However, duration of larval stages did not differ 

between larvae that experienced the initial continuous movement regime and those that 

did not (stage I: F 1, 23 = 0.22, p = 0.65; stage II: F 1, 23 = 2.65, p = 0.12; stage III: F 1, 23 = 

0.14, p = 0.72). Importantly, at all temperatures the duration of larval stage I (t3= 1.06, p 

= 0.368) and stage II (t 3 = -1.63, p = 0.201) did not differ significantly between larvae 

that survived to stage IV and those that did not. Furthermore, temperature did not affect 

the proportion of time spent in each larval stage (stage I: F 3,68= 1.17, p = 0.33; stage II: 

F 3, 68 = 1.13, p = 0.34; stage III: F 3, 68 = 1.27, p = 0.29) and proportions were consistent 

with those previously observed for lobster (Table 2.1 ), meaning that development of 

larvae in this study was equiproportional. Finally, growth of larvae in this study was not 

inhibited relative to that of larvae reared in jars by MacKenzie (1985): initial size of 

larvae did not differ between the two studies (mean CL of stage I: 1.93 ± 0.07 mm vs. 
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1.86 ± 0.14 mm, respectively; t 6.? = -1.2, p = 0.289) whereas stage IV larvae in this study 

(CL= 4.88 ± 0.71 mm) were actually significantly (t80_7 = -10.2, p < 0.001) larger than 

those in that previous study (CL= 4.00 ± 0.38 mm). 

2.3.3 Comparison of survival and development of Gaspe larvae to published studies: 

Stage-specific survival was significantly lower than observed by MacKenzie (1988) 

through stage I at 10 and 14 °C (but not at 18, and 22°C), through stage II at 14, 18 and 

22°C (but not at 10°C), and through stage III at all four temperatures (Fig. 2.3). I also 

observed significantly different stage durations at all temperatures and larval stages from 

those reported in that previous study (Fig. 2.4), with the exception of stage III at 10°C, 

where survival, and thus sample size, was very low. Overall, larval development from 

hatch to stage IV at the coldest temperature used (10°C) was faster (about 21 days, or 

38% faster) in this study than in MacKenzie ( 1988), while at the warmer temperatures 

larval development was slower in this study than in MacKenzie's (10 days or 47% slower 

at 14°C; 7 days or 50% slower at l8°C; 10 days or 100% slower at 22°C) (Fig. 2.5). At 10 

and 22°C, 95% confidence intervals of larval development time from hatch to stage IV in 

this study did not overlap with confidence intervals of MacKenzie (1988) or mean values 

from other published studies (Fig. 2.5), indicating that development of larvae from Gaspe 

at these temperatures was markedly and significantly different from that of larvae from 

warmer-water sources in previous studies (Fig. 2.5). At 14 and l 8°C larval development 

time also differed significantly between this study and published studies of warm-water 

larvae, although the differences were not as pronounced. The majority of mean 

temperature-specific development times from other published studies fell within the 95% 
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confidence intervals of the results of MacKenzie ( 1988), with the exception of Annis et al. 

(2007), which had shorter development times, and Hughes and Matthiessen' s (1962) 

colder (:S 18°C) treatments, which had longer development times (Fig. 2.5). 

2.4 Discussion 

I investigated the possibility that geographic variation exists in the magnitude of the 

effect of temperature on the development rate of American lobster larvae by individually 

rearing larvae from a more northern and cold-water population than had been used in past 

studies. A variety of rearing approaches have been used to investigate effects of 

temperature on lobster larval development, including mass-rearing at uncontrolled ( or 

ambient) temperatures, individual rearing in temperature-controlled jars and in situ 

plankton sampling (see Introduction for detailed descriptions). Even though they involve 

very different rearing methods, previous published studies all focused on larvae from 

relatively warm waters and their results were remarkably similar except in two cases. The 

first exception is the mass-rearing laboratory estimates obtained by Hughes and 

Matthiessen ( 1962) for larvae from Massachusetts, which developed more slowly than 

those in Mackenzie (1988) at temperatures below 18°C. However, the authors indicate 

this may have been due to relatively low sample sizes and greater temperature variability 

for hatchery tanks maintained at these lower mean temperatures, and thus I do not 

consider this exception further. 

The second and more substantial exception is the field estimates of larval 

development from Annis et al. (2007), which were partially based on a model that 

adjusted predictions based on MacKenzie (1988) to fit field observations, and resulted in 
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development times less than half as long as those in other studies for the same mean 

temperatures. These authors argued that their results were consistent with Juinio and 

Cobb's (1994) finding that maximum growth rate, measured in mg protein d-1
, was twice 

as high in wild as in reared postlarvae. However, Juinio and Cobb (1994) did not provide 

evidence that development time was inversely related to the rate of protein synthesis, and 

in fact they concluded that variability in protein synthesis may influence survival and 

size-at-instar but has little or no incidence on development rate. Indeed, growth (tissue 

accumulation) and development (moulting) are different biological processes with largely 

independent responses to temperature (Forster et al. 2011). Field studies oflarval 

development such as that of Annis et al. (2007) are subject to several potential sources of 

error, including advection of larvae and asynchronous hatching, which can result in 

sampling heterogeneous groups of larvae hatched at different times or at different sites 

(Gendron and Ouellet 2009). I feel that these issues were not sufficiently dealt with for 

the conclusion of faster development in the field to be supported. Ennis ( 1995) also 

suggested that larval development rate is faster in the field than in the laboratory based on 

a visual comparison of data from MacKenzie (1988) and Hudon and Fradette (1988), an 

inference repeated by Phillips et al. (2006). However, this inference was not supported by 

my comparison of published development rates; rather, I found that larval development 

times from the field study of Hudon and Fradette ( 1988) were much more similar to those 

from lab studies, including MacKenzie (1988), than to the much shorter field estimates of 

Annis et al. (2007). One possible explanation for these contrasting field-based estimates 

of larval development could be that Hudon and Fradette (l 988)'s study was conducted 
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heterogeneous larval groups is perhaps not so acute. 
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For this study a new rearing apparatus with automated water exchange was 

developed to save time and allow large numbers of larvae (initial total sample size of 

1560 larvae, more than double MacKenzie (1988)' s initial total sample size of 725) to be 

raised and individually tracked at different controlled temperatures. Survival of larvae in 

this rearing apparatus through stage I was relatively high ( 62-84 % in different 

condominiums) and generally similar to MacKenzie (1988). I did, however, obtain lower 

survival through stages II (26-73 %) and III (1-40 %), which may suggest that the setup 

was not ideal for rearing later-stage larvae. Perhaps the small size of individual cells 

combined with condominium movement was harmful to newly-moulted and larger stage 

II and III larvae. Importantly, when I modified the rearing procedure by reducing the 

amount of movement larvae experienced, I saw improved survival, but did not see a 

change in duration of larval stages, suggesting that development rate estimates were not 

biased by the rearing apparatus even for the later stages. Also, I fed larvae with normal 

frozen adult Artemia, but using an enriched food source may have lead to higher survival 

(Fiore and Tlusty 2005). However, the facts that larvae in this study showed 

equiproportional development as well as greater growth from hatch to stage IV relative to 

prior lab studies, suggest that food quality may not have impeded their growth and 

moulting. 

In this study, larvae developed through stages I, II, and III faster at higher than 

lower temperatures, but the effect of temperature on larval development was markedly 

less pronounced than in earlier studies (Hadley 1906; Templeman 1936; Hughes and 
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Matthiessen 1962; Hudon and Fradette 1988; MacKenzie 1988). Most interestingly, I 

observed larval duration from hatch to stage IV to be approximately 38% shorter at 10°C, 

50% longer at 14°C and l8°C, and 100% longer at 22°C than at the same temperatures in 

those previous studies. One possible explanation for these differences is that my larvae 

came from a cold-water region, the tip of the Gaspe Peninsula in the northern Gulf of St. 

Lawrence, while larvae in previous studies came from warm-water regions in the Gulf of 

Maine and southern Gulf of St. Lawrence. In most parts of these warmer areas, sea 

surface temperatures rise above l 6°C as early as mid-June, peak between 20 and 25°C by 

mid-August, and remain above 15°C until sometime in October (Ouellet et al. 2003; 

Galbraith et al. 2011 ). Larvae from these regions may thus be adapted to warm waters, as 

they are very likely to experience temperatures of 22°C or higher and unlikely to 

experience waters as cold as I0°C during development. Water temperatures in the 

northern Gulf of St. Lawrence when lobster larvae are developing in the plankton are 

relatively low, rarely exceeding a brief maximum of l 5°C in early August, and 

decreasing to 10°C or lower through the remainder of the summer and early fall (Ouellet 

et al. 2003; Galbraith et al. 2011 ). Larvae in the northern Gulf of St. Lawrence are 

therefore likely to experience 10°C or colder waters at some point during their 

development, but very unlikely to experience waters warmer than l 5°C. Selection on 

lobster may have led to local adaptation for more rapid larval development in colder 

environments, as observed by Anger et al. (2003) for the subantarctic crab Paralomis 

granulosa (Hombron and Jacquinot 1846). Such selection for more rapid development at 

cold temperatures may, however, have come at the cost of reduced ability for rapid 

development in warmer water. For example, spider crab (Hyas araneus L. 1758) larvae 
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from different latitudes have been shown to respond differently to temperature, with 

later-stage larvae from higher ( colder) latitudes developing more quickly at lower 

temperatures, but more slowly at higher temperatures, than those from lower (warmer) 

latitudes (Walther et al. 2010). Tagging studies suggest that adult lobsters in the Gulf of 

St. Lawrence do not undergo long-distance migrations, in most cases travelling <15 km 

along the coast within one year (Stasko 1980). Further, the presence of a cold

intermediate layer in this region, with temperatures near or below 0°C throughout the 

year (Cyr et al. 2011), may prevent adult lobsters from crossing the deeper regions of the 

Gulf. Limited movement of adults in the northern Gulf of St. Lawrence could therefore 

necessitate adaptations to local thermal regimes in adult and larval lobsters. It is thus 

possible that Gaspe larvae are better adapted to colder-water conditions than larvae from 

the Gulf of Maine and southern Gulf of St. Lawrence, while larvae within these two other 

regions are better adapted to warmer-water conditions. 

I have argued that differences in duration of larval stages between this study and 

previous ones likely reflect natural variation among source populations, perhaps as a 

result of local thermal adaptation, and I do not, for a number of reasons, believe that they 

result from different experimental procedures. First, though survival to stage IV was 

lower in this study than in MacKenzie (1988), there was no indication that this affected 

development rate. For example, duration of larval stages did not differ significantly 

between larvae that survived to stage IV and those that died during an earlier stage, 

indicating that my stage IV larvae represented a random sample of my initial stage I 

larvae, at least in terms of stage duration. Similarly, the contrasting effect of temperature 

on larval development rate I observed compared to published results was also observed 
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when I limited the analysis to stage I larvae, for which survival was high and comparable 

to that obtained in previous studies (MacKenzie 1988). Furthermore, whereas larval 

mortality was greater with continuous than with intermittent movement of condominiums, 

stage duration was unaffected by this procedural change, suggesting again that mortality 

did not bias development rate estimates. Second, the proportion of the larval phase spent 

in each stage, which should not differ within a species with equiproportional 

development unless conditions are stressful ( e.g., low food quality: Hart 1998), agreed 

with the results of MacKenzie ( 1988). Third, though stage I CL at emergence was similar 

to that of larvae raised by MacKenzie (1985), the CL of larvae at stage IV was slightly 

greater than reported in that study, and was similar to that reported in other published 

laboratory and field studies (for example, Templeman 1948; Ouellet and Allard 2002), 

suggesting that growth of larvae was not inhibited in my experiment. Finally and as 

already discussed, the development rates estimated in the majority of published 

laboratory studies are very similar, even though they were derived using markedly 

different rearing procedures, suggesting that effects of rearing method on larval duration 

may be small. 

If the differences I observed from previous larval development studies do 

represent adaptation to thermal regimes experienced by larvae, this has implications for 

the use of bio-physical larval drift models in support of fisheries management. These 

models have thus far relied on larval development times predicted by equations in 

MacKenzie (1988), with predicted values used directly (Chasse and Miller 2010) or 

adjusted according to the results of Annis et al. (2007) to account for assumed faster in 

situ development (Incze et al. 2010). However, if larval development in some regions 
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takes more or less time than these equations predict, then the time and distances larvae 

drift could in fact be under- or overestimated, leading to predicted settlement patterns 

much different from what actually occurs in nature. For example, larval duration at 10°C 

predicted by the equations of MacKenzie (1988) would be nearly 20 days longer than 

what I observed for Gaspe larvae, while larval duration at 22°C predicted by MacKenzie 

would be more than 8 days shorter than my observations. My results indicate that such 

geographic variation in larval duration may occur, and thus should be investigated in 

more detail. 

In this study, due to space limitations I was only able to use on rearing tank per 

temperature, and could only rear larvae from one source population. If possible, future 

work examining potential geographic variation in lobster larval development should be 

done using multiple rearing tanks per each temperature, to avoid pseudoreplication and 

control for any potential artifacts of individual tanks that might have confounded the 

differences between rearing temperatures. Future work should also rear larvae from two 

different regions, perhaps a warm-water location such as the Northumberland Strait and a 

cold-water region such as Newfoundland, in the same rearing apparatus, to see whether 

different stage durations are still observed at the same temperatures between larvae from 

the two sources in a "common garden" environment ( e.g., Sastry and Vargo 1977; Sarver 

et al. 1979; Walther et al. 2010). This would confirm whether my results were in fact due 

to the differences between the geographic origins of the larvae I used in this study versus 

those in previous published studies, rather than due to the use of different rearing 

techniques. 
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To summarize, I used a new experimental apparatus that allowed me to 

individually rear a large number of lobster larvae and track individual stage durations at 

different temperatures. I raised larvae from a cold-water source, and observed 

development times that were shorter at cold temperatures and longer at warm 

temperatures than at the same temperatures in previous studies with lobster larvae from 

warmer-water sources. Though the new rearing apparatus is still in development and may 

not have been optimal for survival of later-stage larvae, it seems unlikely that this 

affected my main inferences pertaining to larval development. My results suggest that 

temperature effects on development rate of lobster larvae may vary geographically, which 

could markedly affect larval dispersal and population dynamics. Future research should 

further test this hypothesis. 
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Table 2.1. Proportions of the duration of the total larval phase (hatch to stage IV) taken 

up by stages I, II, and III. Proportions were determined for individual larvae, and are 

presented as mean percentages ± SD both for this study (n = 72) and MacKenzie (1988) 

(n = 348). Independent-samples !-test results are reported for arcsine-transformed stage

specific proportions in this study minus values reported in the previous study, with 

degrees of freedom (subscripts) adjusted for uneven sample sizes. P-values reported for!

tests are two-tailed, and all are non-significant, meaning that proportions agreed well 

between the two studies. 

Stage % of time to stage IV Difference 

This study MacKenzie ( 1988) 

I 26.1 ± 9.4 26.2 ± 1.3 t 71.7 = 0.054, p = 0.96 

II 32.6 ± 7.3 30.9 ± 4.9 t 82.1 = -1.2, p = 0.25 

III 41.2±8.3 42.9 ± 7.0 t 94.1 = 1.7, p = 0.093 
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Figure 2.1. Map of the Atlantic Shelf of eastern North America, indicating locations of 

studies of temperature effects on American lobster larval development. Symbols indicate 

approximate source locations of lobster larvae for studies discussed in the text. 
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Figure 2.2. Schematic of the apparatus used to rear individual American lobster larvae, 

with controlled temperature and automated water exchange. A. Detail of individual 

condominium, as viewed from one of its faces, with the mesh cover omitted. Thirty 

larvae per condominium could be reared in individual cells of 216 cm3 (6 cm x 6 cm x 6 

cm). B. Photo of the rearing setup, as viewed from behind the electric motor. C. The 

setup as viewed from above. Condominiums hung vertically from the moving frame, 

which periodically moved back-and-forth to exchange water within each cell. Four such 

units were used, one for each temperature treatment. 
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Figure 2.3. Stage-specific survival of American lobster larvae reared at different constant 

target temperatures. Values are mean ± 95% confidence interval of percent survival per 

female through larval stages I, II, and III in this study (full black circles; n = 6 females at 

10 and 14 ° C, n = 7 at 18 and 22 ° C) and a previous study by MacKenzie ( 1988) ( open 

squares; n = 5 females per temperature). Asterisks indicate significant differences in 

survival between the two studies at a given temperature (independent samples !-tests, * = 

p :'.S 0.05, ** = p :'.S 0.01, *** = p :'.S 0.001). 
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Figure 2.4. Duration of individual larval stages I, II, and III of American lobster at 

different constant target rearing temperatures. Values are mean durations ± 95% 

confidence intervals of individual larvae, from a cold-water source in this study (full 

black circles) and from a warm-water source in a previous study by MacKenzie (1988) 
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( open squares). Asterisks indicate significant differences in development time between 

the two studies at a given temperature (independent samples /-tests, * = p :S 0.05, ** = p :S 

0.01, *** = p :S 0.001 ). Best-fit lines are plotted for both studies, and regression equations 

relating stage duration (D) to rearing temperature (T) for larvae in this study are also 

provided. Regressions were performed using mean duration values per female, and all 

were highly significant (p < 0.00 I). 
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Figure 2.5. Comparison between American lobster larval development studies. The time 

from hatch to moult to stage IV ( cumulative durations of larval stages I, II and III) 

reported in this and previous studies (see descriptions in the text) is plotted against 

temperature. The area with right-slanted fill lines represents the 95 % confidence 

intervals of MacKenzie's (1988) results and the left-slanted area the results from the 

present study. Mean times to stage IV from this study were calculated from mean values 

per female. 
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Chapter 3 

Potential large-scale spatial connectivity of American lobster as a result of larval 

development and drift across eastern North America 
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Abstract 

I used a new bio-physical model of larval development and drift driven by a physical 

oceanographic model of eastern North America to estimate potential spatial connectivity 

of American lobster at a larger scale than has been previously examined. I incorporated 

three different functions describing the effect of water temperature on larval development 

times into this model, including lab-derived equations for both (1) warm- and (2) cold

source origin larvae, and (3) field-based estimates for warm-source larvae, and then 

examined the effects of using these different functions on drift and connectivity patterns 

predicted by the model, as well as whether these effects were related to spatial distance. I 

then compared inferences about connectivity based on the model results versus those 

obtained simply from the distance between areas, and used the model to make some 

preliminary estimates of large-scale connectivity among lobster fisheries in different 

source-sink areas, including fisheries management areas. Including field-derived 

estimates of rapid larval development in the model resulted in the highest retention, and 

least long-distance connectivity among source-sink areas. Including lab-derived 

equations for cold-source larvae in the model resulted in shorter drift and more retention 

versus export oflarvae in northern regions than did using warm-source equations. Use of 

cold-source equations also resulted in greater drift and export of larvae among warm

water sources, as well as from cold-water sources to warm-water sinks, than did use of 

warm-source equations. I also found that the connectivity between different areas was not 

well explained by the distance between them, demonstrating the importance of using an 

oceanographic model in this exercise. Overall, my model predicted drift of larvae over 

long distances, potentially connecting fisheries in different geographic regions via larval 
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exchange. My results also demonstrated potential spatial heterogeneity in terms of larval 

retention versus export of different source-sink areas depending on local current and 

circulation patterns, which has important implications to fisheries management and 

sustainability. 

3.1 Introduction 

Many marine species have complex life cycles in which adults are benthic and larvae are 

planktonic, and in such species the exchange of drifting larvae is an important component 

of connectivity among populations (Cowen et al. 2000). The extent to which benthic 

populations self-recruit or depend on larval supply from other populations influences the 

likelihood of them persisting or becoming locally extinct (Cowen and Sponaugle 2009), 

and it also determines whether they represent separate independent populations, or are 

instead interdependent components of a larger metapopulation (Yakubu and Fogarty 

2006). 

The American lobster, Homarus americanus, has such a life cycle, comprising 

benthic adults and planktonic larvae (Factor 1995). After hatching, larvae go through 

three planktonic larval stages (I, II, and III) that drift with ocean currents (Factor 1995). 

The larval stages are then followed by a pelagic postlarval stage (IV), which engages in 

strong horizontal swimming (Cobb et al. 1989a; Katz et al. 1994), samples the sea bottom, 

and settles and begins a benthic existence once suitable substrate is found (Botero and 

Atema 1982). There is therefore potential for lobsters in different areas to be connected 

via larval drift and exchange, and therefore to perhaps represent components of larger 

interconnected stocks or metapopulations. 
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The American lobster supports the most important fishery in terms of landed 

value in eastern North America (Wahle et al. 2004). The lobster's range spans the 

Atlantic shelf of eastern North America from Cape Hatteras, North Carolina (35.25°N 

latitude) to Labrador ( 51. 73 °N) (Lawton and Lavalli 1995), although most major fisheries 

and areas of significant lobster abundance are located north of Cape Cod, Massachusetts 

(latitude 38.6°N) (Pezzack 1992; Fogarty 1995). The lobster fishery is divided into 

management areas called Lobster Fishing Areas (LFAs) in Atlantic Canada, and Lobster 

Management Zones (LMZs) in the state of Maine. Each LF A or LMZ has its own 

regulations which aim to ensure a sufficient proportion of adult lobsters su_rvive fishing 

long enough to be able to reproduce and maintain the species' stock; one of these 

regulations is a minimum legal size that can be kept by fishermen, which differs among 

management areas. Annual exploitation rates of legal-sized lobsters by the fishery have 

been estimated to be above 80%, and may reach 95% in some management areas (Currie 

and Schneider 2011 ), so effective conservation efforts are likely needed to ensure the 

sustainability of fisheries and lobster populations. Although lobster landings are at an all

time high, these have varied markedly over time and space ( e.g., Pezzack 1992), and the 

causes of these fluctuations have been difficult to identify. Accordingly, it is difficult to 

predict future changes to lobster populations, and thus recruitment to the fishery. 

Characteristics of lobster life history and population dynamics may complicate 

fisheries' conservation efforts, since planktonic lobster larvae could be dispersed over 

great distances, and settle in areas far from where they originated. Spatial heterogeneity 

of egg production and postlarval recruitment were demonstrated by Miller ( 1997), and 

patterns along the coast of southern Nova Scotia suggested that recruitment of lobsters to 
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the fishery in a given geographic area may be influenced more by that area's supply of 

postlarvae from other regions than by local larval production. Recruitment of lobsters to 

the fishery in a given LF A or LMZ may therefore depend on conservation practices in 

other areas that supply it with larvae. Therefore, cooperative efforts between lobster 

fishermen and common regulations in areas that depend on outside sources for their 

supply of larvae and the area(s) that supply them with larvae may be important to the 

fishery. 

Because of the importance of the lobster fishery and the potential for fisheries 

areas to be interconnected by larval dispersal, physical oceanographic data and computer 

models have been used in several studies to estimate drift and dispersal of lobster larvae 

over long distances. Winds, currents, and postlarval swimming behaviour were 

demonstrated by Katz et al. (1994) to potentially transport larvae from offshore to the 

coast of Rhode Island. Physical data and models of the Gulf of Maine (GoM) 

demonstrated potential transport of larvae between offshore banks and inshore fisheries 

(Harding and Trites 1988; Harding et al. 2005), as well as connectivity among inshore 

fisheries 20 to 400 km apart by larval drift to the southwest along the Maine coast (lncze 

and Naimie 2000; Xue et al. 2008). More recently, Incze et al. (2010) used a model to 

estimate potential connectivity among different source-sink areas in the GoM, and found 

that settling larvae in some locations could originate from many different and distant 

sources, although the most important contributors to potential settlement in a given area 

tended to be its nearest upstream neighbors. Larval drift and retention from Prince 

Edward Island to Cape Breton in Nova Scotia was predicted using drift bottle and current 

meter data incorporated into a model by Miller and Hannah (2006). A semi-Lagrangian 
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individual-based biophysical model (IBBM) was used by Chasse and Miller (2010) to 

investigate potential linkages among larval source-sink areas in the southern Gulf of St. 

Lawrence (sGoSL); they reported net drift of larvae from west to east in this region, 

particularly on the north side of Prince Edward Island, and potential loss of larvae from 

the sGoSL to the Scotian Shelf (as was also predicted by Miller and Hannah (2006)). 

Chasse and Miller (20 I 0) also attempted to define possible fisheries management areas 

by grouping their source-sink areas based on the importance of each area as a supplier of 

larvae to other areas, and in doing so suggested moderate changes to existing 

management areas in the sGoSL. 

The above studies demonstrated that ocean currents, including advection due to 

wind, have the potential to transport lobster larvae over large distances and result in 

interdependence of fishing grounds separated by tens to hundreds of kilometers. Genetic 

analyses by Kenchington et al. (2009) of microsatellite markers suggested genetic 

homogeneity among lobsters in the Gulf of St. Lawrence and along the Scotian Shelf, 

which is consistent with model predictions (i.e. - Miller and Hannah 2006; Chasse and 

Miller 20 I 0) that large-scale larval interchange occurs between such geographically

distant areas. It is therefore possible that lobsters may represent a metapopulation, 

consisting of several smaller sub-populations linked by larval exchange. If this is true, 

then certain lobster sub-populations may be highly resistant to fishing pressure, while 

others might be more vulnerable to local extinction (Yakubu and Fogarty 2006), which 

has great significance to potential fisheries management decisions. However, previous 

modelling work has mostly been done within a single basin or along a limited stretch of 

coastline, but larval production and physical processes occurring outside these study 
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1991 ). Therefore, a larger-scale model could reveal patterns not detected previously. 
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It is also possible that biological relationships included in models thus far, such as 

those controlling the length of time larvae drift before settling, need to be modified to 

more accurately represent lobster biological and ecological characteristics. One such 

biological relationship is that between temperature and larval development rate. 

Development time of lobster through the larval stages is dependent on water temperature 

(Hadley 1906; Templeman 1936; Hughes and Matthiessen 1962; Hudon and Fradette 

1988), so larval drift models need to include development functions to account for this 

relationship, and control larval drift times accordingly. However, three different functions 

exist to describe this relationship, which predict significantly different development times 

at the same temperatures (Fig. 3.1). The first of these functions was based on equations 

derived from lab observations by MacKenzie (1988), and was used to control larval 

development and drift time by Chasse and Miller (2010) in their model of the sGoSL. 

Importantly, MacKenzie (1988) reared larvae from relatively warm-water southern 

regions in the sGoSL and the GoM only, so their equations may represent development of 

warm-source larvae only. A second development function was derived from work by 

Annis et al. (2007), who conducted field sampling along the Maine coast, and estimated 

in situ duration of the larval phase using the time elapsed between first appearances and 

peak abundances of stage I and stage IV larvae. They estimated development times in the 

field that were less than half (about 40%) of those predicted by MacKenzie (l 988)'s lab

based equations at field temperatures, and concluded that their results showed that lobster 

larvae develop faster in the field than in the laboratory. If true, their results suggest that 
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lab-based equations should not be used to estimate larval development in nature, so the 

modelling studies of Xue et al. (2008) and Incze et al. (2010) in the GoM therefore used 

development equations based on the warm-source field estimates by Annis et al. (2007). 

Finally, a third development function was recently determined (Chapter 2) for larvae 

originating from a relatively cold-water, northern region, the north shore of the Gaspe 

Peninsula, in the northern Gulf of St. Lawrence (nGoSL ), that was different from that 

previously observed for warm-source larvae ( e.g., by MacKenzie 1988), perhaps due to 

adaptation to local thermal regimes. A large-scale model covering the species' range 

should take such potential geographic variation in development relationships into account, 

and include both warm- and cold-source lab equations. If the rate at which lobster larvae 

develop were over- or underestimated in previous models, then the time spent by larvae 

in the plankton, and resultant transport of larvae to more distant locations, could have 

been over- or underestimated. Therefore, the effect of using different development 

functions on model predictions must be examined. 

In this study, I used a new large-scale biophysical model of lobster larval drift that 

included most of the species' range to calculate drift of larvae from hatch to settlement, 

and then to estimate potential connectivity among lobster in different geographic areas. 

The physical domain of this model was larger than that in any prior study that modelled 

lobster larval drift, and included the two large regions used in those previous models 

(sGoSL: Chasse and Miller 201 O; GoM: Incze et al., 2010), as well as regions not 

previously considered - the nGoSL (including the Gaspe peninsula), southern and western 

Newfoundland, and the Scotian Shelf (Fig. 3.2). Modelling at such a large scale should 

allow potential connections not observable in previous models to be detected, and could 
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also reveal different connectivity patterns within previously-modelled areas by 

controlling for external influences on drift and settlement within them. Because of the 

potential for differences in the functional relationship between temperature and larval 

development rate across this large model domain, and the importance of these differences 

to larval drift calculations, I performed a sensitivity analysis in which I compared 

connectivity predicted by model runs that used different developmental equations, based 

on MacKenzie (1988) ("warm-source lab equations"), Annis et al. (2007) ("warm-source 

field estimates"), and Chapter 2 ("cold-source lab equations"). I also quantified the extent 

to which differences between model runs using different development functions were 

related to distance, as a result of different larval drift times and distances. Finally I 

conducted further model runs involving spatially explicit larval development functions, 

and made preliminary predictions of potential large-scale spatial connectivity among 

lobster in different geographic areas, as well as among different fisheries management 

areas (LFAs and LMZs). 

3.2 Materials and Methods 

3.2.1 Physical model: 

I used a physical oceanographic model based on the regional shelf model of Atlantic 

Canada and the northeastern United States developed by Brickman and Drozdowski 

(2012a). This model was adapted from the NEMO-OPA (Nucleus for European 

Modelling of the Ocean - Ocean Parallise) ocean circulation modelling system (Madec 

2008), which was originally designed to simulate global circulation in deeper offshore 
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waters, for use in shallower coastal waters. Th~ model domain (longitude: 71.5°-54.9°W; 

latitude: 38.6°-52.0°N) spans most of the Atlantic Shelf of eastern North America, from 

Cape Cod, Massachusetts, to the Strait of Belle Isle, Newfoundland and Labrador, and 

includes the entire GoM, Scotian Shelf, and Gulf of St. Lawrence (GoSL), in addition to 

the western and southern coasts of Newfoundland (Fig. 3.2). This domain covers most of 

the American lobster's range, and includes all portions of the species' distribution in 

which major fisheries and the majority of lobster abundance are concentrated (Pezzack 

1992; Fogarty 1995). The model has a spatial resolution of approximately one twelfth of 

a degree, or about 6 km in the east-west direction and 9 km in the north-south direction, 

meaning that cells in the model grid measure approximately 6 km x 9 km. The model grid 

measures 197 cells east-west by 234 cells north-south, and contains a total of 46,098 grid 

cells. The model includes open boundaries at the Strait of Belle Isle (inflow), along the 

south shore of Newfoundland (inflow), and to the south of the Scotian Shelf and GoM 

( outflow). Horizontal mixing, shear, and eddy diffusivity are simulated using a 

Smagorinski ( 1963) scheme, with a "no slip" condition to allow for lateral friction along 

the coasts. The model is also three-dimensional, and includes 46 vertical layers at depths 

ranging from 5-5000 m depending on location, with finer resolution (up to 5 m) near the 

surface so that the surface mixed layer can be resolved. 

Physical data from 2005 onwards are used to force the model. These data include 

bathymetry data provided by J. Chasse, the Atlantic Geoscience Centre at the Bedford 

Institute of Oceanography, an4 the ETOP02v2 global relief model of the National 

Oceanic and Atmospheric Administration (NOAA). Physical data also include 

temperature and salinity fields from the Department of Fisheries and Oceans' 
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hydrographic climate database, and tides and river runoff data from the Bedford Institute 

of Oceanography and Brickman and Drozdowski (2012b ). Currents, winds, and heat 

fluxes are interpolated by the modified NEMO-OPA circulation model code based on 

local bathymetry, physics, and other oceanic or atmospheric conditions. The physical 

model has been well-validated; currents agree well with observed transport of 

experimental drifters (Loder et al. 2003; Smith 1983) and measurements taken with 

current meters (Brickman and Drozdowski 20 l 2a;b ), and predicted temperatures and 

climatological variables agree well with other independent climate models, including the 

Global Ocean-Atmosphere Prediction and Predictability model (Brickman and 

Drozdowski 2012a). 

In the present study, I ran model simulations for each of five years (2005-2009), 

using only the summer months (June 1 - September 30) of each year, when lobster larvae 

are expected to be released and drifting in the water column throughout the portion of the 

lobster's geographic range covered by the model domain (Aiken and Waddy 1986). The 

physical oceanographic model output was used to drive a semi-Lagrangian individual

based bio-physical model (IBBM) for lobster larvae, developed by J. Chasse and based 

partially on the code used by Chasse and Miller (2010), but with several modifications 

(described below). During an individual run, the model was initialized with monthly 

climatology of temperature and salinity fields interpolated to the starting day of the 

simulation. The model was then forced with hourly physical inputs, and a 5-minute time 

step was used to calculate momentum and displacement of drifting particles. Outputs 

were generated by the lobster IBBM every 12 hours. 
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3.2.2 Biological inputs: 

Available lobster catch data for specific regions has been used to estimate annual egg 

production, and thus provide larval hatch inputs to previous models of the GoM (lncze et 

al. 2010) and sGoSL (Chasse and Miller 2010). However, availability of catch and egg 

production data is currently limited for certain regions in the expanded model domain 

used in the present study, particularly the nGoSL and parts of Nova Scotia (M. Haarr, 

University of New Brunswick, personal communication). Furthermore, timing and 

location of larval release, female size structure and size at maturity, as well as size

specific fecundity of females have all been shown to differ among geographic regions 

(Currie and Schneider 2011 ), and it will therefore be necessary to obtain this data for 

most regions of the model domain to provide it with accurate larval inputs. Therefore, as 

a first step towards preparing the model for use once the aforementioned data are 

available, I examined the potential effects of physical forces and larval development 

functions on spatial connectivity of lobsters, without accounting for spatial variability in 

larval production. In the present study I used uniform estimates of the magnitude and 

timing of larval release throughout the model domain. Locations of larval hatch in the 

model were based upon the historical distribution of lobsters ( from 194 7-1986) 

summarized by Pezzack (1992), although with the portion of the GoM included in 

Pezzack's distribution with depths> 100 m excluded (Fig. 3.2), as recent work (e.g., 

Incze et al. 2010) has found that abundance of ovigerous female lobsters at these depths 

in this region is very low. Larval production in any grid cells outside of this distribution 

was set to zero. To ensure a large sample size of larvae on which to base calculations, I 

used a magnitude of larval hatch based on some of the highest values estimated for the 
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sGoSL in the model of Chasse and Miller (20 I 0). In each model grid cell that fell within 

the aforementioned historical range, berried female abundance was assumed to be 4000 

per 54 km2 (6 km x 9 km) grid cell, or about 74 berried females km-2
, egg production 

(assumed to be equivalent to larval hatch) was assumed to be I 0,000 per female, and total 

annual hatch was therefore 4 x 107 larvae per grid cell, or 7.41 x 106 larvae km-2 (Chasse 

and Miller 20 I 0). Locations of larval release were defined as being either warm- or cold

water source areas (Fig. 3.2), based on the results of Chapter 2 and temperatures reported 

by Ouellet et al. (2003); this distinction was used in later analyses of model outputs. The 

timing of larval release was controlled using a mean hatching function based on pooled 

values from all areas (ports) used by Chasse and Miller (2010) in their model of the 

sGoSL (Fig. 3.3), with hatch beginning after 19 June, peaking between 24 July and 31 

July, and ending on 11 September. Based on this hatching function, a cluster of larvae 

representing a certain proportion of the total larval hatch per cell was released every 12 

hours at the centre of each model grid cell, at a depth of 1.0 m. 

3.2.3 Larval development and mortality: 

After hatching, temperature-dependent development functions were applied to clusters of 

larvae. Local temperatures, obtained from the physical model for each 6 km x 9 km 

model grid cell and I -hour physical time step, were used to increment development 

through larval stages I-IV at each time step according to equations relating development 

time through each stage (in days) to local temperature (°C). I used one of three 

development functions during model runs that included: (I) the warm-source lab-derived 

equations from MacKenzie ( 1988), (2) the field-based estimates of Annis et al. (2007), 
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and (3) the cold-source lab-derived equations from Chapter 2 (Fig. 3.1, Table 3.1 ). As I 

did not observe larval stage IV in the lab study in Chapter 2, in the present study I 

derived an equation for this stage (Table 3.1) by estimating stage IV duration of cold

source larvae from the larval stage III durations at different temperatures reported in that 

study. Given evidence by MacKenzie (1988) and Chapter 2 that lobster larval 

development is equiproportional - that is, that at constant temperatures larvae spend a 

specific proportion of the total larval phase in each larval stage (Corkett 1984) - I 

therefore estimated stage IV duration from observed stage III duration in Chapter 2, using 

the proportions for stages III and IV reported by MacKenzie (1988). Specifically, stage 

IV duration was calculated by dividing the proportion of the larval phase (hatch to the 

moult to stage V) spent in stage IV (0.527) by that spent in stage III (0.203), and then 

multiplying reported stage III durations by this value. Model runs were carried out using 

each of the three different larval development functions, and model outputs from these 

were then compared to one another in the sensitivity analyses described below. 

During preliminary trial runs it was found that including a spatially-uniform larval 

mortality rate of 20% daf1
, based on the spatially-uniform mortality scenario used by 

Chasse and Miller (2010) in their model that was derived from the time series of Scarratt 

(1964) for the sGoSL, did not result in different patterns of connectivity predicted by the 

model than using no mortality (Appendix 3.A). Therefore, mortality was not applied to 

clusters oflarvae in the present study. 
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3.2.4 Larval drift and potential connectivity: 

Once released, clusters of larvae were calculated to drift according to currents, winds, and 

other physical forces provided by the physical model. Larvae were kept at a depth of 1.0 

m as they drifted during model simulations, as plankton surveys have shown that in 

nature lobster larvae tend to remain in surface waters, above local thermoclines in the 

surface mixed layer (Hudon et al. 1986; Harding et al. 1987; Ennis 1995). A Runge-Kutta 

tracking algorithm was used to calculate the trajectories of drifting clusters. To simulate 

physical processes occurring at scales smaller than the model's 6 km x 9 km grid cells, a 

random walk algorithm ( e.g., Visser 1997; Xue et al. 2008) was used, which included a 

horizontal diffusivity of 2.0 m2 s-1
, and used RANLUX (James 1994) to generate random 

numbers. 

When larvae were calculated to reach stage IV, which is the postlarval phase 

during which settlement occurs, I utilized a settlement function similar to that used by 

Chasse and Miller (2010) to calculate the number of drifting larvae remaining in each 

cluster and determine potential settlement in each model grid ceH. This settlement 

function assumed that larvae were competent to settle after passing through 50% of stage 

IV, with the peak of larval settlement occurring 2/3 through the stage; this was based on 

laboratory observations by Cobb et al. (1989b) that most larvae settled halfway through 

stage IV. If any cluster of larvae reached the end of stage IV, all remaining larvae in the 

cluster were allowed to settle. Whether larvae could settle in a given ceH was also 

controlled by bottom temperatures. Chasse and Miller (2010) allowed larvae to settle 

only at locations where bottom temperatures were ~ l 2°C, based on low survival of 

larvae at temperatures < l 2°C observed by MacKenzie (1988). However, recent work has 
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demonstrated that larvae are at least capable of settling at temperatures as low as 10°C 

(Chiasson 2013). Also, during preliminary work with the model I found that restricting 

settlement to areas with temperatures 2'.: l 2°C resulted in little to no settlement in colder 

areas in the expanded model domain, such as along all of the northern shore of the Gulf 

of St. Lawrence and most of Newfoundland. Although the specific locations of lobster 

settlement in these regions are uncertain, adult lobsters are found there (Pezzack 1992) 

and adult movements in these regions are probably limited to migrations over very short 

distances (Stasko 1980; Chapter 2); given that lobsters exist there, then, it is unlikely that 

settlement does not occur at all in these regions. Therefore, in the present study I allowed 

larvae to settle in a given cell if bottom temperature was 2'.: 10°C. 

During a model run, the number of larvae settling in each model grid cell was 

calculated. Because the tracking algorithm stored information regarding larval trajectories 

at each time step, it was possible to determine the cell in which settling larvae had 

originally hatched, which allowed me to calculate potential connectivity among different 

source-sink areas. During preliminary analyses, the overall effects of development 

functions on connectivity were found to be consistent over the five years examined in this 

study, with nearly identical patterns of differences in predicted connectivity between 

areas in relation to distance and development functions (see below). Given this fact, and 

since previous studies similar to this one ( e.g., Chasse and Miller 2010) looked at 

cumulative patterns across multiple years, I summed settlement data from all five years 

(2005-2009) for model outputs using each development function, and then calculated 

average connectivity values across these five years from these summed values for 

statistical analyses. I calculated potential connectivity as the proportion of larvae hatched 
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in each area that were predicted to drift to and settle in each other area. Potential 

connectivity was calculated among potential source-sink areas at two different scales. 

First, I estimated potential connectivity at a relatively fine scale using spatial units 10 

model cells wide x 10 cells long, for a total area of 5400 km2 (Fig. 3.4A), excluding 

blocks that were 100% dry land. I chose this size for the finer-scale analysis because this 

was the smallest scale I could define without computation time becoming prohibitive. 

Though initially 338 of these areas were defined, larval release only occurred in 191 of 

them (Fig. 3.2), so I only included these areas in subsequent analyses. Second, I 

estimated potential connectivity at the larger scale of fisheries management areas, which 

ranged in size from approximately 1200 to 275,000 km2
. Management areas used 

included Canadian LFAs 11-27, 29-38, and 40-41, Maine LMZs A-G, several geographic 

areas in the southern GoM based on those used in the modelling study of Incze et al. 

(2010), and George's Bank (Fig. 3.4B). 

3.2.5 Sensitivity analyses: 

To determine whether different larval development functions affected potential 

connectivity predicted by the model, I conducted sensitivity analyses in which model 

predictions based on the three different development functions, warm-source lab 

equations, warm-source field estimates, and cold-source lab equations, were compared. 

The model's predicted connectivity values were calculated for each pair of finer-scale 

5400 km2 source-sink areas as the proportion of larvae released from one area that settled 

in another area. Any pairings of areas that were never connected ( connectivity between 

areas= 0) in any model simulation were removed from further analyses. To assess the 
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effect of using different development functions in the model on predicted connectivity 

between areas, I calculated the difference in predicted connectivity due to using different 

development functions for each pairing of areas as the connectivity predicted by the 

model using one development function minus that predicted by the model using another. I 

examined the mean differences in connectivity between each combination of 

development functions (warm lab versus warm field, cold lab versus warm field, and cold 

lab versus warm lab), and then, to determine whether the overall differences were 

significant, I tested whether the 95% confidence intervals associated with each mean 

overlapped with zero (null hypothesis of no difference). Then, since there was potential 

for the different development functions to affect drift times and connectivity between 

areas differently depending on local water temperatures (see Fig. 3.1) and the distance 

between areas, I attempted to quantify the effect of the geographic distance between areas 

on connectivity predicted using different development functions. To do this, I calculated 

the mean connectivity predicted by the model using each development function among 

areas separated by different physical distances. Distances (in km) were calculated 

between the geographic centers of each pairing of 5400 km2 source-sink area. Then, for 

the actual sensitivity analyses I examined whether means and 95% confidence intervals 

of connectivity values predicted using different functions overlapped at each distance. In 

this way, I was able to determine whether and which of the development functions being 

compared resulted in more or less connectivity between areas separated by certain 

distances. These comparisons were carried out separately for source-sink areas that were 

defined as either northern or southern sources (see Fig. 3.2, and descriptions in the text 
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below), and for each of the three different combinations of development functions, for a 

total of six comparisons. 

3.2.6 Assessing potential spatial connectivity of lobster: 

I conducted further model runs to assess potential spatial connectivity of lobsters 

throughout the species' range. I conducted these simulations using a larval development 

scenario designated "N/S Split", which assumed that the difference between warm-source 

(south) and cold-source (north) lab-derived equations represents true geographic 

differences in larval development time. In this scenario, I used a coarse division of the 

model domain into a predominantly cold-water "northern" source region, and a 

predominantly warm-water "southern" source region, based upon large-scale trends in 

summer sea surface temperatures most-likely to be encountered by developing larvae in 

each region (Ouellet et al. 2003; Chapter 2). Larval stages were then incremented using 

the warm-source equations of MacKenzie (1988) for clusters oflarvae released from 

model cells in southern regions (GoM, Scotian Shelf, and the sGoSL), and using the cold

source equations from Chapter 2 for clusters released in northern regions (nGoSL and 

Newfoundland) (Fig. 3.2). Based on the outputs of these model runs, I estimated source

to-sink connectivity among 5400 km2 source-sink areas as well as among fisheries 

management areas, as in the above sensitivity analyses. 

To assess to what extent the model might be useful for estimating potential 

connectivity among areas beyond what could be inferred based solely on the distances 

between them, I first examined source-to-sink connectivity among 5400 krn2 source areas, 

and then asked how much of the spatial pattern in connectivity was simply related to the 
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distance between source areas; if the majority of the spatial pattern cannot be explained 

on the basis of distance alone, then using the model appears to tell us more about the 

potential patterns of drift and connectivity than considering distance alone. I first tested 

whether connectivity was correlated with distance by calculating Spearman's rank 

correlation coefficient (p) (Spearman 1904) between distance and connectivity and 

testing it for significance. I then performed a simple linear regression to relate the 

connectivity between each pairing of areas to the distance between them; the R2-value of 

this regression was then used to describe the percentage of the variability in connectivity 

that was explained by physical distance as opposed to other factors, such as currents. 

These statistical analyses were carried out using IBM SPSS Statistics 20 (SPSS 2012). 

To examine potential spatial connectivity of lobster in eastern North America 

with the new model, I first grouped 5400 km2 source-sink areas into possible spatial units, 

based on where larvae released from each area were predicted to settle; these groupings 

therefore represented potential "source units". Connectivity values (the proportion of 

larvae released from each source area that were predicted to settle in each sink area) 

between each pairing of areas were used as the basis for these groupings. Connectivity 

data were standardized prior to analyses by total settlement in each sink (Clarke and 

Warwick 1994 ), and then Bray-Curtis similarity indices were calculated between each 

pair of source areas, based on their similarity in terms of larval destinations ( sink areas). 

Multidimensional scaling (MOS) and cluster analyses (Clarke and Warwick 1994) were 

then performed on calculated Bray-Curtis similarity values, to group hatch (source) areas 

that shared common destinations (sinks) of their larvae. These analyses were carried out 

using PRIMER6 (PRIMER-E Ltd. 2011). I used a similarity cutoff of25%, as in Chasse 
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and Miller (20 I 0), to define groupings of source areas with similar sinks, and then 

calculated percent self-seeding and export of larvae for each grouping. I also examined 

groupings of larval sources using a higher similarity threshold of 50%, to examine the 

robustness of this method for grouping potential spatial units of lobster. Finally, to further 

examine potential connectivity of lobster in a way that was immediately relevant to 

fisheries management, I generated a connectivity matrix to represent source-to-sink 

connectivity among fisheries management areas throughout the species' range. 

3.3 Results 

3.3.1 Effect of larval development functions on connectivity among 5400 km2 source

sink areas: 

In all cases, including different development functions in the model resulted in significant 

differences in predicted connectivity among small source-sink areas (Fig. 3.5). 

Specifically, using warm- and cold-source lab-derived equations in the model resulted in 

overall slightly lower predicted connectivity than using field estimates, and using cold

source lab equations also resulted in overall lower predicted connectivity than using 

warm-source equations (Fig. 3.5). However, the actual values of the differences in 

connectivity between different development functions varied widely, with both negative 

(as low as -0.48) and positive (as high as 0.57) differences occurring (Fig. 3.5). 

Significant differences in connectivity values between specific pairings of source

sink areas separated by different physical distances were also observed between model 

runs using the three development functions (Fig. 3.6A-F). In all cases, connectivity 
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predicted by model runs using different development functions differed depending on the 

distance between source-sink areas, and the magnitude and direction of these differences 

were related to distances between source-sink areas in interesting ways (Fig. 3.6A-D). 

For both cold- and warm-water source areas, the difference between connectivity 

predicted using the lab-derived equations ( cold- or warm-source) and the field estimates 

was related to the distance between source-sink areas (Fig. 3.6A-D), with lab-derived 

development equations predicting significantly less self-seeding (distance= 0 km) (Fig. 

3.6A-D). Compared with using field estimates, warm-source lab equations resulted in 

significantly less connectivity between northern sources and areas 60-85 km away·(Fig. 

3.6A), and between southern source areas and their nearest neighbouring areas (distance 

= 60 km) (Fig. 3.6B), while use of cold-source lab equations resulted in significantly less 

connectivity between northern source areas and areas 60-134 km away (Fig. 3.6C), and 

between southern sources and areas 60-85 km away (Fig. 3.6D). In the majority of cases, 

use of warm-source lab equations resulted in significantly more connectivity between 

more distant areas in both northern ( distance between areas = 216-603 km) and southern 

source regions (180-509 km) than did field estimates (Fig. 3.6A, B). Use of cold-source 

lab equations also mostly resulted in significantly greater connectivity between more 

distant areas than did use of field estimates, in both northern (216-638 km) and southern 

source regions (134-700 km) (Fig. 3.6C, D). 

Interestingly, the relationship between distance between areas and the differences 

in connectivity predicted using cold-source versus warm-source lab-derived equations 

differed between areas in northern and southern source regions (Fig. 3.6E, F). In northern 

regions, development equations for cold-source larvae resulted in significantly higher 
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self-seeding (distance= 0 km) than those for warm-source larvae (Fig. 3.6E). Conversely, 

in southern regions self-seeding and connectivity between neighbouring areas 60 and 85 

km apart was significantly lower when cold-source versus warm-source lab equations 

were used (Fig. 3.6F). Compared with using warm-source equations, connectivity among 

northern source areas 134 and 240 km apart was significantly lower when cold-source 

equations were used, while connectivity among about 50% of northern source areas 350-

649 km apart was significantly higher using the cold-source equations (Fig. 3.6E). Lastly, 

in southern source regions, connectivity between the majority of areas separated by 

greater distances of 300-700 km was significantly higher when cold- rather than warm

source equations were used (Fig. 3.6F). 

3.3.2 Relationship between connectivity and physical distances: 

Source-to-sink connectivity between pairs of 5400 km2 source-sink areas using the N/S 

split larval development scenario was not at all correlated with the distance separating 

these areas (Fig. 3.7). In fact, connectivity between different pairs of source-sink areas 

separated by equal distances varied widely; for example, for areas 60 km apart, actual 

connectivity values between areas ranged from 0% to 60% (Fig. 3.7). As a result of this 

variability, the distance between source-sink areas explained almost none (<I%) of the 

total variation in connectivity between them (Fig. 3.7). This means that almost all(> 

99%) of the total variation in connectivity was due to factors other than distance, such as 

currents, circulation patterns, and spatial variability in water temperatures affecting larval 

development times and drift distances, that were accounted for by using the model to 

simulate such physical forces and their variation across space and time. 



3 .3 .3 Potential large-scale spatial connectivity of lobster: 

Groupings of smaller 5400 km2 source-sink areas into spatial units based on common 

larval sinks ("source units") differed between geographic areas in terms of the size and 

magnitude of self-seeding versus export of larvae (Fig. 3.8). Using a Bray-Curtis 

similarity cutoff of 25% resulted in eastern North America being divided into 20 units, 

each comprising 1-26 5400 km2 areas, most of which had moderate ( 40-50%) to high 
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( 50-70% or more) self-seeding, although there was lower retention ( 10-40%) and higher 

export (60-70% or more) along parts of the nGoSL, Gaspe, and Scotian Shelf (Fig. 3.8A). 

A similarity cutoff of 25% generated relatively large spatial groupings along the Scotian 

Shelf, nGoSL and Gaspe, and southwestern Newfoundland, while in more relatively more 

landlocked regions, including the sGoSL, GoM, Chaleur Bay in the Gaspe region, and 

southeastern Cape Breton on the Scotian Shelf, more and smaller groupings were 

generated. 

Using a similarity cutoff of 50% divided the model domain into 42 units, each 

comprising 1-17 5400 km2 areas, but the locations of areas with relatively high retention 

and high export were mostly consistent with the 25% MDS cutoff groupings (Fig. 3.8B). 

Certain source-sink areas, for example one near Gaspe, QC, some along the coast of 

Anticosti Island in the nGoSL, and some in the GoM, were grouped by themselves or into 

very small units of 2-4 5400 km2 areas that exported larvae to, and received larvae from, 

several other areas within the same 25% grouping (Fig. 3.8A, B); such highly

interconnected units had very low self-seeding (in many cases <I 0%), and therefore 

likely depend considerably upon other areas for their own larval supply. 
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3.3.4 Potential large-scale connectivity between fisheries management areas: 

For the model using geographic variation in larval development ("N/S split"), many 

fisheries management areas were predicted to retain much of their own larval production, 

and/or to have the majority of their exported larvae drifting "downstream" to the nearest 

management areas (Fig. 3.9). However, larvae released from several management areas 

were also predicted to drift to multiple other areas, with some areas exporting larvae to 6-

12 other areas (Fig. 3.9). Management areas predicted to have relatively high (60-70% or 

more) self-seeding were broadly distributed throughout the species' range, and included 

LFAs 14B, 25, 26A, 26B, 27, 31A, 34, 41, 35, and 36, as well as OCC, BIS, and Georges 

Bank in the southern GoM (Fig. 3.9). Management areas with high self-seeding were also 

a wide range of sizes, including both relatively small ( e.g., LF As 14B and 25) and 

relatively large ( e.g., LF As 34 and 41) areas. These and other areas also exported larvae 

to 1-12 downstream neighbours, and several areas (LFAs 12, 14C, 15, 16, 18, 20B, 21, 30, 

3 lB, 32, 40, and 37, and LMZs Band E) were predicted to export the majority of their 

larvae to other management areas, resulting in relatively low self-seeding ( <1-10%) (Fig. 

3.9). Large-scale drift of larvae between management areas in different geographic 

regions was also predicted, with some larvae drifting from Newfoundland to the nGoSL, 

from the nGoSL to Gaspe and from both of these regions to the sGoSL, from the sGoSL 

to the Scotian Shelf, from the Scotian Shelf to the Bay of Fundy and GoM, and between 

the Bay of Fundy and the GoM (Fig. 3.9). In addition, more limited larval export was also 

predicted from the sGoSL to the Scotian Shelf, primarily to LF A 27, as well as from 

LF As 22 and 27 across the Laurentian channel to parts of Newfoundland (Fig. 3.9). 
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3.4 Discussion 

3.4.1 Field estimates of larval development versus lab-derived equations: 

Using field (Annis et al. 2007) as opposed to lab estimates (MacKenzie 1988; Chapter 2) 

of larval development in the model in both northern and southern source regions resulted 

in significantly higher self-seeding and connectivity between neighbouring 5400 km2 

source-sink areas 60-134 km apart, and less connectivity between areas separated by 

greater distances, ranging from 134-700 km. These results show the impact of using lab

versus field-derived estimates of larval development in the model on its predictions. 

Results also therefore agreed with expectations of higher connectivity between more 

distant areas (and therefore less local retention) when lab-derived development equations 

are used, which is not surprising given these result in markedly slower development than 

the field estimates of Annis et al. (2007). It is worth noting that mean differences in 

connectivity between different areas grouped by the distance between areas, while 

significant, were relatively small (ranging between ~ 1 % connectivity to a maximum 

value of 14%). This likely occurred as the result ofregional and temporal variations in 

circulation patterns and water temperatures, resulting in considerable variability in larval 

development times, drift distances, and potential connectivity patterns across the model 

domain, even within outputs of the same simulations (same year, same development 

function, etc.). Such variations also appeared to cause connectivity between areas in 

general to not be related to the distance between them ( see discussion of estimating 

connectivity using the model versus distance, below). Therefore, they may have partially 
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confounded my ability to detect whether and how differences in connectivity due to using 

different development functions were related to distance. However, while these mean 

differences may have been small in absolute terms, in relative terms they could represent 

a considerable difference in the connectivity predicted between a given pair of areas; for 

example, the absolute decrease of 11 % (from 19 % to 8 %) in mean self-seeding of 

northern source areas predicted using warm-source lab equations would represent a 

57.9 % decrease relative to the mean self-seeding predicted using field estimates. Further, 

the fact that there were significant differences in connectivity between areas as a result of 

different development functions, and that the differences were related to distance, even 

with such variability in the results, demonstrates the considerable impact that the use of 

different larval development functions can have on the predictions of this model. 

Therefore, these results show that using the field estimates of Annis et al. (2007) in 

lobster larval drift models results in predictions of lobster population structure and 

dynamics - for example, the connectivity matrix and spatial units derived in this study -

that are much different from what is predicted if lab-derived equations are used, so 

careful consideration must be given to the choice of development function in such 

exercises. 

The field estimates of Annis et al. (2007) predict larval development faster than 

that observed in any previous study to date (Hadley 1906; Templeman 1936; Hughes and 

Matthiessen 1962; Hudon and Fradette 1988; MacKenzie 1988; Chapter 2), including a 

similar study by Hudon and Fradette (1988) based on field sampling of larvae in the 

Magdalen Islands, QC, in the sGoSL. For example, in comparison to the results of the lab 

study of warm-source larvae by MacKenzie (1988) the field estimates of Annis et al. 
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(2007) would predict total development time from hatch to stage V at I 0°C to be 39 days 

versus 97 days, and at 22°C less than IO days versus 24 days (see Fig. 3.1 ). Interestingly, 

if larvae did develop to stage V in less than IO days at 22°C, then they would have to 

reach stage IV within about 4 days, meaning that the duration of larval stages I and II 

would be one day or less; this seems highly unlikely, as after moulting the new carapace 

would probably not have the chance to fully form and harden before the larva moulted 

again. Importantly, several limitations or potential errors could have confounded the 

study by Annis et al. (2007) on which field estimates of warm-source larval development 

were based, meaning that their results may not support their conclusion of faster 

development of lobster larvae in the field. Specifically, the sampling method on which 

these field estimates of development were based may have been subject to errors, 

including advection of larvae from outside the study area or asynchronous hatch of larvae 

by "local" females, resulting in sampling of heterogeneous groups of larvae of different 

ages (Gendron and Ouellet, 2009; Chapter 2). There is reason to believe that this may 

have been the case, for example because currents along the Maine coast are actually quite 

strong (Brickman and Drozdowski 2012b ), which could cause considerable drift of larvae 

into and out of the study area of Annis et al. (2007). Therefore, given the present 

uncertainty of these field estimates, and the substantial impact they have on larval 

development times, and on model predictions in the present study, I chose to make 

preliminary estimates of overall potential connectivity of lobster ( discussed below) based 

on model runs that included development equations based on lab observations. 
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3.4.2 Cold-source versus warm-source development functions: 

In this study, I found that using the cold-source lab equations of Chapter 2 rather than the 

warm-source equations of MacKenzie (1988) to increment larval development in colder 

northern source regions - specifically the nGoSL, Gaspe, and Newfoundland- resulted in 

significantly higher self-retention of local larval production by 5400 km2 source-sink 

areas, and overall significantly less drift of larvae between different and more distant 

cold-water, northern source areas 134 km and 240 km apart. For larvae released from 

southern source areas (the sGoSL, Scotian Shelf, and GoM), however, the trend regarding 

distances was reversed, and use of cold-source equations resulted in relatively longer drift 

in warm water, which lead to significantly less local retention ( over distances from 0-85 

km) and more connectivity between distant source-sink areas ( distances between 300-700 

km) than use of warm-source equations. These results make sense, given overall local 

thermal regimes (Ouellet et al. 2003; Galbraith et al. 2011) and development times 

predicted by cold- versus warm-source equations at colder ("cold-source" larvae develop 

faster than "warm-source" larvae) versus warmer ("warm-source" larvae develop faster 

than "cold-source" larvae) water temperatures (see Fig. 3.1 ). The observed higher 

retention of local larval production in northern source regions also supports the 

hypothesis that the differences observed in Chapter 2 for Gaspe larvae relative to 

previous studies of warm-source larvae, including MacKenzie (1988), represented 

adaptation for relatively rapid development - to avoid larval mortality during extended 

drift by predation (Anderson 1988; Robert et al. 2007) or offshore advection (lncze and 

Naimie 2000), for example - in colder waters. The significant differences between model 

predictions using cold- versus warm-source equations in terms of predicted connectivity 



and self-seeding demonstrate the importance of accounting for these geographic 

differences in larval development in the model. 
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Though the differences in connectivity predicted with cold- versus warm-source 

lab equations mostly agreed with expectations, as described above, there were some cases 

that appeared to deviate from expected patterns. Specifically, in colder-water northern 

regions it was expected that using cold-source development equations should have 

resulted in less distant drift and more retention than using warm-source equations, since 

in colder waters cold-source larvae should develop faster than warm-source ones 

(Chapter 2). However, connectivity between some northern source areas and sink areas 

located very far away- over distances between 350-649 km - was found to actually be 

significantly higher when cold-source equations were used, implying greater drift of cold

source larvae over these distances. Closer examination of the data for pairing of areas 

separated by these distances revealed that the majority (90.5%) of them represented drift 

from larval release points in northern locations (sources) to far away (350-649 km) sinks 

in southern, warmer-water regions. Therefore, a possible explanation for the 

aforementioned unexpected trend is that due to current velocities in the nGoSL being 

relatively high compared with those in the more landlocked areas, such as the sGoSL 

(Galbraith et al. 2011; Brickman and Drozdowski 2012b), some larvae would likely be 

advected away from the nGoSL to areas in the sGoSL, where they would experience 

much higher water temperatures; local circulation patterns may therefore have 

confounded the effects of thermal regimes and development functions. My results did 

show, though, that larvae originating from cold-water northern sources that remained in 

these colder areas (self-seeding) did develop more rapidly and drift less when they 
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developed according to cold-source versus warm-source equations. It is possible that in 

nature larvae in the nGoSL use active swimming (Ennis 1986) or vertical migration (HilJ 

1991) to avoid offshore currents (Brickman and Drozdowski 2012b; Galbraith et al. 

2011 ), and thus increase local retention and prevent advection into distant warmer-water 

southern regions that might be disadvantageous for them; if so this may need to be 

incorporated into future modelling exercises. However, even considering this potential 

limitation and the substantial variability in the results, including unexpected exceptions to 

overall trends, the results do demonstrate the importance of accounting for geographic 

differences in larval development characteristics in larval drift models. 

3.4.3 Comparison with previous studies of potential connectivity of lobster: 

In the previous modelling study of Chasse and Miller (2010), MDS and cluster analyses 

(with similarity cutoffs of 25-37%) were used to group source-sink areas in the sGoSL 

based on the relative contribution of each source area to predicted settlement in each sink 

area. Based on their analyses, they divided the sGoSL into 5 possible "units", including 

one on the north side of Prince Edward Island containing most of LF A 24, two in LF A 25, 

one containing most ofLFA 26A, and one in St. Georges Bay. Using a similar (25%) 

cutoff to group finer-scale areas based on common larval sinks, I divided the sGoSL 

somewhat differently, into 3 larger units, one of which was linked with areas in the Gaspe 

region. I did subdivide LF A 25 along the western tip of Prince Edward Island, similarly 

to Chasse and Miller (2010), but I also grouped areas in the eastern part of LF A 25 

together with areas in LF As 24 and 26A, including the north shore of Prince Edward 

Island and St. Georges Bay. I also grouped parts of western Prince Edward Island with 
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areas further north, along northeastern New Brunswick, the Gaspe Peninsula, and part of 

the nGoSL. These differences between my groupings and those of Chasse and Miller 

(2010) may have resulted from large-scale drift patterns involving external sources and 

sinks of larvae not included in the previous study' s model, which interacted considerably 

with areas in the sGoSL via larval exchange. Specifically, my model predicted much drift 

of larvae from the nGoSL and Gaspe regions into the southern Gulf, as well as some 

export of larvae from the southern Gulf to areas on the Scotian Shelf (mostly Cape 

Breton, Nova Scotia), and even to some extent across the Laurentian Channel to 

Newfoundland. Predicted drift of larvae from the sGoSL to the Scotian Shelf in this study 

agreed with similar predictions made in a study by Miller and Hannah (2006). The 

relatively high degree of larval export versus retention predicted by my model for source

sink areas along the Scotian Shelf agreed well with the observations of Miller (1997) that 

local recruitment in this region might depend more on larval supply from other sources 

than local larval production. 

It is also possible that groupings of areas in the sGoSL differed between my study 

and those in the study of Chasse and Miller (2010) because the basis for the groupings 

differed between the two studies - Chasse and Miller (20 I 0) grouped sink areas by 

shared sources, whereas I grouped source areas by shared sinks. As the magnitude of 

larval input (hatch) could impact the relative contribution of each source to settlement in 

each sink, and I did not have estimates of spatial variability of larval input from across 

my model's domain, I did not group sink areas in the present study. However, given the 

extent to which my model predicted larval exchange among areas in the sGoSL and 

external sources and sinks, it seems probable that the larger scale of my model is 
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responsible for most of the differences in the groupings, as larval exchange with areas 

beyond the sGoSL would change the relative similarities among areas within this region 

in terms of connectivity, on which the groupings were based (Clarke and Warwick 1994). 

Importantly, however, both approaches are incomplete on their own, and will eventually 

need to be integrated to assess actual biological units or "stocks" of lobster, for example 

by defining both groups of sinks and groups of sources, and then overlaying these 

groupings to look for consistencies (possible "stocks") and discontinuities (possible 

transitional areas between stocks). 

My results also agree with the predictions of Harding et al. (2005) that larval drift 

might occur between offshore banks (Georges Bank and Browns Bank) in the GoM and 

inshore fisheries, as the model did predict drift of larvae from Maine LMZs (mainly 

LMZs E, F and G) and other inshore locations (New Hampshire and Massachusetts) to 

Georges Bank, and drift from southwest Nova Scotia to Georges Bank, Browns Bank 

(LF A 40), and offshore regions along the Scotian Shelf (in LF A 41 ). Xue et al. (2008) 

and Incze et al. (2010) predicted drift of larvae to the southwest along the Maine coast, 

including drift of larvae released from the Bay of Fundy and southwest Nova Scotia to 

Maine LMZs, or areas further to the southwest, in the southern GoM. My predictions 

agree with these results in terms of overall drift patterns of larvae from hatch to 

settlement. These previous models predicted the greatest contributors to settlement in 

each area to be its nearest neighbours, with relatively high settlement at inshore points in 

most Maine LMZs. However, my model predicted further drift and less retention of 

larvae along the Maine coast, with certain LMZs, particularly LMZs B and E, predicted 

to have very low retention of larvae and to lose a substantial portion of their larvae to 



94 

areas in the southern GoM. Importantly, my model, with the "N/S Split" development 

scenario, used lab-derived warm-source equations of MacKenzie ( 1988) to increment 

larval development in the GoM, whereas Xue et al. (2008) and Incze et al. (20 I 0) used 

the field estimates of Annis et al. (2007). These differences in development functions 

may have been largely responsible for the differences in model outputs, as when I used 

field estimates of more rapid development to increment development in my sensitivity 

analyses, larval retention and connectivity between neighbouring source-sink areas was 

substantially higher and comparable to predictions of previous studies in southern warm 

source regions, such as the GoM, than when lab-derived equations - resulting in 

comparatively slower development than the field estimates - were used. 

While overall circulation patterns within the sGoSL and GoM predicted by the 

model used in the present study were similar to those in the models of Chasse and Miller 

(2010), Xue et al. (2008), and Incze et al. (2010), in several instances (outlined above) 

larval drift and connectivity between different areas predicted by this model differed 

considerably from the predictions of those previous modelling studies. These differences 

may have been due to either (I) differences in the biological and/or physical inputs to this 

model versus previous models, or (2) the larger spatial scale of the model used in the 

present study. 

Predictions from the model in the present study may have differed from those of 

previous modelling studies' due to the fact that they were able to include estimates of 

more realistic spatial variability in different biological inputs within their smaller spatial 

domains, as well as other aspects of larval biology and smaller-scale physical processes. 

Predictions in the present study are admittedly tentative, as they are based on a model 
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including primarily physical forces and larval development, but not perhaps including 

realistic estimates of several other important biological components, due to limited 

information about them across the larger model domain. For example, production of eggs 

and larvae is known to vary in terms of magnitude and timing across the lobster's range 

(Aiken and Waddy 1986; Miller 1997; Currie and Schneider, 2011 ). This could impact 

predicted connectivity patterns, as, for example, an area predicted by the current model to 

export only a small percentage of its larvae to other areas that actually had relatively high 

egg productivity might in fact export high absolute numbers of larvae, and therefore 

contribute considerably to settlement in other areas with which it is connected. Previous 

models (Incze et al. 2010; Chasse and Miller 2010) used realistic larval inputs based on 

estimated abundance of reproductive female from landings data, including spatial 

variability in both the magnitude and timing of larval input across their model domains, 

whereas I used uniform inputs, which missed the effects of this spatial variability on 

connectivity patterns. It is also possible that larval behaviours not currently included in 

my model, including diel vertical migrations through waters above local thermoclines by 

lobster larvae in stages I, II, and III (Harding et al. 1987), could impact drift and 

connectivity predictions. Vertical migration, which was included in the GoM model of 

Incze et al. (20 I 0), may aid in local retention, for example by taking advantage of flood

tide transport to move larvae back towards shore (Hill 1991 ), and could be another 

explanation for why my model predicted more distant drift and less retention in the GoM 

than theirs did, in addition to the fact that they controlled larval development using the 

field estimates of Annis et al. (2007). In addition to differences in the aforementioned 

biological components of larval IBBMs, it is possible that differences in certain aspects 
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of physical models used in this versus previous studies could explain some of the 

differences between their predictions and mine. My large-scale model had a physical 

resolution of 6 km x 9 km, whereas previous modelling studies in the sGoSL (Chasse and 

Miller 20 I 0) and GoM (Xue et al. 2008; lncze et al. 20 I 0) used finer spatial resolutions 

of 4 km x 4 km. Local eddy diffusion is thought to be more a more important determinant 

of nearshore drift and circulation than larger-scale advection due to currents and winds 

(Langier 2003), and it is possible that finer resolution models could have captured these 

small-scale, nearshore processes influencing larval drift and dispersal, whereas the 

relatively coarse resolution of my model may have missed them, potentially leading to 

less retention and more drift of larvae overall. 

An alternative explanation for differences in my model's predictions from those 

of previous studies could be that the use of a larger spatial scale in my study, 

incorporating many more possible source and sink areas in different regions than in 

previous single-basin models, would have altered the relative percent drift of larvae from 

different sources to different sinks used to calculate connectivity values. For example, my 

model predicted much drift of larvae from areas in the nGoSL into the sGoSL, and some 

drift out of the sGoSL to the Scotian Shelf and southern Newfoundland; these patterns 

involving external source and sinks were not observable in the model of Chasse and 

Miller (20 I 0), as it was limited to the sGoSL. My larger-scale model also allowed for 

import of larvae to the GoM from the Scotian Shelf, and larval exchange between the 

coastal GoM with Georges Bank, both of which were not included in the models of Xue 

et al. (2008) and Incze et al. (2010). Further, the larger physical domain of my model 

versus that of previous models of lobster larval drift in the sGoSL (Chasse and Miller 
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2010) and GoM (Incze et al. 201 O; Xue et al. 2008) could also have accounted for 

external physical forcing (Koutitonsky and Bugden 1991) and import/export of larvae 

beyond the domains of these previous models, that might lead to different patterns of 

larval drift within their domains not previously predicted. Therefore, the ability of my 

model to account for such large-scale processes may well be responsible for much of the 

differences in its predictions relative to those of previous models, and these differences 

could represent potential patterns with considerable importance to lobster fisheries 

management and population dynamics. 

3.4.4 Use of the model versus inferring connectivity based on distance: 

In the present study I confirmed that my model was useful for estimating connectivity 

beyond that which could be inferred from the distance between source-sink areas, and 

also observed several spatial patterns in drift and connectivity that appeared to be robust 

to the use of different analytical techniques. Specifically, when I related source-to-sink 

connectivity calculated between different source-sink areas to distance, I found that the 

distance between areas sufficed to explain almost none of the variation in similarity 

between these areas. This shows that local processes, including currents, temperatures, 

and other regional physical characteristics accounted for by the model, could markedly 

influence the dispersal of larvae released from different locations. If true, this would 

mean that one could not simply infer that lobster in nearby areas were closely connected 

while those in more distant locations were not. Importantly, overall connectivity patterns 

based on model predictions at different scales (between both 5400 km2 areas and 

management areas) and using different techniques (grouping 5400 km2 source areas 
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based on two different similarity cutoffs) were remarkably similar. I used MDS 

groupings with similarity cutoffs of 25%, based on one of the cutoffs used in a similar 

exercise by Chasse and Miller (20 I 0), to group areas into possible source "units" for 

comparison, and to examine the robustness of this technique I also generated groupings 

using a higher similarity cutoff of 50%. The higher cutoff resulted in larger groupings 

being broken up into smaller units, and with some individual source-sink areas being 

separated from larger groups. However, locations of groupings and regions of high and 

low self-seeding and/or export were mostly consistent, and the 50% groupings served 

mainly to illustrate which specific areas within each 25% group acted as common sources 

or sinks for other areas within the group. Furthermore, the locations of groupings of 5400 

km2 source areas with relatively high or low retention versus export of larvae generated 

with this technique also corresponded with the locations of fisheries management areas 

with similarly high or low patterns of larval self-seeding versus export of larvae. For 

example, areas in Cape Breton (LF A 27), northwest Newfoundland (LF A 14B), the inner 

Bay of Fundy (LFA 35), and George's Bank (GB) were predicted by all techniques to 

have relatively high self-seeding (in most cases~ 70%) versus export (:S 30%) of larvae. 

This means that these locations could have relatively high or low self-sufficiency in terms 

of larval supply primarily as the result of physical forces - for example, due to less drift 

versus retention in more landlocked basins, including the sGoSL and Bay of Fundy, and 

more drift and less retention due to stronger directional currents along more open 

coastlines, such as along the Scotian Shelf, Maine coast, and nGoSL (Brickman and 

Drozdowski 2012b ). This suggests, then, that in spite of some of the limits to the 

biological inputs to the model in the present study, its predictions may still be quite 



robust, in that they do not differ between when spatial units of different sizes used for 

analyses of potential connectivity. 
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An important next step in the use of this model will be to validate its predictions 

against actual settlement and/or recruitment of lobster to the benthos in nature, to confirm 

its true usefulness and predictive ability, as well as whether additional components of 

larval biology need to be more carefully incorporated into the model itself. Assessing the 

true usefulness of the model will also require comparing whether its predictions are 

closer to actual patterns of settlement in nature than are those that might be inferred based 

on physical distance, based for example on the distance between sink areas and 

neighbouring source areas. To validate model predictions, previous studies ( e.g., Chasse 

and Miller 20 I 0) compared settlement predictions in different locations to fisheries 

landings data from 5-8 years after predicted settlement, and these studies found that 

spatial variability in postlarval settlement predicted by models was poorly matched with 

recruitment of adult lobsters to the fishery. This may have been due to insufficient or 

inadequate physical data, or perhaps due to the scale and spatial resolution of these 

models. However, post-settlement processes, including mortality of settled postlarval and 

juvenile lobsters and movement of juveniles or adults (Lawton and Lavalli 1995) could 

also have influenced these results. A better metric against which to compare model 

predictions would be the actual abundances of newly-settled postlarvae and/or juveniles 

(sensu Wahle et al. 2004; Incze et al. 2010). Future work should therefore attempt to 

compare predicted versus observed settlement in different areas, to confirm whether the 

model accurately represents both the biological and physical processes controlling larval 

dispersal and settlement, as well as to test whether any of the additions or improvements 



100 

to the model discussed above actual improve the accuracy of its predictions. Once inputs 

to the model are improved, and if its predictions are then validated, the techniques used in 

the present study could be used to compare the relative importance of different source 

areas to settlement in different sinks across the model domain, and these results could 

then be used to estimate potential biological units or stocks of lobster, based on larval 

dispersal patterns. 

3.4.5 Implications of large-scale connectivity of lobster by larval drift: 

My model predicted large-scale connectivity by larval drift between lobster fisheries 

management areas, as well as long-distance drift of larvae among source-sink areas 

within the same and different management areas and geographic regions. These results 

support the theory that lobster in eastern North America represent an interconnected 

metapopulation, with complex dynamics linking different sub-populations (Cowen et al. 

2000; Yakubu and Fogarty 2006). If one assumed, for example, that different 

management areas or groupings of smaller areas ("source units") represented "sub

populations", then my results suggest that vulnerability of different sub-populations to 

extinction (sensu Cowen and Sponaugle 2009) varies considerably, with some being 

largely self-sufficient (high self-seeding), and others appearing to depend primarily on 

external sources for larvae and recruitment. The impacts of the same levels of fishing 

mortality, types of conservation practices, and so on could therefore differ considerably 

among areas, depending on their larval recruitment dynamics. Further, changes to the 

fishery in one area could potentially impact recruitment to lobster populations and 

fisheries in other areas that depend upon the former as a larval source (Ennis 1986). For 



101 

example, my results predicted that 2: 30% of larvae hatched in LF A 32 could contribute to 

settlement in each of LF As 33, 34, and 41, so any change in larval production in LFA 32 

might significantly impact larval supply and recruitment to these other management areas. 

Such connectivity could significantly impact fisheries recruitment and sustainability, so 

understanding which areas are connected, and by how much larval drift, is highly 

important. 

3.4.6 Future considerations: 

Though the results of this study do appear to be quite useful and robust, future work with 

this model should not only improve the quality of inputs to the model to match that of 

prior investigations ( e.g., spatial variability in larval release, finer physical resolution, etc., 

as discussed above), but should also examine other aspects of larval biology not yet 

incorporated into recent models of lobster larva drift, and attempt to validate settlement 

patterns predicted by the model (as discussed above) to confirm whether further additions 

or improvements to the model are needed. For example, directional swimming of stage 

IV lobster larvae against currents could, as demonstrated by Katz et al. (1994), 

significantly alter larval drift trajectories, as could vertical migration behaviour of larvae 

(Hill 1991 ). This larval behaviour has been suggested as a mechanism by which larvae 

could be retained in areas with high velocity offshore currents, such as the Gaspe region 

(Brickman and Drozdowski 2012b; Galbraith et al. 2011 ), and overall might result in 

higher retention of larvae in the areas in which they hatched (Ennis, 1986). Postlarval 

lobsters are also thought to prefer settling on cobble bottoms, where more suitable shelter 

is available, over settling on mud, sand, or bare rock bottoms, and therefore may delay 
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settlement if preferred sea bottom is not encountered (Botero and Atema 1982). This 

could impact drift distances, settlement patterns, and connectivity of lobster, and thus 

may need to be accounted for in models of lobster larval drift. Also, though we did not 

find a significant effect of spatially uniform mortality on connectivity (see Appendix 3.A) 

and thus did not include it in the present study, relatively high mortality of larvae 

advected into certain areas may limit connectivity between these and other areas. It is 

uncertain in what way and to what extent mortality of larvae might vary between 

different locations across the lobster's geographic range, but this spatial variability in 

larval mortality should be investigated, and may need to be included into future models. 

Finally, the coarse division of the model domain into northern, cold-water regions and 

southern, warm-water regions in the N/S Split scenario used in the present study should 

be modified in future work. Summer water temperatures in parts of the GoM, for example 

southwest Nova Scotia or eastern Maine, are colder than those in the southern GoM and 

Rhode Island (Ouellet et al. 2003), so perhaps these smaller southern locations should 

actually be considered as cold-water sources of lobster larvae. Future work should 

examine these possibilities, and then better account for such variability in thermal 

regimes experienced by larvae within larger regions in the model. 

3.4.7 Summary and conclusions: 

In this study, I used a new modelling system to estimate potential spatial connectivity of 

American lobster in eastern North America at a larger scale than has been attempted 

before. I first demonstrated that the different temperature-dependent larval development 

functions found in the literature lead to greatly different patterns of connectivity by larval 
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drift, indicating that care must be taken in selecting function(s) for these modelling 

exercises and that more consideration should be given to the possibility that these vary 

geographically. After incorporating geographic differences in larval development into the 

model, I found that lobster larvae could potentially drift across great distances (up to 730 

km) between hatch and settlement, meaning that lobster in different areas- potentially 

even in different geographic regions - might belong to much larger populations or a 

metapopulation(s). Results also demonstrated the potential complexity of the dynamics of 

lobster larval drift and exchange across eastern North America, with complex differences 

in local retention of larvae versus export to other areas existing between management and 

smaller 5400 km2 areas in different geographic regions. These complexities were 

consistently observed, however, using different analytical approaches and analyses at 

different spatial scales, and connectivity between areas was not explained at all by the 

distance between them, demonstrating the usefulness of the model to account for the 

effects of oceanic circulation on larval drift as well as the overall robustness of its 

predictions. These results will support future investigation into large-scale spatial 

connectivity of lobster, with the ultimate goal of properly identifying lobster biological 

units or stocks, for consideration in management of the fishery. 
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Table 3.1. Equations relating development time (D, in days) through larval stages I-IV to 

temperature (T, in °C) from three previous studies of lobster larvae. These three 

development functions were used to estimate patterns of connectivity. Warm-source lab 

equations for stages I-III came from MacKenzie (1988), and the warm-source stage IV 

equation was derived by Incze et al. (1997; 2010), based on data in MacKenzie (1988). 

Warm-source field estimates for all larval stages came from Annis et al. (2007). Cold

source lab equations for stages I-III came from Chapter 2. The cold-source stage IV 

equation was derived in this study based on stage III durations from the lab study in 

Chapter 2, using estimated stage IV durations based on equiproportional development 

(see description in text). 

Stage 

I 

II 

III 

IV 

Warm-source lab 

equations 

(MacKenzie 1988) 

D = 85l(T-0.84r1.9 t 

D = 200(T-0.84r1.47 

D = 252(T-0.84r1
.4

5 

D = 0.358833T2 
-

14.316T + 156.895 

Warm-source field 

estimates 

(Annis et al. 2007) 

D = 0.4(851 (T-0.84r1.9 t) 

D = 0.4(200(T-0.84r1.47
) 

D = 0.4(252(T-0.84r1.45
) 

D = 0.4(0.358833T2 
-

14.316T + 156.895) 

Cold-source lab 

equations 

(Chapter 2) 

D = 0.031 T2 
- 1.525T + 

22.704 

D = 0.001 T2 
- 0.425T + 

16.469 

D = 0.033T2 
- 1.674T + 

30.219 

D = 0.029T2 
- 2.354T + 

49.368 
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Figure 3.1. Total development time (in days) of lobster larvae from hatch to stage Vat 

different temperatures (°C), as predicted by three different larval development functions. 

Warm-source (solid line) and cold-source (dotted line) predictions were made using 

equations based on the lab studies of MacKenzie (1988) and Chapter 2, respectively, and 

field estimates (dashed line) were based on the results of Annis et al. (2007). Equations 

for each larval stage (I-IV) used in these functions are presented in Table 3.1. 
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Figure 3.2. Geographic domain of the large-scale oceanographic model used in this study. 

Gray dots indicate locations of uniform larval release in model simulations, which were 

partially based on the historical distribution of lobsters presented by Pezzack (1992). The 

solid black line indicates the separation of northern from southern source regions in 

model simulations and data analyses (see detailed descriptions in the text). Larvae 

released north of this line were considered to be of " northern source" origin, while those 

released south of the line were treated as "southern source" origin. Names of geographic 

regions discussed in the text are also labelled (nGoSL and sGoSL = northern and 

southern Gulf of St. Lawrence, respectively; GoM = Gulf of Maine). 
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Figure 3.3. Hatch function used to release larvae during model simulations. The y-axis is 

the proportion of the total annual hatch ( 4 x 10 7 larvae) for a given 6 km x 9 km model 

grid cell released at each point in time during the summer. The x-axis is time in weeks, 

with x = 0 corresponding to June 12, and x = 14 corresponding to September 19. Data 

points are mean proportion of hatch at each time interval, estimated from all locations in 

the sGoSL in the modelling study of Chasse and Miller (2010). A third-order polynomial 

function (solid line and equation), as in the previous study, was derived for these mean 

data, and was used in the present study to release larvae from points across the model 

domain. 



115 

- 68' -64' -62' -60' - 58' 

so· S0°N 

42· 42'N 

- 68' - 66 ' -64" -62" 72'W 7o·w sa'w 66'W 64.'W 62' W 60W SSW 

Figure 3.4. Source-sink areas used to estimate spatial connectivity of lobster by larval 

drift. Two different scales were used: (A) small 5400 kni2 areas ( containing 10 x 10 

model grid cells) and (B) fisheries management areas. Management areas included 

Canadian LF As 11-41 , Maine LMZs A-G, and other locations in the southern Gulf of 

Maine (GoM), designated as follows: MB (Massachusetts Bay and Cape Cod Bay), NH 

(New Hampshire), OCC (Outer Cape Cod), BIS (Block Island Sound), and GB (Georges 

Bank). Potential connectivity at both scales was calculated as the proportion of larvae 

released from each area that were predicted by the model to reach competency to settle in 

each other area. Note that only those source-sink areas from which larvae were actually 

released (see Fig. 3.2) were included in connectivity analyses. 
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Figure 3.5. Differences in connectivity among 5400 km2 source-sink areas predicted by 

the model using three different development functions. Differences (y-axis) were 

calculated for each pair of areas as the connectivity predicted by the model using one 

function minus that predicted by the model using another function (see x-axis labels). The 

lower and upper boundaries of the boxes for each comparison between development 

functions are the 25th and 75th percentiles, the middle line in each box is the median, and 

the smaller square contains the mean ± 95% confidence interval. The ends of the 

whiskers are the 5th and 95th percentiles, the 1st and 99th percentiles are indicated with an 

'x', and the minimum and maximum values are indicated with a'-'. Connectivity 

differences for source areas in northern (white boxes) and southern (gray boxes) source 

regions (see Fig. 3.2) were analyzed separately. For all comparisons, 95 % confidence 

intervals did not overlap with zero, and the magnitude of the difference in predicted 

connectivity due to development function used was significantly less than zero (p S 0.05). 
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Figure 3.6. Connectivity (y-axes) predicted by different larval development functions 

between each pair of 5400 km2 source-sink areas, plotted against the distance (in km) 

between the two areas in each pair (x-axes). Data points on each graph are mean source

to-sink connectivity (proportion)± 95 % confidence intervals predicted by the model 

using warm-source lab equations (solid circles) versus field estimates (empty circles) (A, 

B), cold-source lab equations (squares) versus warm-source field estimates (C, D), and 

cold- versus warm-source lab equations (E, F); note that for clarity mean connectivity 

predicted using cold-source lab equations is represented using solid squares in (C, D), 

and empty squares in (E, F). Analyses of whether confidence intervals and means at each 

distance overlapped were used to compare whether the mean connectivity at each 

distance was predicted to be significantly (p :S 0.05) higher or lower when the model used 

one function than when it used another. Analyses were conducted separately for larvae 

released from northern (A, C, E) and southern (B, D, F) source locations (see Fig. 3.2). 
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Figure 3.7. Connectivity versus distance (in km) between pairs of 5400 km2 source-sink 

areas. Source-to-sink connectivity values were calculated as the proportion of larvae 

released from each area that was predicted to settle in each other area. A linear regression 

equation was derived to describe the relationship between connectivity (Conn) and 

distance (Dist). Based on the R2-value of this regression, it was concluded that distance 

between areas explained almost none (9 .6 x I o-8 % ) of the variation in connectivity 

between areas, so almost all of the variation(> 99%) was accounted for by other factors. 

Spearman's rank correlation coefficient (p) value between distance and connectivity 

between areas is reported (n = 3611 ), along with its associated p-value. Connectivity 

between areas was found to not be significantly correlated with the physical distance 

between them. 
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Figure 3.8. Source areas grouped by common sinks, based on connectivity between small 

5400 km2 source-sink areas predicted by the model using geographic variation in larval 

development ("N/S Split" development), with cold-source equations used for larvae 

released from points in northern regions, and warm-source equations used for larvae 

released from southern regions (see Fig. 3.2). Groupings shown by solid lines were based 

on two-dimensional MDS and cluster analyses of Bray-Curtis similarity values (reflecting 

similarity in sink areas for different source areas) using cutoffs of (A) 25% and (B) 50%. 

Colours indicate percent self-seeding within each grouping (% of larvae hatched within 

the group that settled in areas within the group), while arrows indicate percent export of 

larvae to sink areas in other groupings; darker colours and larger arrows indicate greater 

percentages. For clarity, percent export of< 1 % of larvae from one source grouping to 

another is not plotted. 
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Fig. 3.9. Connectivity matrix showing source-to-sink connectivity between management 

areas predicted by the model using geographic variation in larval development ("N/S 

Split" development), with cold-source equations used for larvae released from points in 

northern regions, and warm-source equations used for larvae released from southern 

regions (see Fig. 3.2). Each cell shows the percentage of larvae released (hatched) from a 

given source area (columns) predicted to settle in a given sink area (rows); darker colours 

indicate higher percentages, and the values in each column add to I 00%. Areas are 

labeled with LF A numbers, Maine LMZ letters, or other abbreviations in the southern 

GoM (see Fig. 3.4 and the Methods text). The larger geographic regions in which 

management areas are located are also labeled, with abbreviations as follows: nGoSL = 

northern Gulf of St. Lawrence, sGoSL = southern Gulf of St. Lawrence, NS Shelf= 

Scotian Shelf, BoF = Bay of Fundy, and sGoM = southern Gulf of Maine. 
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4.1 Summary 

This study was carried out to examine the interrelationships between physical 

oceanographic conditions, larval biology, and large-scale population dynamics of the 

American lobster. In particular, I examined how the relationship between water 

temperature and larval development rate might differ geographically across the lobster's 

range due to adaptation to local temperature regimes, and then whether and in what ways 

such developmental differences might affect drift and exchange of larvae between 

different fisheries and populations. I also examined large-scale patterns of larval 

exchange due to oceanographic circulation across eastern North America, to make 

preliminary estimates of potential spatial connectivity of lobster by larval drift at a scale 

that has not previously been examined ( e.g., versus Chasse and Miller 201 O; Incze et al. 

2010). Larval supply is extremely important to the recruitment of lobsters to fisheries 

(Wahle and Incze 1997), yet until recently many aspects of the biology and ecology of 

this crucial life stage were not well understood (Ennis 1995), and much uncertainty still 

exists. Different developmental responses to temperature resulting in different 

development times could result in different drift times and distances of larvae (Annis et al. 

2007), which in tum could lead to differing degrees of connectivity between lobster 

fisheries and/or possible "sub-populations" (Cowen et al. 2000). Understanding the 

degree of connectivity by larval exchange between lobsters in different areas is important 

to sustainable fisheries management, as it will impact patterns of recruitment to different 

fisheries, as well as vulnerability of local sub-populations to overfishing (Y akubu and 

Fogarty 2006) and future changes (Fogarty 1998), such as to climate (Galbraith et al. 

2012). 
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4.2 Local thermal adaptation of lobster larval development 

I found that the functional relationship between water temperature and development rate 

of larvae from lobster originating from a cold-water source region differs from that 

observed for larvae from warm-water origin lobsters in previous studies (Hadley 1906; 

Templeman 1936; Hughes and Matthiessen 1962; Hudon and Fradette 1988, MacKenzie 

1988). Specifically, cold-source larvae completed development faster than warm-source 

larvae at the lowest temperature I tested (I 0°C), and slower than warm-source larvae at 

higher temperatures (14, 18, and 22°C). In the cold-water region from which my lobster 

larvae came - north of Gaspe, QC, in the northern Gulf of St. Lawrence - larvae are 

generally very likely to encounter temperatures of 10°C or lower during development, but 

unlikely to encounter temperatures higher than l 4-l 6°C; conversely, in warm-water 

source regions of larvae used in previous studies - the Gulf of Maine and southern Gulf 

of St. Lawrence - larvae are less likely to encounter waters as cold as 10°C and are very 

likely to encounter water temperatures of l 8-22°C or higher (Ouellet et al. 2003; 

Galbraith et al. 2011 ). Therefore, my results strongly suggest that cold-water lobsters 

have undergone adaptations for relatively rapid larval development at colder temperatures 

that are more likely to be encountered in nature, seemingly at the cost of developmental 

ability at warmer temperatures less likely to be encountered, similarly to observations for 

other decapod crustaceans (Sastry and Vargo 1977; Sarver et al. 1979; Anger et al. 2003; 

Walther et al. 2010). These differences in larval development times have implications to 

estimating potential connectivity between lobster fisheries because they may result in 

very different drift times and distances of larvae. 
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4.3 Effect of different development functions on model predictions 

I found that using different functions describing the effect of water temperature on larval 

development times in a large-scale model of lobster larval drift resulted in significantly 

different predictions regarding patterns of larval exchange and potential spatial 

connectivity. Outputs of the model incorporating each of three development functions 

were compared, and in all comparisons the different development functions resulted in 

connectivity values between pairings of source-sink areas that were markedly different, 

by as much as 1900-5400 %. This shows the considerable impact that the use of different 

larval development functions has on this model's predictions. 

Using a function based on field estimates by Annis et al. (2007) along the Maine 

coast, which predicts ca. 60% faster development than existing functions derived from 

lab studies, resulted in overall less drift of larvae, higher local retention and lower long

distance connectivity than did the lab-derived functions. These field estimates by Annis 

et al (2007) were subject to potential errors due to sampling of heterogeneous groups of 

larvae hatched at different locations or times (Gendron and Ouellet 2009; Chapter 2), 

especially considering that sampling was carried out in an environment with strong 

directional currents that could easily move larvae into and out of the study area 

(Brickman and Drozdowski 2012; Chapter 3). Given these errors, the fact that field-based 

observations in warm-water regions agreed well with lab-derived development rates 

(Hudon and Fradette 1988), and the significant impact the use of these field estimates had 

on connectivity predicted by the large-scale model in this study (Chapter 3), I conclude 



that the use of these estimates in large-scale models of lobster larval drift may not be 

appropriate. 

Using a development function based on development of cold-source larvae 
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( observed in Chapter 2 of this study) in the large-scale model resulted in different larval 

drift distances and connectivity patterns in both northern (cold-water) and southern 

(warm-water) source regions than using a development function for warm-source larvae 

based on results of MacKenzie ( 1988). The cold-source function resulted in more self

seeding and shorter drift distances of larvae in northern regions (Newfoundland and the 

northern Gulf of St. Lawrence) than using the warm-source function in these same areas, 

due to faster development of cold-source larvae relative to warm-source larvae at lower 

temperatures. Also, some cold-source larvae released in northern regions did undergo 

longer drift and more long-distance connectivity than expected for warm-source larvae, 

mainly because prevailing current patterns in the region (Galbraith et al. 2011; Brickman 

and Drozdowski 2012) caused them to be advected offshore, and then into warmer-water 

areas in the southern Gulf of St. Lawrence. Use of the cold-source function in southern 

regions (the southern Gulf of St. Lawrence, Scotian Shelf, and Gulf of Maine) resulted in 

longer larval drift, lower retention, and more long-distance connectivity than using the 

warm-source function, due to slower development of cold-source larvae relative to warm

source larvae at higher temperatures. These results showed that the existence of 

geographic differences in temperature-dependent development of lobster larvae needs to 

be incorporated into large-scale models of lobster larval drift, as use of the wrong 

function would result in significantly different and potentially erroneous connectivity 

predictions. Therefore, I made subsequent estimates of potential large-scale spatial 



129 

connectivity of lobster based on results of model simulations that included both cold- and 

warm-source equations to represent this geographic variation. 

4.4 Potential large-scale spatial connectivity of lobster 

Preliminary predictions of the model I used in this study suggest that fisheries and 

populations of lobster throughout eastern North America, even areas located in different 

geographic regions and/or separated by large distances, may be strongly interconnected, 

and are perhaps components of one or more large-scale population structures. Larval drift 

mostly followed prevailing circulation patterns (Galbraith et al. 2011; Brickman and 

Drozdowski 2012), with areas within the southern Gulf of St. Lawrence and within the 

Gulf of Maine being strongly interconnected, and also connected to a more limited extend 

with other regions via transitional areas. Directional drift among areas along the coasts of 

Newfoundland, the northern Gulf of St. Lawrence, and the Scotian Shelf was also 

predicted. These results do agree somewhat with the predictions of well-mixed northern 

populations from the genetic study of Kenchington et al. (2009), and also with drift of 

larvae and currents in previous smaller-scale oceanographic studies and models of lobster 

in the southern Gulf of St. Lawrence (Chasse and Miller 2010), Scotian Shelf (Miller and 

Hannah 2006), and Gulf of Maine (e.g., Harding et al. 2005; Xue et al. 2008; Incze et al. 

2010). However, most of these previous studies, particularly in the Gulf of Maine, 

suggested higher local retention of larvae and less importance of drift and mixing 

between distant areas than the predictions in the present study. These differences may 

largely be due to the larger scale of the model I used in this study, which could account 

for conditions not available to previous models, including remote forcing (Koutitonsky 
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and Bugden 1991 ), external import and export of larvae, and connectivity between 

different geographic regions. However, differences may also be due to poorer resolution 

of the physical model in the present study, and incomplete or preliminary biological 

inputs to the model, especially the numbers, locations, and timing of larval input, which 

in reality should vary across the model domain ( e.g., Currie and Schneider 2011 ), but for 

which sufficient data are not yet available. However, several patterns were observed 

demonstrating the usefulness of the model itself to estimate connectivity versus inferring 

connectivity based on physical distances, as well as the likely robustness of the spatial 

pattern observed to future changes to analyses of model outputs. Therefore, my results do 

strongly suggest that populations of American lobster in eastern North America might 

represent components of a larger, complex population structure. This may represent one 

or more metapopulations (Cowen et al. 2000; Cowen and Sponaugle 2009), composed of 

several different sub-populations with differing levels of self-seeding versus dependence 

on other sub-populations (Yakubu and Fogarty 2006), and thus with differing 

vulnerabilities to fishing pressure and resilience to future changes (Fogarty 1998). 

4.5 Future work 

Overall, the present study has established a framework for future studies of potential 

large-scale spatial connectivity of lobster larvae. A new large-scale model has been tested, 

and improved with new equations to control for geographic variation in temperature

dependent development of larvae. Several shortcomings of the current model have been 

identified, and in the future changes and additions will be made to deal with these. Of 

particular importance will be improving the model's physical spatial resolution and 
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supplying the model with realistic spatial and temporal variation in larval inputs across its 

domain. Predictions of the model following future changes can then be compared to 

results of the present study, prior studies, and eventually observed drift and settlement of 

lobster larvae in nature to determine whether and how much they have changed and/or 

improved the quality of the model's predictions. These results could then be integrated 

with other aspects of lobster biology and ecology, including post-settlement processes, 

behaviour of juvenile and adult lobster, and genetics, to allow biological units or stocks 

of lobster to be identified, as well as the population dynamics within and between these 

units, to inform future fisheries management. 
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Appendix 3.A. Effect of including 20% daily larval mortality in the model on 

predicted connectivity between 5400 km2 source-sink areas. Comparisons were 

made between predicted connectivity without mortality included in the model (x

axes) and that predicted by the model including mortality (y-axes ). This was done 

for model outputs from simulations using the three different development 

equations, and for both northern (empty circles) and southern (solid circles) larval 

release points (source areas). Pairings of areas for which connectivity between 

areas was always zero were excluded from these analyses. The regression slopes 

of the observed differences (solid lines and equations) due to mortality were 

compared to the null hypothesis (dashed lines) of no difference (slope= 1) using a 

Student's !-test of regression slope coefficients, and in a11 cases the difference was 

not significant (p ~ 0.070). 
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