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ABSTRACT 

Since the 1980’s Atlantic Canada has seen a dramatic increase in lobster landings. There 

is limited understanding of the mechanisms underlying these changes, and an even lesser 

ability to forecast future changes. I built an individual-based model for three regions that 

relates the annual number of benthic recruits in nursery grounds to lobster landings up to 

seven years in the future, using latitude-based von Bertalanffy growth equations 

complemented with inter-individual variability in growth. I found significant positive 

relationships between the modelled recruitment index and fisheries landings in all 

regions. Out-of-sample model validation provided mixed results, but it is unclear to what 

extent this reflects model errors versus the limited number of years available to build 

these reduced models. My findings indicate that benthic recruitment indices could help 

make strategic decisions concerning fishing activities and they argue for the continued 

(or expanded) monitoring of early life stages of lobster in Canada.  

. 

 

 

 

 

 

 

 

 



iii 

 

ACKNOWLEDGEMENTS  

First and foremost, I would like to acknowledge my supervisor and mentor, Dr. 

Rémy Rochette. Thank you for continuing to challenge me and push me to be a better 

scientist over the past few years and thank you for agreeing to continue to do so in the 

coming years. Perhaps, most importantly, thank you for always accepting mountain 

biking as a valid reason to take a break from work. To Marie-Josée Maltais, thank you 

for being my rock during all of this, whether I needed a laugh or to vent, you have 

always been there for me, whether it be in the office, the lab, on the water, or on the 

trails, and I am eternally grateful for that. To the Rochette lab, especially my office 

mates Tammy Bo and Kristin Dinning, thank-you for putting up with me talking to 

myself/my computer. To Lauren Rowsey, there will never be enough words to describe 

how important your friendship has been for me and I can’t imagine going through grad 

school without you. To my collaborators at Department of Fisheries and Oceans, Michel 

Comeau, Peter Lawton, Bernard Sainte-Marie, Benoît Bruneau, Tobie Surette, and 

Julien Gaudette: this project would not have been possible without your invaluable help 

and guidance, thank you. I’d like to extend a special thank you Veronika Brezki, who 

took the risk of hiring a Nova Scotian moving back from British Columbia as a “Lobster 

Technician” and set me on the path I am currently on. Similarly, I’d like to acknowledge 

Joey Rambeau, Alan Rambeau, and Michael Baron; your enthusiasm for collaborative 

fisheries science and willingness to always let me on your boat is truly what inspired and 

encouraged me to continue to pursue lobster fishery science, and now I can’t picture my 

life without it.  



iv 

 

Finally, thank you to my mom, Sarah White, and dad, Patrick White, for 

continuing to support me every step of the way. I am the person I am today because I 

was raised by you; two people that worked hard every day and always went above and 

beyond.  Special thank you to my dad for the car maintenance (including changing my 

tires in a home hardware parking lot), I quite literally wouldn’t get anywhere without it. 



v 

 

Table of Contents 
ABSTRACT ....................................................................................................................... ii 
ACKNOWLEDGEMENTS ............................................................................................. iii 
Table of Contents ............................................................................................................... v 
List of Tables .................................................................................................................... vii 
List of Figures ................................................................................................................ viii 
List of Appendices ............................................................................................................ xi 
List of Abbreviations ...................................................................................................... xiii 
1.0 Introduction .................................................................................................................. 1 

1.1 Marine fisheries ........................................................................................................ 1 
1.2 Invertebrate and crustacean fisheries ....................................................................... 4 
1.3 The American lobster fishery: importance and management .................................. 6 
1.4 The American lobster fishery: forecasting fisheries recruitment ............................. 8 
1.5 Objective ................................................................................................................ 11 

2.0 Methods ...................................................................................................................... 12 
2.1 Overview ................................................................................................................ 12 
2.2 Benthic recruitment sampling locations and data .................................................. 13 
2.3 Fisheries landings regions and data ........................................................................ 17 
2.4 Modelling fisheries recruitment ............................................................................. 18 

2.4.1 Modelling lobster growth ................................................................................ 20 
2.4.2 Prorated growth for benthic recruits ............................................................... 23 

2.5 Model building ....................................................................................................... 26 
2.6 Quantifying model forecasting performance ..................................................... 27 

2.7 Further model exploration ...................................................................................... 29 
2.7.1 Impacts of growth ........................................................................................... 29 
2.7.2 Ovigerous females ........................................................................................... 30 

3.0 Results ........................................................................................................................ 31 
3.1 Temporal trends in benthic recruitment ................................................................. 31 
3.2 Temporal trends in fisheries landings .................................................................... 32 
3.3 Trends in benthic recruitment and fisheries landings in different regions ............. 33 
3.4 Modelling age-at-fisheries recruitment .................................................................. 34 
3.5 Comparing temporal trends of modelled fisheries recruitment biomass indices and 
observed fisheries landings .......................................................................................... 38 
3.5 Relation between modeled biomass index and fisheries landings using different 
assumptions for time to fisheries recruitment .............................................................. 41 

3.5.1 Model fits using latitude-based growth coefficients ....................................... 41 
3.5.2 Model fits using different absolute time lags ...................................................... 45 
3.6 Hindcasting using MBI-to-fisheries landings models ............................................ 46 
3.7 Forecasting using MBI-to-fisheries landings models ............................................ 48 



vi 

 

3.7.1 Model forecasting performance ...................................................................... 49 
4.0 Discussion .................................................................................................................. 51 

4.1 Overview ................................................................................................................ 51 
4.2 The relationship between MBI and fisheries landings ........................................... 51 

4.2.1. Incorporating variability in age-at-fisheries recruitment ............................... 55 
4.2.2 The nature of the relationship between MBI and fisheries landings ............... 58 

4.3 Proposed next steps for model improvement ......................................................... 60 
4.3.1 Improving estimates of fisheries recruitment .................................................. 60 
4.3.2 Modelling American lobster growth ............................................................... 65 
4.3.3 Spatial connectivity between benthic and fisheries recruitment areas ............ 68 

4.4 Forecasted trends in fisheries landings .................................................................. 71 
4.4.1 Accuracy of model forecasts ........................................................................... 71 

4.5 Conclusion .............................................................................................................. 74 
5.0 References .................................................................................................................. 78 
Appendices ....................................................................................................................... 85 

Curriculum Vitae 
  



vii 

 

List of Tables  

Table 1. Summary of sampling data for benthic recruitment in each study location, and 
for fisheries landings in each study region. The von Bertalanffy (VBF) growth 
constant for males (M) and females (F) is calculated based on each sampling 
location’s latitude (see methods). ......................................................................... 16 

Table 2. Linear (LIN) and power (POW) relations between the modelled biomass index 
(MBI) of fisheries recruits and fisheries landings (L) for the three study 
locations/regions and three latitude-based growth coefficients (k) (shaded row 
shows each location’s latitudinal k). Each models’ strength was assessed using 
residual standard error (RSE), and also depicted using mean percent error 
(MPE)(see Methods). For each region, the model with the regional k was used 
for further analysis, unless another regions k was clearly a better fit, and is 
indicated with an asterisk (*). .............................................................................. 43 



viii 

 

List of Figures  

Figure 1. Three regions in Atlantic Canada where I modeled fisheries recruitment of 
American lobster based on annual densities of benthic recruits. Dotted areas 
represent the regions over which model predictions were validated, based on 
fisheries landings data (a proxy for fisheries recruitment), and stars denote the 
locations where benthic recruitment was estimated, based on samples in 2-9 sites 
within each location. Table 1 provides estimates of the size of each study region 
and location. Lobster Fishing Areas mentioned in text are indicated with 
corresponding numbers. ....................................................................................... 13 

Figure 2. Stepwise procedure used to model the growth of benthic recruits until they 
reach minimum legal size in a given region and year (MLS), when they become 
fisheries recruits. This procedure is completed for each year of benthic 
recruitment and each study location. .................................................................... 19 

Figure 3. An example of the modeled size frequency distribution of lobsters of a same 
benthic recruitment cohort (Caraquet 2011; cohort age 1+), including inter-
individual variability in the growth constant. As lobsters get older, there is 
increasing overlap in size of different-age individuals. ....................................... 22 

Figure 4. A) Estimated proportion of the annual growth period of lobster benthic recruits 
remaining after they were sampled, which was estimated as the number of days 
between the sampling date (i.e., median between first and last sampling dates) 
and the end of the growth period (see text), divided by the duration of the growth 
period in each benthic recruitment sampling location (Table 1). B) Annual 
minimum legal size of American lobster in the three fisheries landings regions 
and different years used in this study. Same colours link benthic recruitment 
(panel A) sampling locations to their corresponding fisheries landings regions 
(panel B). .............................................................................................................. 25 

Figure 5. Example of how the growth experienced by first year benthic recruits is 
determined, by prorating the first-year growth period, given these recruits were 
sampled part way through this growth period. The growth period was considered 
to be June 1 – September 30 (121 days) for Caraquet and Les Demoiselle (shown 
above), and July 1 – October 31 (122 days) for Beaver Harbour, based on field 
observations of molting. The proportion of the growth period remaining (pgp) 
was determined as the number of days remaining in the growth period post 
benthic recruitment sampling divided by the total number of days in the growth 
period. After the first year of simulated growth, the new carapace length (L1) is 
equal to the initial carapace length (L0) plus the change in carapace length (ΔL) 
based on the von Bertalanffy growth functions (see methods) that was prorated 
by the proportion of the growth period remaining in that year (1-pgp). .............. 26 

Figure 6. Temporal trends in (A) density of benthic recruits for all three sampling 
locations, and (B) fisheries landings for the three study regions, which is used as 
a proxy for fisheries recruitment. Refer to Table 1 for estimates of the size of 
each benthic recruitment location and study region. Same colours link benthic 



ix 

 

recruitment sampling locations (panel A) to their corresponding fisheries 
landings regions (panel B). .................................................................................. 32 

Figure 7. Predicted proportion of different age fishery recruits (males and females 
pooled) across all years for which fisheries recruitment was fully predictable 
(i.e., all expected age classes were present), for each combination of my three 
study locations (columns) and three latitude-based growth coefficients (k) (rows). 
The total number of individual recruits simulated for each combination of 
location and growth coefficient is indicated in the top right of the first row of 
panels. The highlighted panels along the diagonal represent results for each study 
location with its corresponding latitudinal growth coefficient. The mean 
minimum legal size is indicated in parenthesis next to each study location, and 
the mean age for all fishery recruits (solid line), all male fishery recruits (dashed 
line) and all female fishery recruits (dot-dash line) are indicated for each 
combination of location and growth coefficient. ................................................. 36 

Figure 8. Predicted proportion of different age of fishery recruits (pooled males and 
females) across all years for which fisheries recruitment was fully predictable 
(i.e., all expected age classes were present), in each year of model predictions for 
all combinations of my three study locations (columns) and three latitude-based 
growth coefficients (k) (rows). The highlighted panels along the diagonal 
represent results for each study location with its corresponding latitudinal growth 
coefficient. ............................................................................................................ 37 

Figure 9. Temporal trends of observed fisheries landings (top row) and modelled 
biomass index (MBI) of fishery recruits (bottom row) for each study region and 
latitude-based growth coefficients (k, coloured lines). The solid-coloured lines 
indicate the MBI for each location’s corresponding latitudinal growth constant.
 .............................................................................................................................. 40 

Figure 10. Relationship between the modelled biomass index (MBI) of fisheries recruits 
and observed fisheries landings for each study location/region (columns) and 
growth coefficients (k) corresponding to the latitude of each location (rows), with 
highlighted panels along the diagonal representing each location with its 
corresponding latitudinal k. The predicted MBI values for each location are a 
function of observed benthic recruitment densities and the growth coefficient k 
(see Table 1). Each combination of location and growth coefficient was fit with 
both linear (LIN, blue line) and power (POW, red line) functions, with 
corresponding mean percent error (MPE, see Methods) values shown. .............. 44 

Figure 11. Relationship between the modelled biomass index (MBI) of fisheries recruits 
and observed fisheries landings for each study location/region using a fixed 
latitudinal growth constant, i.e., including no variability in growth among 
individuals from a same location. The latitudinal growth constant used was that 
which provided the strongest fit between MBI and fisheries landings when inter-
individual variability in k was included (see Fig. 10). Each region was fit with 
both linear (LIN, blue line) and power (POW, red line) functions, with 
corresponding mean percent error (MPE, see Methods) values shown. .............. 45 



x 

 

Figure 12. Temporal trends of observed fisheries landings (black line) and fishery 
landings hindcasts (white area on each panel) and forecasts (grey area) based on 
linear (orange) and power (teal) lines of best fit between the modelled biomass 
index (MBI) and observed fisheries landings till 2020. ....................................... 48 

Figure 13. Percent error in 2020 fisheries landings forecasted by two reduced models of 
benthic-to-fisheries recruits for each study region, one including MBI and 
fisheries landings data up to 2019 and one up to 2013 (upper panels). The black 
stippled line associated with the 2013 column represents the “null model”, i.e., 
the percent error between observed landings in 2020 (**) and observed landings 
in 2013 (*), the last year that was used to build the 2013-reduced models. The 
years of benthic recruitment (lower panels) and landings (middle panels) used to 
build the 2013-reduced model for each region are denoted in black, and the years 
of benthic recruitment values used to generate an MBI for 2020 to forecast 2020 
landings is denoted in the grey stippled line. ....................................................... 50 



xi 

 

List of Appendices  

Appendix 1. Estimates of model biomass index (x-axis) against observed fisheries 
landings for Caraquet, NB, based on different methods (different colors) to 
assign the starting carapace length for the individual based model. Actual Length 
Distribution is each individual starting at a different carapace length based on the 
observed benthic recruitment data for that year, Overall Average is all 
individuals having the same starting carapace based on the average carapace 
length of benthic recruits across all years of data, and Yearly Average is all 
individuals within a year having the same starting carapace length based on the 
observed average for that year. ............................................................................ 85 

Appendix 2. Comparison of cumulative frequency distributions of observed ranges in 
carapace lengths within pooled age 1+ cohorts for observed values from SCUBA 
sampling in the Magdalen Islands between 1996 and 2013 (black line) and 
simulated ranges (red line) using standard deviations around the growth constant 
k from 0.001 to 0.010 in increments of 0.001(panels). The mean squared error 
between the observed and modeled ranges with standard deviations of 0.007 and 
0.008 were similar. ............................................................................................... 86 

Appendix 3. Comparison of cumulative frequency distributions of observed ranges in 
carapace lengths within pooled age 1+ cohorts for observed values from SCUBA 
sampling in the Magdalen Islands between 1996 and 2013 (black line) and 
simulated ranges (red line) using standard deviations around the growth constant 
k from 0.006 to 0.008 in increments of 0.0001 (panels). The standard deviation of 
0.0075 minimized the mean squared error (3%) of the correlations. ................... 87 

Appendix 4. Relationship between model biomass indices in the Magdalen Islands when 
egg-bearing females are included (x axis) and excluded (y axis) in the individual 
based modelling process. The black dotted line is a 1:1 fit, and the grey line is 
the line of best fit between the indices. ................................................................ 88 

Appendix 5. Relationship between observed benthic recruitment densities and observed 
fisheries landings for each study location (columns) and fixed number of years 
lagged between benthic recruitment and fisheries landings (rows). The shaded 
panels represent the estimated mean age (closest absolute value) of fisheries 
recruits based on each location’s latitudinal constant, and the thick bordered 
panels represent the estimated mean age (closest absolute value) of fisheries 
recruits based on the latitudinal growth constant k that provided the strongest fit.  
Each combination of location and time lag was fit with both linear (LIN, blue 
line) and power (POW, red line) relationships, with corresponding mean percent 
error (MPE, see Methods) values shown. ............................................................ 89 

Appendix 6. Percent change in carapace length of different-size American lobster after 
one molt, based on tagging data (black circles) and a latitudinal growth model 
(green circles). The tagging data is from mark-recapture studies conducted 
between 1993 and 1997 in various locations in the southern Gulf of St. Lawrence 
(Comeau and Savoie 2001a). The percent change of the tagging data falls on 11 



xii 

 

discrete curves as the carapace lengths and molt increment values were rounded 
to the nearest millimetre. The model estimates were calculated by using the same 
initial carapace lengths as those in the tagging data, and applying one year of the 
latitudinal growth model using the latitudinal growth constant (k) of Caraquet, 
NB, and assuming individual variability around k. Within this size range lobsters 
are expected to only molt once per year. .............................................................. 90 

Appendix 7. Temporal trends in American lobster fisheries landings in the four Lobster 
Fishing Areas (LFAs) located in the Bay of Fundy. ............................................ 91 

  



xiii 

 

List of Abbreviations  

CL – Carapace length 

DFO – Department of Fisheries and Oceans 

LFA – Lobster Fishing Area 

MBI – Model biomass index 

 



 

1 

 

1.0 Introduction 

1.1 Marine fisheries  

 In 2018, global marine capture fisheries reached 84.4 million tonnes, 

representing the sixth highest annual biomass landed since the peak of 86.4. million 

tonnes in 1996, and accounted for 7% of all global protein supply (Boyd et al. 2022; 

Food and Agricultural Organization [FAO] 2020).  

Management of different marine capture fisheries varies considerably, from 

placing a limit, or quota, on the biomass or number of individuals allowed to be caught, 

to imposing controls on different aspects of effort, such as the number of fishing days 

allowed or the quantity and type of gear that can be used (Nielsen et al. 2006). Despite 

this variability in management approaches, one important goal for the sustainable 

management of most fisheries is the ability to forecast “fishery recruitment”, i.e., the 

number of individuals that will be large enough to be legally captured each year. 

However, this goal has often been considered unattainable, due to the multitude of 

factors that contribute to an individual’s success from spawn to fisheries recruitment 

(Subbey et al. 2014).  

 The forecasting of fisheries recruitment can be based on the annual monitoring of 

the abundance or biomass of a particular life stage, and then predicting the growth of 

those individuals until they reach the size at which they can be legally harvested. When 

choosing the life stage to use to forecast fisheries recruitment there is a fundamental 

trade-off between the accuracy of the forecasts made and how far in the future these 

forecasts can project. In general, the younger the life stage we use to make forecasts, the 
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further into the future we can project, providing more time for fishers and managers to 

adapt harvesting plans, but the less accurate our forecasts are, due to greater uncertainty 

around mortality over a longer period of time (Subbey et al. 2014). Conversely, the older 

the life stage we use to make forecasts, the more accurate these are likely to be, but the 

less time they will provide to adapt harvesting plans. 

The most common starting point to forecast fisheries recruitment is the spawning 

stock biomass (SSB), and the relationship between SSB and fisheries recruitment is 

referred to as a stock-recruitment (S-R) relationship in the fisheries literature. The appeal 

of SSB as a starting point to S-R relationships is likely in part conceptual, i.e., that 

ensuring a high spawning stock would ensure strong fisheries recruitment in the future, 

and in part related to the availability of data on the reproductive segment of stocks, 

through both fishery dependent and independent surveys. But also, SSB has the potential 

to be the earliest indicator of future fisheries recruitment. Unfortunately, however, S-R 

relationships based on SSB are rarely strong, given the high and variable mortality of 

early life stages (Le Pape and Bonhommeau 2015; Bogstad et al. 2016). Although 

significant stock-recruitment relationships are common and useful to fisheries 

management, relatively little of the variability in fisheries recruitment is explained by 

spawning stock biomass in these relationships (Cury et al. 2014). For example, in a 

review of 90 species of small and large demersal and pelagic fishes across 7,326 years of 

standardized SSB and recruitment data in 117 geographic regions (stock and recruitment 

biomass normalized across species), only 8.8% of the interannual variability in fisheries 

recruitment was explained by stock biomass (Cury et al. 2014). The lowest value was 

seen in demersal fishes (5%) and the highest in small pelagic fishes (15.4%) (Cury et al. 
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2014). When species were separated into their respective families (n = 29) and fit with 

two theoretical stock-recruitment models (Beverton-Holt and Ricker) that assume some 

level of density dependence, the amount of variability in fisheries recruitment that was 

explained by spawning stock biomass was still generally low (mean = 13.9%, min  = 

0%), with some important exceptions (e.g., max = 47% for Moronidae) (data extracted 

and averaged from Cury at al. 2014, Figure 4). Additionally, low (lower than 20% 

quantile in a particular time series) recruitment was associated with low SSB in only 

29% of cases, and high (higher than 80% quantile) recruitment was associated with high 

SSB in 25% of cases, which was only slightly more frequently than expected if there 

was no relation between SSB and recruitment in these data, given the percentiles 

considered (i.e., 20%) (Cury et al. 2014).  

 Given that S-R relationships are generally weak, other life stages have been 

explored to obtain more accurate forecasts of fisheries recruitment. Individuals that are 

1-3 years removed from the fishery are often considered for this, given they have passed 

the “early life-phase gauntlet” and because information concerning their abundance is 

often collected in fishery-dependent and independent surveys of the adult stock. These 

individuals are often referred to as “pre-recruits”, and they are expected to provide more 

accurate estimates of fisheries recruitment as they are past the “critical period” and 

experience markedly lower and more consistent mortality rates than earlier life phases 

(Le Pape et al. 2020). For example, for three fish stocks in the Barents Sea (haddock, 

capelin, and walleye pollock), the abundance of individuals one to two year “pre-

recruitment” provided a considerably higher correlation coefficient (94%, 71% and 

64%) to fisheries recruitment than did spawning stock biomass (46%, 0% and 49%) 
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(Stige et al. 2013). However, pre-recruit indices only allow relatively short-term 

projections of fisheries recruitment, and depending on the lifespan of the species being 

projected, this may not provide sufficient time to implement useful management 

changes. 

1.2 Invertebrate and crustacean fisheries 

The biomass of global marine invertebrate fisheries increased over five-fold 

between 1950 and 2016, from 2 million to 11 million tonnes (Anderson et al. 2011; FAO 

2020). Conversely, after peaking in 1996, global marine finfish captures have remained 

steady or declined (Worm et al. 2009). This increase in invertebrate fisheries has been 

attributed to fishers compensating for declining finfish stocks and/or stricter 

management by switching to lower trophic-level marine invertebrates (Worm and Myers 

2003; Anderson et al. 2008).  

Crustacean fisheries have experienced a particularly strong expansion since the 

1950s, both in production and in value (Anderson et al. 2011). Crustacean landings 

increased by 80% from 1990 to 2016, accounting for 4.4% and 7.8% of total global 

landings in those two years, respectively (Boenish et al. 2022). More strikingly, 

crustaceans currently represent 21% of the value of global marine fisheries, and are the 

most valuable marine fishery group by landed mass (FAO 2020; Boenish et al. 2022).  

As is the case for finfish, stock-recruitment relationships are weak in crustaceans, 

again presumably because of the high and variable mortality of the pelagic larval stage 

(Wahle 2003). A review of 13 commercially exploited crab and lobster species revealed 

significant spawner-recruit relationships for four species only (Wahle 2003). These four 
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significant relations were observed for stocks that were either significantly depleted over 

time, resulting in very lower recruitment in certain years, or were short lived species 

with particularly tight spatial and temporal linkages between larval hatch and benthic 

recruitment (Wahle 2003). Conversely, eight of the 13 species had significant settler- 

and/or juvenile-to-fishery recruitment relationships (Wahle 2003). 

The life history of many crustaceans includes a critical settlement, or “benthic 

recruitment” phase, which is the transition from the planktonic larval phase to the 

benthic phase. These benthic recruits have several characteristics that make them a good 

candidate to forecast fisheries recruitment. First, benthic recruits have passed the critical 

egg and larva phases, during which there is very high mortality (Rumrill 1990; White et 

al. 2014). Second, benthic recruits can often be readily surveyed, as benthic recruitment 

typically occurs in fairly discrete patches of particular habitat on the sea floor. Finally, 

benthic recruits are often removed from fisheries recruitment by several to many years, 

allowing for long-term projections.   

A successful example of the use of benthic recruitment indices to forecast 

fisheries recruitment in crustaceans is the Rock lobster fishery in Western Australia, 

where these indices have been used to help manage the fishery for over 40 years 

(Phillips 1986; Caputi et al. 1995b). Annual benthic recruitment indices are estimated 

using bio-collectors at nine sites within the ca. 500 km of coastline where the fishery 

occurs, and the average of the indices 3- and 4-years prior are used to estimate fisheries 

recruitment each year. The strength of fits between benthic recruitment indices and 

fisheries landings between 1969 and 1980 were statistically significant and relatively 

strong, with R2 of 0.74 (Phillips 1986). These models are used to assess the status of the 
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stock and to manage effort during years of low forecasted fishery recruitment (de 

Lestang et al. 2012). More specifically, proactive management measures are 

implemented one or two years before low fisheries recruitment years are expected, 

which aim to reduce catch in the “reasonable-recruitment years” to provide a larger 

carryover of legal-size lobsters into the forecasted “low-recruitment years”. For 

example, in response to a series of low benthic recruitment years and the stock 

assessment model forecasting a significant decline in catch for the 2011/2012 and 

2012/2013 fishing seasons, fisheries managers introduced measures to reduce total effort 

and catch in the 2008/2009 and 2009/2010 seasons (de Lestang et al. 2012; Caputi et al. 

2014). These measures included a reduction in the number of fishing pots allowed to be 

used, introduction of female maximum size, and increase in minimum legal size. These 

changes resulted in an estimated reduction in fishing effort of 44% in 2008/2009 and 

72% in 2009/2010, which allowed for a large carryover of lobsters to the two subsequent 

forecasted low recruitment years, resulting in an increase of fishable biomass and high 

catch rates during those two years (Caputi et al. 2014). Spreading the high recruitment 

classes over the four years, as opposed to having two years of high catches and two 

years of low catches, allows for the fishery to remain economically stable while also 

reducing the overall impact on the breeding stock.  

1.3 The American lobster fishery: importance and management 

 American lobster catches have increased since 2008 and now represent over half 

of all global lobster catches (FAO 2020). This species is of considerable economic 

importance to both the US and Canada, and in 2019 the combined landings of lobsters 
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by these two countries exceeded 160 thousand tonnes valued above CAD$2.3 billion. 

Although lobster landings have risen overall since 2008, they have been “shifting north”, 

potentially as a consequence of climate change and increasing ocean temperatures 

(Pinsky et al. 2013). Landings in the more southern region of the lobster’s range in the 

United States have been steadily declining since 2012, with stock collapse in southern 

New England (Wahle et al. 2015), whereas there are signs of lobster populations 

increasing in the species’ northern range, in the northern Gulf of St. Lawrence.  

 The American lobster supports Canada’s most important fishery. With 

approximately 10,000 licensed harvesters, this fishery contributes significantly to the 

socio-economic wellbeing of coastal communities in Atlantic Canada. It was Canada’s 

most valuable fishery in 27 of the 30 years between 1990 and 2019. In 2019, lobster 

represented 84% (Prince Edward Island), 64% (New Brunswick), 54% (Nova Scotia), 

36.8% (Québec) and 8% (Newfoundland) of the value of all marine fisheries in different 

provinces (statistics from http://www.dfo-mpo.gc.ca/stats/commercial/ sea-maritimes-

eng.htm). In the past decade there has been a marked increase in landings in Canada, 

with total landed mass jumping from 67 kt in 2010, valued at over $575 million, to 

103kt in 2019, valued at over $1.5 billion. However, this increase has not been uniform 

across the lobster fishing areas (LFAs) of Canada. After peaking in 2016, landings in the 

Bay of Fundy (LFAs 34, 35, 36 and 38) have decreased annually on average by 7%, 

meanwhile landings in the southern Gulf of St. Lawrence have yet to peak and have 

been increasing rather steadily since 2005.  

 The Canadian lobster fishery is divided into 45 Lobster Fishing Areas (LFAs) 

each managed independently. This fishery is not quota based, but “effort-controlled”, 
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with the key management measures including the timing and duration of the fishing 

season, a minimum legal size (MLS), a set number of fishing licenses, a maximum 

number of traps per license, and the release of females that are carrying eggs, although 

exact conditions for these measures differs among LFAs (Rondeau et al. 2015; Comeau 

and Hanson 2018). Some LFAs have taken additional proactive measures to enhance egg 

production, such as the introduction of a maximum entrance size of the trap and a 

maximum legal size that can be harvested (Rondeau et al. 2015).  

The stock condition indicators used for American lobster vary among regions, 

but the primary indicator used in all regions is fisheries landings, followed by secondary 

indicators, such as catch per unit effort, and abundance of legal and sub-legal lobsters 

from recruitment trap surveys and bottom trawl surveys (Rondeau et al. 2015; 

Department of Fisheries and Oceans [DFO] 2018, DFO 2020). Given that American 

lobster does not have a total allowable catch, stock assessment tools are used for 

monitoring population and considering changes to effort controls rather than setting 

quotas on landed weight. 

1.4 The American lobster fishery: forecasting fisheries recruitment 

As with finfish, the spawning stock biomass (SSB) would be the ideal life stage 

to forecast fisheries recruitment in American lobster, as it would provide the earliest 

potential indicator of future fisheries recruitment. Very few studies have tried to quantify 

the S-R relationship for this species, and the limited evidence that exists suggests a weak 

relationship between the two. The S-R relationship in lobster was explored in Arnold’s 

Cove, Newfoundland, where estimates of egg production were fit using a Beverton-Holt 
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model against estimates of legal stock abundance nine years later, estimated from mark-

recapture data (Ennis and Fogarty 1997). Egg production did correlate with lagged legal 

stock, but the relationship was weak and mainly driven by one year (1987) where there 

was particularly low egg production associated with particularly low stock abundance 

(Ennis and Fogarty 1997). A more recent study showed a disconnect between lobster 

SSB and fishery recruitment in the Gulf of Maine, where estimates of SSB are at record 

high levels while benthic recruitment has been steadily decreasing (Carloni et al. 2018). 

Similar patterns have also been observed in the Western Australia rock lobster fishery, 

where benthic recruitment was consistently low between 2006 and 2011 despite all time 

high breeding stock numbers (Caputi et al. 2014). 

The lack of strong S-R relationships in American lobster likely has many causes, 

including (i) poor estimates of egg production, (ii) high mortality of eggs, and (iii) high 

probability of dispersal from the location of hatch and high mortality of larvae. First, 

SSB is typically based on the biomass of reproductive individuals and does not consider 

their size structure, which can markedly affect the total number of eggs produced, given 

the exponential relation between female size and fecundity and evidence that fecundity 

at size can differ markedly among years (Koopman et al. 2015). Second, females have a 

long brooding period, approximately 8-12 months, and during this time there is 

considerable egg loss. The total egg loss between spawning and hatch of two 

populations in Atlantic Canada, averaged across three years of sampling, was estimated 

at 47% and 51%, with sperm limitation and repeated catch and release of females during 

the fishing season as potential causes (Tang et al. 2018, 2019). Second, lobster larvae are 

prone to high dispersal rates due to the protracted hatch period (June to September) and 
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the relatively long larval phase (4-15 weeks) (MacKenzie 1988), during which mortality 

is expected to be as high as 98.9% (Scarratt 1964, 1973; Quinn et al. 2017).  

Benthic recruits, i.e., individuals that have recently settled on the sea floor, likely 

represent the best life stage to project future fisheries recruitment in American lobster, 

for at least three reasons. First, because they experience relatively low mortality. Stage 

IV post-larvae seek structurally complex bottom when they transition from the pelagos 

to the benthos, to reduce the risk of being preyed upon (Cobb et al. 1983, 1989), and 

they spend the first few years of their lives sheltered on these nursery grounds, which 

they leave as larger and much less vulnerable adolescents (Lawton and Lavalli 1995; 

Morse and Rochette 2016). It is though that mortality is relatively low once lobsters 

have successfully settled due to the structural complexity of these nursery grounds 

(Lawton and Lavalli 1995; Wahle 2003). Second, the sheltering behaviour of benthic 

recruits makes it relatively easy to sample them, either with SCUBA surveys (e.g., 

Gendron and Sainte-Marie 2006) or passive bio-collectors (e.g., Wahle et al. 2009). 

Third, benthic recruits are relatively far removed from the fishery, 5-10 years depending 

on region (Gendron and Sainte-Marie 2006; Oppenheim et al. 2019), and only removed 

from SSB by a few to several months. 

A recent study has shown that American lobster fisheries recruitment indices 

derived from benthic recruitment densities were significantly correlated to fisheries 

landings 5-10 years in the future for 9 of 10 sites, nine in the Gulf of Maine and one in 

the adjacent Bay of Fundy (R2 = 0.50-0.94)(Oppenheim et al. 2019). In this study, site-

specific indices of fishery recruitment were derived by applying a regional logistic 
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growth function (Wahle et al. 2004; Bergeron 2011), scaled according to spatial 

variation in temperature, to annual estimates of benthic recruitment at each site. 

In Atlantic Canada, benthic recruitment of American lobsters is monitored in 

multiple locations, using bio-collectors and SCUBA surveys, although many of the time 

series are relatively short. There currently exists three time series of benthic recruitment 

that are long enough (i.e., ≥ 13 years) to project at least 10 years of fisheries recruitment 

for comparison to fisheries landings, including 15 years in Caraquet, New Brunswick, 25 

years in Les Demoiselle, Québec, and 30 years in Beaver Harbour, New Brunswick. The 

latter benthic recruitment time series was part of the 10-site study of Oppenheim et al. 

(2019) just mentioned, whereas the other two have not yet been used to investigate 

benthic-to-fisheries recruitment relationships. 

1.5 Objective 

The overarching goal of this project is to assess the usefulness of lobster benthic 

recruitment data to forecast trends in future fisheries recruitment in three regions in 

Atlantic Canada. This project will (i) estimate the relationship between a model-derived 

index of fisheries recruitment, based on annual benthic recruitment densities, and 

observed fisheries landings, (ii) test these relationships for evidence of density 

dependence, and (iii) test the models’ forecasting accuracy by using out-of-sample 

validation. The results of this study will provide new and important information to 

assess the value of these benthic recruitment monitoring programs, in terms of their 

ability to provide useful information concerning future fisheries recruitment trends. 
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2.0 Methods 

2.1 Overview 

I built an individual-based model to predict the biomass of American lobsters 

that become large enough to be legally harvested by the fishery each year (hereafter 

“fisheries recruitment”) based on densities of lobsters that recently settled on the sea 

floor (hereafter “benthic recruitment”). Benthic recruitment densities in one location 

(hereafter “sampling location”) was related to a larger area of fisheries recruitment for 

each of three regions (hereafter “study region”) in Atlantic Canada (Fig. 1, Table 1). 

These three locations and matching regions were chosen because they had a sufficiently 

long time series of lobster benthic recruitment data (i.e., ≥ 13 years) to provide at least 

10 years of fisheries recruitment predictions. In each region, benthic recruitment was 

estimated in an area that was several to many orders of magnitude smaller than the area 

over which fishery recruitment was predicted, although the actual size of these benthic 

and fisheries recruitment areas differed markedly among regions (Table 1, see 

explanations below). In order to predict fisheries recruitment, latitudinal-based von 

Bertalanffy growth functions developed for American lobsters (Raper and Schneider 

2013) were applied to the individual benthic recruits to project their growth up until they 

reached the minimal legal size for a particular region and year. To assess the quality of 

model predictions in each region, the modeled fisheries-recruitment biomass index was 

compared in each year to observed fisheries landings, which was used as a surrogate for 

fisheries recruitment (Fig. 1). The following sections provide more detailed information 

concerning the collection of   benthic recruitment and fisheries landings data, as well as 

model mechanics and performance tests.  
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Figure 1. Three regions in Atlantic Canada where I modeled fisheries recruitment of 
American lobster based on annual densities of benthic recruits. Dotted areas represent 
the regions over which model predictions were validated, based on fisheries landings 
data (a proxy for fisheries recruitment), and stars denote the locations where benthic 
recruitment was estimated, based on samples in 2-9 sites within each location. Table 1 
provides estimates of the size of each study region and location. Lobster Fishing Areas 
mentioned in text are indicated with corresponding numbers. 

2.2 Benthic recruitment sampling locations and data 

The monitoring of benthic recruitment was performed by Department of 

Fisheries and Oceans (DFO) scientists in three DFO administrative regions. The years 

and methods used to sample “benthic recruits” differed among the three administrative 

regions. In Beaver Harbour (Fig. 1), annual benthic recruitment was estimated from 

1991 to 2020 based on the density of recently settled lobsters captured by SCUBA-

assisted “suction sampling” in October. Each year divers used an air-lift suction sampler 

(see Wahle and Incze 1997) to collect benthic recruits and small juveniles in 24-169 

(mean = 63) quadrats of 0.25 m2 distributed among two to nine sites. The benthic 

recruits were defined as individuals with a carapace length of ≤ 13 mm. This cut off is 
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assumed to represent lobsters 0+ year of age that had settled on the sea floor within the 

previous weeks (or few months), based on size frequency distributions of individuals 

sampled in Beaver Harbour in 2008 and 2009, as well as a Bayesian model created by 

DFO (Sigurdsson et al. 2016; Sigurdsson 2022). 

In Les Demoiselles, annual benthic recruitment was estimated from 1996 to 2020 

(except 2002) based on the density of recently settled lobsters observed using belt-

transects surveyed by SCUBA divers in September (Gendron and Sainte-Marie 2006; 

Gendron et al. 2019). Each year divers performed four to six 1-m wide and ~50-m long 

belt transects (Gendron et al. 2019) where lobsters were measured and sexed. I defined 

benthic recruits as individuals with a carapace length ≤ 13 mm, as in Beaver Harbour, 

based on size-frequency distributions from individuals sampled between 1997 and 2013 

(Gendron and Sainte-Marie 2006; Gendron et al. 2019); these individuals were assumed 

to represent lobsters of age 0+ having settled on the sea floor within the previous weeks 

(or few months). Given limitations to the full data set, to fill the 2002 data gap, I 

averaged the benthic recruitment densities from 2001 and 2003. Note, however, that for 

future modeling work in the region, a more accurate estimate of benthic recruitment 

density for this year could potentially be obtained based on the density of 1+ individuals 

in 2003 and the relation between the density of 0+ and 1+ individuals in other years 

In Caraquet, annual benthic recruitment was estimated from 2003 to 2018 based 

on the density of recently settled lobsters observed using belt-transects surveyed by 

SCUBA divers in July. Each year divers surveyed one to six 2-m wide and 100-m long 

belt transects at six to eight sites, and they measured and sexed all lobsters captured (see 

Comeau et al. 2008). Benthic recruitment estimates for Caraquet were based on the 
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number of individuals with a carapace length ≤ 19 mm, based on analysis of size 

frequency distributions and a Bayesian model (T. Surette, DFO Gulf Region, personal 

communications). Individuals in this size class were presumed to represent lobsters that 

settled on the sea floor the prior fall, and hence are still considered 0+ year of age at the 

time of sampling, but contrary to 0+ individuals sampled in Beaver Harbour and Les 

Demoiselles, those sampled in Caraquet had completed their first year of growth (June 1 

to September 30) and also some of their second year of growth. All individuals 0+ from 

the sampling described above for each study location will hereafter be referred to as 

“benthic recruits”. 



 

 

 

Table 1. Summary of sampling data for benthic recruitment in each study location, and for fisheries landings in each study region. 
The von Bertalanffy (VBF) growth constant for males (M) and females (F) is calculated based on each sampling location’s latitude 
(see methods).  

Fisheries 
landings 
region 

Area of 
fisheries 
landings 
region 

Benthic 
recruitment 

sampling 
location 

Sampling 
method 

Month of 
sampling, 

growth 
season 

Mean annual 
area sampled 

(range) 

Sampling 
location 
latitude 

VBF growth 
constant (k) 

Southern New 
Brunswick 

LFA 36 
~3,400 km2 

Beaver 
Harbour, NB 

Suction 
SCUBA 

October, 
July 1 – Oct 

31 

26 m2 

(6-42.25 m2) 
45.06 

M = 0.053 
F = 0.044 

Magdalen 
Islands 

South-side of 
island 
~1,550 km2 

Les 
Demoiselles, 
QC 

Belt-transect 
SCUBA 

September 
June 1 – Sept 

30 

286 m2 

(156-501 m2) 
47.24 

M = 0.042 
F = 0.035 

Northern New 
Brunswick 

LFA 23 
~4,625 km2 Caraquet, NB 

Belt-transect 
SCUBA 

July 
June 1 – Sept 

30 
 

12,220 m2 
(2,790-12,220 

m2) 
47.80 

M= 0.039 
F = 0.032 

1
6
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2.3 Fisheries landings regions and data 

To determine how well benthic recruitment predicts fisheries recruitment, an 

estimate of the number of lobsters that recruit to the fishery each year is required. 

Ideally, this estimate would be acquired through fishery-independent methods, such as 

vessel trawl surveys. However, the fishery-independent data currently available in my 

study regions are incomplete, both in terms of the years and the areas sampled, and in 

some cases do not in current form allow accurate comparisons across years due to gear 

changes. Given these current data limitations, I used fisheries landings as a proxy for 

fisheries recruitment, as landings data are readily available for all three study regions 

and all years for which I can make predictions. Fisheries landings are generally 

considered to be a good proxy for fisheries recruitment of American lobster, as the 

fishery is considered a “high exploitation” fishery with annual catches mainly comprised 

of individuals that recruited to the fishery with their most recent molt (estimated 60-81% 

in different regions in Canada; DFO 2016; Comeau and Hanson 2018). Fisheries 

landings data were provided by the Department of Fisheries and Oceans.  

 For the Northern New Brunswick and Southern New Brunswick regions I used 

fisheries landings data from the Lobster Fishing Areas (LFAs) that included my benthic 

recruitment sampling locations, i.e., LFA 23 and LFA 36, respectively (Table 1, Fig. 1). 

For the Magdalen Islands region, instead of using the entirety of LFA 22 I used fisheries 

landings data from the southern side of the island only (Fig. 1), based on evidence of 

high self-seeding in this region (Gendron et al. 2019). Between 1985 and 2020, the 

southern side of the islands accounted for approximately 68% (range 63% - 73%) of 
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fisheries landings in LFA 22. Note that landings between the southern and northern 

region are highly correlated over this time (R2 = 0.86), and my modeling results were 

largely the same whether I validated against landing from the whole of LFA 22 or only 

the southern side of the island (results not shown). 

2.4 Modelling fisheries recruitment 

To obtain an annual index of predicted fisheries recruitment in each study region, 

I built an individual-based model that simulated the growth (explained in next section) 

of benthic recruits up to their recruitment to the fishery (Fig. 2). To generate a 

population of benthic recruits that would move through my model, I first converted 

densities of benthic recruits to counts over a standard area for each location, which was 

selected as the largest area sampled in any year of the survey period. This number was 

then multiplied by 1,000, to reduce model stochasticity associated with the incorporation 

(by Monte Carlo simulation) of inter-individual variability in growth rates. More 

specifically, this step lowered the coefficient of variation (CV: SD/mean of 10 model 

iterations) of my model estimates of fisheries recruitment from 12.53% to 1.13%, 4.13% 

to 2.75%, and 7.5% to 1.52%, for the Beaver Harbour, Les Demoiselles, and Caraquet 

locations, respectively. Across all locations and years of benthic recruitment I assumed a 

1:1 sex ratio.  



 

19 

 

 
Figure 2. Stepwise procedure used to model the growth of benthic recruits until they 
reach minimum legal size in a given region and year (MLS), when they become fisheries 
recruits. This procedure is completed for each year of benthic recruitment and each 
study location. 

Calculate new carapace length
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length after another year

of growth

Is it the first year of
growth?
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I investigated three different approaches for the assignment of a starting carapace 

length to benthic recruits in the model, for each location separately: (i) the observed 

annual frequency distribution of benthic recruit lengths, (ii) the mean annual length of 

benthic recruits, and (iii) the study-period mean length of benthic recruits. I ran the 

model using all three starting points for the Caraquet location, for which all these data 

were available, and compared the estimates of predicted biomass index for 10 years of 

predictions. The three approaches generated nearly identical values of fisheries 

recruitment (ANOVA, p = 0.997, see Appendix 1). I chose to use the annual mean 

carapace length of benthic recruits, as mean values were readily available for all regions 

and years, but individual length values were not. 

2.4.1 Modelling lobster growth 

Annual growth of lobsters was modelled using a latitude-adjusted von 

Bertalanffy growth function developed for American lobster (Raper and Schneider 

2013). A new carapace length is calculated after one year of growth (Lt+1) using the 

following function:  

Lt+1 = L∞(1 – e-kΔt) + Lte -kΔt 

where L∞ is the maximum population carapace length, k is the sex-specific von 

Bertalanffy growth coefficient for the latitude at which the benthic recruits were 

sampled (Males: k̂ = -0.0051Lat + 0.283; Females: k̂ = -0.0040Lat + 0.224), Lt is the 

carapace length at the beginning of the year, Δt is fixed at 1 year and Lt+1 is the new 

carapace length after one year of growth. L∞ was fixed at 326 mm, as suggested by 

Raper and Schneider (2013), given that it was the largest carapace length recorded 
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across all the studies they surveyed and there was no evidence of a latitudinal gradient in 

maximum carapace length (Raper and Schneider 2013).  

To include inter-individual variability in growth rate in the model I estimated a 

standard deviation around the latitudinal k that best emulated the range in carapace 

length (CL) values observed in cohorts of 1+ year lobsters (~10 to 25 mm CL) sampled 

in 18 years of belt transect SCUBA surveys in the Magdalen Islands (Gendron and 

Sainte-Marie 2006; Gendron et al. 2019). The average CL range of these 18 age-1+ 

cohorts was 11.55 mm (range = 7 – 17 mm). These observed ranges were compared (see 

below) to ranges obtained by simulating one year of growth for 100 individuals 0+ years 

of age, where the starting CL was chosen from the range of 0+ CL observed in Gendron 

et al. (2019) (6.7 – 11.7 mm). 100 such simulations were run for standard deviation (SD) 

values varying between 0.001 and 0.008 around the latitudinal k, at steps of 0.0001. To 

determine which simulated SD best emulated the observed CL ranges, the cumulative 

frequency distribution of the 18 observed CL range values was correlated to the 

cumulative frequency distributions of CL ranges predicted for different SD values, using 

1 mm CL bins between 1 and 30 mm. The standard deviation of 0.0075 minimized the 

MSE (3%) of these correlations, and the difference between mean observed and mean 

predicted CL ranges at this SD value was 0.20 mm, representing 1.7% of the mean of the 

observed ranges. Thus, a normal distribution with a standard deviation of 0.0075 around 

the latitudinal k was used to simulate growth of individual benthic recruits in each region 

(Fig. 3) 
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Figure 3. An example of the modeled size frequency distribution of lobsters of a same 
benthic recruitment cohort (Caraquet 2011; cohort age 1+), including inter-individual 
variability in the growth constant. As lobsters get older, there is increasing overlap in 
size of different-age individuals. 

 

After each year of growth, each lobster is assigned another k drawn at random 

from the frequency distribution of k values for that location, and then grown another 

year. This process is repeated until each lobster has reached the minimum legal size 

(MLS), which is the size at which lobsters can be legally harvested in a particular region 

and year; the MLS differs considerably among regions, and to a much lesser extent 

among years (Fig. 4). For years where MLS data are currently not available, i.e., after 

2020, MLS was kept at the most recent value.  

When a lobster reached MLS, it was converted to mass based on American 

lobster length (CL in mm) to mass (grams) relationships provided in Mallet et al. (2006) 

Males: mass = 0.0010CL2.9504 

Females: mass = 0.0015CL2.857 
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The mass of all individuals that recruited to the fishery in a particular year was summed 

to provide an annual index of fisheries recruitment, hereafter referred to as “model 

biomass index”, abbreviated as MBI.  

I opted not to include a term for mortality in my model, given there exists no 

annual empirical estimates of mortality rates for American lobster, and including a 

constant mortality term would not have affected the correlation between annual values 

of my MBI and fisheries landings. 

2.4.2 Prorated growth for benthic recruits 

 Benthic recruitment sampling typically occurred over a one-to-two-week period 

part-way during the summer-fall “growth period”, which was considered to be June 1 – 

September 30 (121 days) for Caraquet and Les Demoiselle, and July 1 – October 31 

(122 days) for Beaver Harbour, based on field observations of molting (personal 

communications by P. Lawton, M. Comeau, B. Sainte-Marie) (Table 1). I did not know 

when or at what size these individuals settled, which causes some uncertainty 

concerning the modeling of the first season of growth. For simplicity, and given the 

Bertalanffy function predicts growth of lobsters in their first year of life to be very 

nearly linear (see below), I first estimated the change in carapace length (ΔL) of sampled 

benthic recruits assuming a full year of growth, and then prorated that value according to 

the proportion of the growth period estimated to remain after sampling (Fig. 4). I used 

the following equation to estimate ΔL 

ΔL = (L∞-L1)(1-e-kΔt) 
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where L1 is the starting carapace length (i.e., the mean carapace length of all 

benthic recruits sampled in a given location and year), k is the sex-specific growth 

constant, L∞ is the maximum population carapace length, and Δt is 1. Then, I multiplied 

the ΔL by the estimated proportion of the growth period remaining, which was estimated 

as the number of days between sampling (i.e., the median date between first and last 

sampling dates) and the end of the growth period, divided by the total number of days in 

the growth period (Table 1, Fig. 5). The average annual proportion of the growth period 

remaining for each location was 0.13 (range = 0-0.46) for Beaver Harbour, 0.15 (0.02-

0.30) for Les Demoiselles, and 0.90 (0.77-0.97) for Caraquet. Given the von Bertalanffy 

function predicted growth of lobsters in their first year of life to be very nearly linear, as 

already mentioned, estimates obtained with my prorated approach are nearly identical to 

estimates that would have been derived with the von Bertalanffy growth function had I 

known when and at what size these individuals settled. For example, assuming an 

individual settled at 5 mm CL at the very beginning of the growth period and was 

sampled when only 10% of the growth period remained, the von Bertalanffy functions 

estimates the remaining growth to be 1.61 mm and my pro-rated growth approach 

estimates the remaining growth to be 1.58 mm (1.8% difference).  
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Figure 4. A) Estimated proportion of the annual growth period of lobster benthic 
recruits remaining after they were sampled, which was estimated as the number of days 
between the sampling date (i.e., median between first and last sampling dates) and the 
end of the growth period (see text), divided by the duration of the growth period in each 
benthic recruitment sampling location (Table 1). B) Annual minimum legal size of 
American lobster in the three fisheries landings regions and different years used in this 
study. Same colours link benthic recruitment (panel A) sampling locations to their 
corresponding fisheries landings regions (panel B). 
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Figure 5. Example of how the growth experienced by first year benthic recruits is 
determined, by prorating the first-year growth period, given these recruits were sampled 
part way through this growth period. The growth period was considered to be June 1 – 
September 30 (121 days) for Caraquet and Les Demoiselle (shown above), and July 1 – 
October 31 (122 days) for Beaver Harbour, based on field observations of molting. The 
proportion of the growth period remaining (pgp) was determined as the number of days 
remaining in the growth period post benthic recruitment sampling divided by the total 
number of days in the growth period. After the first year of simulated growth, the new 
carapace length (L1) is equal to the initial carapace length (L0) plus the change in 
carapace length (ΔL) based on the von Bertalanffy growth functions (see methods) that 
was prorated by the proportion of the growth period remaining in that year (1-pgp). 

2.5 Model building  

I assessed the correspondence between my MBI and annual fisheries landings in 

each region with a linear and a power function, the latter to test for evidence of “density 

dependence” (i.e., increasing population numbers causing increased competition among 

early benthic stages, and hence a lower proportion of these recruiting to the fishery). For 

these comparisons I used all years where my MBI estimates were “complete”, i.e., 

comprising all annual cohorts of benthic recruits that contributed to a particular MBI 

year (age classes 8+, 9+, and 10+ for Beaver Harbour and age classes 7+, 8+, and 9+ for 

Remaining growth period, gp
(30 days or ~0.25)

Les Demoiselles, Magdalen Islands

Estimated growth period

June 1 – Sept 30 (121 days)

Fishing season

May 1 – June 30

L1 = L0 + (∆L × (1-gp))

*
Remaining growth period (30 days)

Estimated growth period
June 1 – Sept 30 (121 days)

Proportion remaining
pgp = 30 days/121 days

pgp = 0.25

Adjusted first year growth
L1 = L0 + (ΔL × (1-pgp))



 

27 

 

Les Demoiselles and Caraquet), as well as one additional and most recent year that 

included the two-year classes that contributed to the majority of fisheries recruitment in 

a particular region, i.e., age classes 8+ and 9+ for Beaver Harbour (71.7% of all fisheries 

recruits) and Les Demoiselles (70.7%), and age classes 7+ and 8+ in Caraquet (86.5%).  

To determine which of the linear or power function best modeled each relation 

between the MBI and the landings data, I estimated the residual standard error (RSE), 

which is the square root of the sum of the residuals squared, divided by the degrees of 

freedom. Given that the linear and power functions have the same number of parameters, 

their RSEs provide a direct means of comparing their fits, with no differing concern over 

overfitting. I also estimated the mean percent error (MPE) of each function, to depict 

their performance in (more intuitive) relative terms, by averaging the absolute percent 

difference between predicted and observed landings across all years. For the linear 

function, I also derived the R2 (and p) so that it could be directly compared to R2 values 

obtained in similar modelling studies.  

2.6 Quantifying model forecasting performance 

To test the forecasting accuracy of each regional model, I conducted out-of-

sample model validation of fisheries landings forecasted for 2020 using models built 

with two reduced data sets. The first “reduced model” was based on MBI and fisheries 

landings data up to and including 2013, which represents the earliest I would be able to 

forecast 2020 landings based on an MBI that would include fisheries recruits that are 7 

years of age or older, which would be expected to include nearly all projected recruits to 

the 2020 fishery (over all my simulations, 99.9% of fisheries recruits were age seven or 
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older in Beaver Harbour, 99.8% in the Magdalen Islands, and 97% in Caraquet). For 

each location, benthic recruitment values up to and including 2006 were used to generate 

annual MBI values up to and including 2013, such that all MBIs included fisheries 

recruits 7+ or older, all but the 2013 MBI also included recruits age 6+, and all but the 

2012 MBI also included individuals age 5+; I outline these small differences for clarity, 

but they are inconsequential given that the vast majority of fisheries recruits are 7+ or 

older, as indicated above. These MBI values were then compared to same-year fisheries 

landings to derive a “best (linear or power) 2013-reduced model” (Fig. 13), which was 

used to forecast 2020 landings, based on my 2020 MBI (derived from benthic 

recruitment values from 2010 to 2013) (Fig. 13). The percent difference between my 

forecasted and the observed value of 2020 landings was calculated and used as an index 

of forecasting error. To compare the accuracy of my 2013-reduced regional models’ 

2020 forecasts to a “null model”, independent of benthic recruitment data, I also 

calculated the percent difference between landings observed in 2020 and 2013; the null 

model essentially forecasts 2020 landings based on landings observed the year that 

landings were forecast based on benthic recruitment. 

The second reduced model was based on MBI and fisheries landings data up to 

and including 2019, to investigate potential causes of shortfalls of the 2013-reduced 

models, which involved a small number of years and did not necessarily include the 

pronounced contrasts observed in benthic recruitment. I proceeded as with the 2013-

reduced models, to again forecast 2020 landings, with the difference that benthic 

recruitment values up to and including 2012 (instead of 2006) were used to generate 

annual MBI values up to and including 2019 (instead of 2013), which were compared to 
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same-year fisheries landings to derive a “best (linear or power) 2019-reduced model”. 

Additionally, the MBI for 2020 was estimated using all benthic recruitment data up to 

2015, and hence includes all individuals that contributed to the 2020 MBI.  

2.7 Further model exploration 

2.7.1 Impacts of growth  

As a partial test of the sensitivity of model predictions to changes in the von 

Bertalanffy growth constant (k), I also modeled growth in each location using the growth 

constant predicted for the other two locations, based on their latitude. I used each 

region’s corresponding k for further analysis of the models, unless another region’s k 

clearly provided a better fit, in terms of minimizing RSE (this was the case for one 

region).  

To determine the importance of inter-individual variability in growth rate on the 

fits between MBI and fisheries landings, I reran each location with a fixed k, and then 

compared how strongly MBI values derived from the models with fixed and variable k 

were correlated to fisheries landings. 

To compare the age-at-fisheries recruitment estimates provided by the k values 

used in my models to our understanding of this process in the different regions, I 

performed correlations between observed benthic recruitment densities and fisheries 

landings after a fixed number of years, rather than based on a growth constant with error. 

I did these different comparisons assuming lags of 5 to 10 years, which represents the 

estimated range of age-at-fisheries recruitment in my three study regions. For example, 

in simulations using a five-year lag, the observed benthic recruitment density from 2010 
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was compared to the observed fisheries landings from 2015, those from 2011 to 2016, 

and so on.  

2.7.2 Ovigerous females 

A key management measure of the lobster fishery is that ovigerous females that 

are caught in a trap cannot be retained, which means that a proportion of the females that 

recruit to the fishery each year do not contribute to the landings. My model does not take 

this fact into consideration. To determine whether this omission may have affected the 

strength of fits between my MBI and fisheries landings, I re-ran my model for the 

Magdalen Islands considering the abundance of ovigerous females in fishermen catches; 

I was able to find 15 years of such data for the Magdalen Islands (only six years for 

Northern New Brunswick and none for Southern New Brunswick). For this new 

exercise, a proportion of females were withheld from recruiting to the fishery every year, 

based on the observed proportion of ovigerous females in fishermen traps in that year. 

These females were then automatically recruited to the fishery the following year, when 

it was assumed they would be available to be retained by the fishery, based on their 

typical two-year reproductive cycle (i.e., females carrying eggs in one year are not 

expected to be carrying eggs the following year). However, the MBIs with and without 

accounting for ovigerous females were very strongly correlated (p < 0.001, R2 = 0.998, 

see Appendix 4), which is not surprising given that the proportion of ovigerous females 

did not vary much from year to year (mean = 0.16 ± 0.03 SD). Based on this result, and 

also because (i) similar data were scarce for the other two regions, and (ii) I did not 

expect that the other regions would show markedly different patterns in interannual 
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variability in the incidence of ovigerous females in fishermen catches (mean annual 

proportion in Northern New Brunswick was 0.25 ± 0.04 SD), I did not exclude 

ovigerous females from my models.  

 

3.0 Results 

3.1 Temporal trends in benthic recruitment 

The length of time over which benthic recruitment has been monitored varies 

markedly among the three study locations (Fig. 6A), with Beaver Harbour having the 

longest time series at 30 years (1991-2020), followed by Les Demoiselles at 25 (1996-

2020) and Caraquet at 17 (2003-2018). All three monitoring programs are ongoing, 

although sampling did not occur in Caraquet in 2020, due to work restrictions related to 

COVID-19.  

Densities of benthic recruits showed considerable variation among locations and 

years. In Beaver Harbour, densities were relatively low and variable for the first decade 

(1990-2001), hovering at approximately 1 benthic recruit per m2, and then increased to a 

peak of 8.34 n/m2 in 2005, the highest sampled density in all three locations, before 

declining rather gradually to a low of 0.51 n/m2 in 2013. Since then, densities of benthic 

recruits in Beaver Harbour have fluctuated annually with a mean (±SD) of 1.58 (±0.97) 

per m2 between 2013 and 2020.  In Les Demoiselles, densities were consistently low 

from 1996 to 2007, but then increased to a peak of 4.90 n/m2 in 2010, before declining to 

a low of 0.08 n/m2 in 2015, and then increasing again to ca. 2 n/m2 in 2017 to 2020. 

Although the lowest densities were observed in Caraquet, being on average 0.28 n/m2 
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over the time series, since 2010 this location has seen a continuous increase in benthic 

recruits of ca. 75% on average each year.  

 
Figure 6. Temporal trends in (A) density of benthic recruits for all three sampling 
locations, and (B) fisheries landings for the three study regions, which is used as a proxy 
for fisheries recruitment. Refer to Table 1 for estimates of the size of each benthic 
recruitment location and study region. Same colours link benthic recruitment sampling 
locations (panel A) to their corresponding fisheries landings regions (panel B). 
 

3.2 Temporal trends in fisheries landings 

Over the period when fisheries landings can be predicted by my model, given the 

available benthic recruitment data and the expected time lag between benthic and 

fisheries recruitment, there has been a relatively constant increase in fisheries landings in 

all three study regions (Fig. 6B). This increase has been steepest in Northern New 

Brunswick, from 4,019 tonnes in 2009 to a record high of 8,377 tonnes in 2020. 

Southern New Brunswick also showed a pronounced and consistent increase in landings 
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from 271 tonnes in 1991 to a record high of 4,073 tonnes in 2018, which has been 

followed by small decreases in 2019 and 2020, with landings of 3,529 and 3,090 tonnes, 

respectively. In the Magdalen Islands, landings showed a relatively slow and gradual 

increase from 1,479 to 2,291 tonnes between 2004-2015, followed by a large increase to 

3,939 tonnes in 2020.  

3.3 Trends in benthic recruitment and fisheries landings in different regions 

In all three study regions, the highest landing values occurred after peak benthic 

recruitment values in the corresponding settlement locations (Fig. 6). Peak benthic 

recruitment values occurred first in Beaver Harbour, in 2005-2009, and landings in 

Southern New Brunswick peaked in 2013-2018, and now seem to be showing signs of 

the beginning of a downturn. Peak benthic recruitment values occurred next in Les 

Demoiselles, between 2010-2013, and landings in the Magdalen Islands were highest 

between 2017-2020. Finally, in Caraquet, benthic recruitment values have continuously 

increased since the beginning of the time series in 2003 (particularly since 2010) and 

fisheries landings in Northern New Brunswick have also increased over the 

corresponding years, but at a much larger magnitude, especially at the beginning of the 

benthic recruitment time series. 

It is worth noting that spatial differences in benthic recruitment were not 

mirrored by spatial differences in fisheries landings (Fig. 6). In particular, benthic 

recruitment levels were markedly lower in Caraquet than in Beaver Harbour and Les 

Demoiselles for most of the time series, but landings were actually highest in the region 

corresponding to Caraquet settlement ground (Northern New Brunswick). This is not, 
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however, a contradiction, in that we would not necessarily expect landings to be greatest 

where benthic recruitment densities were highest, given the markedly different size of 

the regions over which landings were aggregated, as well as the different number of 

harvesters, length of fishing seasons and other differences in management regimes that 

may impact total landings.  

3.4 Modelling age-at-fisheries recruitment 

Across the three study locations, three latitudinal growth rates (k), and all years 

simulated, a total of 69,379,000 individual lobsters (observed benthic recruitment 

density multiplied by maximum sampled area and by 1000, see Table 1) were modelled 

from size at benthic recruitment to size at fisheries recruitment. Considering all these 

individuals, one year of fisheries recruitment largely consisted of three or four benthic 

recruit age classes, depending on the latitudinal k (Fig. 7). Using the faster growth 

constant, which is predicted for Beaver Harbour, the majority of individuals reached size 

at fisheries recruitment across three years: 6+, 7+, and 8+.  Using the slower predicted 

growth constants at the higher latitudes in Les Demoiselles and Caraquet, individuals 

typically recruited to the fishery across four years: 7+, 8+, 9+, and 10+ (Fig. 7).  

The simulated age-at-fishery recruitment was also somewhat affected by 

differences in MLS among regions. Although there has been some variability across 

years, MLS has generally been lower in Northern New Brunswick (Caraquet) than in the 

other two regions (Fig. 4B). In particular, although Caraquet and Les Demoiselles had a 

similar k, and in fact Caraquet a slightly lower k than Les Demoiselles, Caraquet had a 

lower mean predicted age-at-fisheries recruitment (7.83) than Les Demoiselles (8.24), 
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because of its region’s smaller MLS. In all locations, females were predicted to reach 

size at fishery recruitment approximately one year later than males (Fig. 7). 

The contribution of different benthic recruitment cohorts to a single year of 

fisheries recruitment also varied among years for all sampling locations, based on the 

strength of the benthic recruit year classes (Fig. 8). This was particularly true for Les 

Demoiselles and Beaver Harbour, where greater contrast was observed in annual levels 

of benthic recruitment. For example, in Les Demoiselles (with its latitudinal k), age 8+ 

contributed minimally to fisheries recruitment in 2017 (0.9%) but accounted for the 

majority of fisheries recruitment in 2018 (82%). This is a result of the peak benthic 

recruitment year of 4.90 n/m2 in 2010, which “overtook” the relatively smaller benthic 

recruitment years of 2009 (0.25 n/m2) and 2011 (2.62 n/m2).  Similarly, in Beaver 

Harbour (with the Caraquet k [see below]) the contribution of the 8+ age class to 

fisheries recruitment increased by ca. 20% from 2012 (39%) to 2013 (62%). This 

occurred because of the greater than doubling of benthic recruitment densities between 

2004 (2.67 n/m2) and 2006 (8.34 n/m2). In Caraquet, there is no such pattern of “strong” 

benthic recruitment classes given the gradual increase of benthic recruitment values over 

time (Fig. 6A). 
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Figure 7. Predicted proportion of different age fishery recruits (males and females 
pooled) across all years for which fisheries recruitment was fully predictable (i.e., all 
expected age classes were present), for each combination of my three study locations 
(columns) and three latitude-based growth coefficients (k) (rows). The total number of 
individual recruits simulated for each combination of location and growth coefficient is 
indicated in the top right of the first row of panels. The highlighted panels along the 
diagonal represent results for each study location with its corresponding latitudinal 
growth coefficient. The mean minimum legal size is indicated in parenthesis next to 
each study location, and the mean age for all fishery recruits (solid line), all male fishery 
recruits (dashed line) and all female fishery recruits (dot-dash line) are indicated for each 
combination of location and growth coefficient. 



 

 

 
Figure 8. Predicted proportion of different age of fishery recruits (pooled males and females) across all years for which fisheries 
recruitment was fully predictable (i.e., all expected age classes were present), in each year of model predictions for all combinations 
of my three study locations (columns) and three latitude-based growth coefficients (k) (rows). The highlighted panels along the 
diagonal represent results for each study location with its corresponding latitudinal growth coefficient. 
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3.5 Comparing temporal trends of modelled fisheries recruitment biomass indices 

and observed fisheries landings 

 Overall, for the different study locations and growth constants, the model 

biomass index (MBI) matched relatively well to quite well the observed temporal trends 

in fisheries landings (Fig. 9). In general, the different growth constants did not strongly 

impact the MBI temporal trends across the three sites, although some meaningful 

differences existed between predictions based on Beaver Harbour k versus the other two, 

higher-latitude, k (see below).  

In Les Demoiselles, with its corresponding latitudinal k, the match in temporal 

trends of the MBI and observed fisheries landings is very good. Landings in the 

Magdalen Island fluctuated moderately from 2001 to 2015, with only a slight increase 

over time, and they then increased steadily and relatively rapidly till the end of the time 

series in 2020 (Fig. 9). The MBI for this region, using k from Les Demoiselles or 

Caraquet, followed a very similar trend, capturing both the period of small increase and 

the period of much more rapid increase. However, using the k from Beaver Harbour, the 

MBI started to increase two years earlier than the observed increase in landings, and it 

decreased markedly between 2018 and 2019, which was not seen in the landings. 

In Caraquet, with its corresponding latitudinal k and the k from Les Demoiselles, 

the match in temporal trends between MBI and landings is moderately good, however 

the MBI remained relatively constant up until 2017, then increased dramatically, 

whereas landings have increased consistently between 2010 and 2020 (Fig. 9). The 

temporal trend is similar with the k from Beaver Harbour, however both the plateau and 
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the increase begin two years earlier than when using the k from Caraquet or Les 

Demoiselles.  

In Beaver Harbour, with its corresponding latitudinal k, the MBI followed a 

similar temporal trend as observed landings, although the peak was clearly predicted 

earlier (≈ 4-6 years, depending on k) than was observed (Fig. 9). Landings increased 

gradually between 1999 and 2007, and then more rapidly to a peak between 2016 and 

2018, after which they plateaued. The MBI captured the general trend, but it peaked in 

2012 (six years earlier than the landings) and 2014 (four years earlier) using the k 

corresponding to Beaver Harbour and Les Demoiselles or Caraquet, respectively, and 

then it declined rapidly.



 

  

 
Figure 9. Temporal trends of observed fisheries landings (top row) and modelled biomass index (MBI) of fishery recruits (bottom 
row) for each study region and latitude-based growth coefficients (k, coloured lines). The solid-coloured lines indicate the MBI for 
each location’s corresponding latitudinal growth constant.
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3.5 Relation between modeled biomass index and fisheries landings using different 

assumptions for time to fisheries recruitment 

3.5.1 Model fits using latitude-based growth coefficients 

A statistically significant relationship between MBI and landings was observed in 

all models, i.e., all nine combinations of regions and k values (see Table 2 and Fig. 10). 

The strongest fit was observed in Northern New Brunswick using the power function and 

the region’s corresponding k (Mean percent error (MPE) = 7.5%), followed by Magdalen 

Islands using the linear function fit with the region’s corresponding k (MPE = 10.3%). 

The weakest fit was observed in Southern New Brunswick, where the strongest fit was 

observed with the linear function and the k from the Caraquet region (MPE = 22.3%). 

There was variability among regions with respect to the nature of the function that 

produced the strongest fit between MBI and landings. In Northern New Brunswick, the 

power function provided a markedly stronger fit than the linear function when paired 

with the location’s latitudinal k (MPE = 7.5% versus 14%) or the similar k for the 

Magdalen Islands (MPE = 8.0% versus 14.1%). In the Magdalen Islands, the linear 

function provided a marginally better fit than the power function when paired with the 

location’s latitudinal k (MPE = 10.3% versus 11.4%) or the similar k for Northern New 

Brunswick (MPE = 10.1% versus 10.5%). In Southern New Brunswick, with all k values, 

the linear and power functions provided similar fits (Table 2).  

For two of the three regions the quality of fits, as assessed based on RSE, varied 

only moderately for different values of k, but for one of the three regions they varied 

more markedly (Table 2). For the Magdalen Islands, the fit based on the linear function 

was very similar with the Les Demoiselles k and the Caraquet k (MPE = 10.1% versus 



 

 42 

10.3%), and it dropped only slightly when using the Beaver Harbour k (MPE = 12.5%). 

Similarly, for Northern New Brunswick, the fit based on the power function was very 

similar with the Caraquet k and the Les Demoiselles k (MPE = 7.5% versus 8.0%), and it 

dropped only slightly when using the Beaver Harbour k (MPE = 10.9%). In contrast, for 

Southern New Brunswick the fit based on the linear function was markedly lower when 

using the region’s corresponding k (Beaver Harbour: MPE = 40.7%) but improved 

markedly when using the other two regions’ corresponding k values (MPE = 22.3% and 

25.3% with Caraquet k and Les Demoiselles k, respectively).



 

 

Table 2. Linear (LIN) and power (POW) relations between the modelled biomass index (MBI) of fisheries recruits and fisheries 

landings (L) for the three study locations/regions and three latitude-based growth coefficients (k) (shaded row shows each 

location’s latitudinal k). Each models’ strength was assessed using residual standard error (RSE), and also depicted using mean 

percent error (MPE)(see Methods). For each region, the model with the regional k was used for further analysis, unless another 

regions k was clearly a better fit, and is indicated with an asterisk (*). 

Location Function k Line of best fit RSE (tonnes) MPE 
(%) 

Beaver Harbour Southern 
New Brunswick 

(BH) 

LIN 
BH L = 1372.21+14.46MBI 960.6 42.4 
MI L = 1053.28+21.97MBI 705.9 25.3 
CR L = 946.09+24.44MBI 595.6 22.3* 

POW 
BH L = 555.46MBI0.36 932.7 40.7 
MI L = 322.41MBI0.50 665.3 25.3 
CR L =273.21MBI0.55 560.4 23.1 

Les Demoiselles Magdalen 
Islands (MI) 

 

LIN 
BH L = 1839.47+1.57MBI 511.8 12.5 
MI L = 1764.70+2.20MBI 308.9 10.3* 
CR L = 1788.01+2.38MBI 297.4 10.1 

POW 
BH L = 874.85MBI0.19 493.7 14.3 
MI L = 731.62MBI0.23 358.3 11.4 
CR L = 705.74MBI0.24 345.2 10.5 

Caraquet 
Northern New Brunswick 

(CR) 

LIN 
BH L =5721.51+0.97MBI 1188.0 17.0 
MI L = 5971.79+1.52MBI 1080.7 14.1 
CR L = 5948.06+1.87MBI 1074.7 14.0 

POW 
BH L = 2796.43MBI0.14 847.3 10.9 
MI L = 3028.71MBI0.14 689.0 8.0 
CR L = 3114.53MBI0.14 493.7 7.5* 

4
3
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Figure 10. Relationship between the modelled biomass index (MBI) of fisheries recruits 
and observed fisheries landings for each study location/region (columns) and growth 

coefficients (k) corresponding to the latitude of each location (rows), with highlighted 
panels along the diagonal representing each location with its corresponding latitudinal k. 

The predicted MBI values for each location are a function of observed benthic 
recruitment densities and the growth coefficient k (see Table 1). Each combination of 

location and growth coefficient was fit with both linear (LIN, blue line) and power 
(POW, red line) functions, with corresponding mean percent error (MPE, see Methods) 

values shown. 

 

LIN: MPE=42.4%
PWR: MPE=40.7%

LIN: MPE=25.3%
PWR: MPE=25.3%

LIN: MPE=22.3%
PWR: MPE=23.1%

LIN: MPE=10.1%
PWR: MPE=10.5%

LIN: MPE=10.3%
PWR: MPE=11.4%

LIN: MPE=12.5%
PWR: MPE=14.3%

LIN: MPE=17.0%
PWR: MPE=10.9%

LIN: MPE=14.1%
PWR: MPE=8.0%

LIN: MPE=14.0%
PWR: MPE=7.5%
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3.5.2 Model fits using different absolute time lags 

The fits between MBI and landings described above varied from being similar, to 

markedly poorer, when I removed interindividual variability in k from model 

simulations (Fig. 11). In Beaver Harbour and Les Demoiselles, the locations with the 

most inter-annual variability in benthic recruitment densities (Fig. 6A), using a fixed 

growth constant k decreased the fit between MBI and observed landings (MPE = 31.5% 

versus 23.1% for Southern New Brunswick, and MPE = 12.6% versus 10.3% for the 

Magdalen Islands). In Caraquet, where both benthic recruitment densities and fisheries 

landings have increased more consistently over time, the fits with the fixed growth 

constant were similar to those including interindividual variability (MPE = 7.4% versus 

7.5%, respectively). 

 

Figure 11. Relationship between the modelled biomass index (MBI) of fisheries recruits 
and observed fisheries landings for each study location/region using a fixed latitudinal 

growth constant, i.e., including no variability in growth among individuals from a same 
location. The latitudinal growth constant used was that which provided the strongest fit 

between MBI and fisheries landings when inter-individual variability in k was included 
(see Fig. 10). Each region was fit with both linear (LIN, blue line) and power (POW, red 

line) functions, with corresponding mean percent error (MPE, see Methods) values 

shown. 

 

LIN: MPE=33.6%
PWR: MPE=31.5%

LIN: MPE=12.6%
PWR: MPE=17.2%

LIN: MPE=13.9%
PWR: MPE=7.4%

Model biomass index
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Modelling results involving different fixed lags between benthic and fisheries 

recruitment were consistent with hypothesized latitude-based growth k for two of the 

three study regions. In the Magdalen Islands (Les Demoiselles nursery ground), the best 

fits were observed with fixed time lags of 7, 8, and 9 years (MPE = 12.8%, 14.7%, and 

14.6%, respectively), and the latitudinal growth function (MPE = 10.3%) estimated a 

mean age-at-fishery recruitment of 8.24+ years, with 18% of individuals recruiting to the 

fishery at age 7+, 46% at age 8+ and 30% at age 9+.  In Northern New Brunswick 

(Caraquet nursery ground), the best fit was observed with a time lag of 8, 9, and 10 years 

(MPE = 5.6%, 6.4%, and 4.3%, respectively), and the latitudinal growth function (MPE 

= 7.5%) estimated a mean age-at-fishery recruitment of 7.83+ years, with 33% of 

individuals recruiting to the fishery at age 7+, 47% at age 8+ and 17% at age 9+. In 

contrast, in Southern New Brunswick (Beaver Harbour nursery ground) the estimated 

age-at-fisheries recruitment for the lags with the best fits (MPE = 27.6% at 10 years and 

29.6% at 9 years) is more similar to the age of recruitment predicted by the latitudinal 

growth k for Caraquet (8.78+ years, MPE = 22.3%) and Les Demoiselles (8.32+ years, 

MPE = 25.3%) than that for Beaver Harbours (6.85+ years, MPE = 40.7%). 

3.6 Hindcasting using MBI-to-fisheries landings models 

The best MBI-to-fisheries landings models (see Table 2) do a good to very good 

job of hindcasting the temporal trends in fisheries landings in the three regions (Fig. 12), 

which is not surprising given the relatively strong correlations that were obtained 

between the MBI and observed fisheries landings. In Northern New Brunswick, the best 

model (power, with its corresponding k) matches well the relatively gradual increase in 
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landings over the entire, albeit relative short, time series of the landings data (Fig. 12). In 

the Magdalen Islands, the hindcasted landings values provided by the best model (linear, 

with its corresponding k) match well the mostly continuous increase in landings between 

2004 and 2018, although they did not capture the smaller year to year variability, e.g., 

the higher landings in 2010 relative to 2009 and 2011 (Fig. 12). In this region I see the 

largest discrepancy between the observed and hindcasted landings (average ±SD, 0.05 

±0.28kt from 2005-2019) in 2020 (-0.62kt), when observed landings continued to 

increase whereas my model predicted a marked decrease in landings. In Southern New 

Brunswick, the hindcasts made by the best model (power with Caraquet k) match well 

the increase in landings from 2005-2010, and the somewhat sharper increase from 2011-

2015 (Fig. 12). From 2000 to 2003 the hindcasts match the increase in observed 

landings, but the hindcasts then declined between 2003 and 2005, while landings 

remained level over this period. Also, the 2018 peak in landings is hindcasted four years 

earlier than observed, and it is followed by a decline in hindcasted landings starting in 

2015, which was not observed in the landings data until 2019.   
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Figure 12. Temporal trends of observed fisheries landings (black line) and fishery 

landings hindcasts (white area on each panel) and forecasts (grey area) based on linear 
(orange) and power (teal) lines of best fit between the modelled biomass index (MBI) 

and observed fisheries landings till 2020. 

 

3.7 Forecasting using MBI-to-fisheries landings models 

When using all available data to forecast fisheries landings beyond the current 

time series, the best models forecast different trends in the different regions (Fig. 12). In 

Southern New Brunswick, the linear and power models forecast a large decline in 

landings in 2021 relative to 2020, followed by a plateau up to 2027 with a fair amount of 

inter-annual variability. For the Magdalen Islands, the linear and power models both 

forecast a similar and pronounced decrease in landings between 2020 and 2023, 

followed by a steep increase up to 2027. In Northern New Brunswick, the best power 

model, which provided a stronger fit than the best linear model (MPE = 7.5% versus 

Observed landings
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14.0%), forecasts a relatively constant increase in landings till 2025, while the linear 

model forecasts a much more pronounced increase in landings, with a seemingly 

biological unlikely maximum of 15,000 tonnes in 2024, followed by a marked decrease 

in 2025.  

3.7.1 Model forecasting performance  

The results of the out-of-sample model forecasting validation work show that (i) 

models built with landings data up to and including 2019 make relatively accurate 

forecasts of 2020 landings values, for two of the three regions in particular, but (ii) the 

more reduced models that only included landings data up to 2013 performed markedly 

more poorly, and not better than predictions simply based on landings values observed at 

the end of the reduced time series (i.e., 2013). Based on the 2019-reduced data set, 

Northern New Brunswick best forecasted 2020 landings, with an absolute percent 

difference of 9.7%, followed by the Magdalen Islands at 20.6%, and Southern New 

Brunswick at 35.4% (Fig. 13). Errors were greater for the 2013-reduced models (Fig. 

13), and for two of the sites the errors were as large or larger than the errors associated 

with the “null landings model” (50.7% versus 50.5% for the Magdalen Islands, 35.4% 

versus 11.4% for Southern New Brunswick, and 5.9% versus 22% for Northern New 

Brunswick,).  
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Figure 13. Percent error in 2020 fisheries landings forecasted by two reduced models of 
benthic-to-fisheries recruits for each study region, one including MBI and fisheries 

landings data up to 2019 and one up to 2013 (upper panels). The black stippled line 
associated with the 2013 column represents the “null model”, i.e., the percent error 

between observed landings in 2020 (**) and observed landings in 2013 (*), the last year 
that was used to build the 2013-reduced models. The years of benthic recruitment (lower 

panels) and landings (middle panels) used to build the 2013-reduced model for each 
region are denoted in black, and the years of benthic recruitment values used to generate 

an MBI for 2020 to forecast 2020 landings is denoted in the grey stippled line. 
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4.0 Discussion 

4.1 Overview 

This study is the first to model the link between benthic recruitment and fisheries 

landings of American lobster in multiple regions in Canada. I observed moderate to 

strong relationships between a modelled biomass index of fisheries recruitment (MBI), 

estimated using benthic recruitment densities, and fisheries landings for three regions in 

Atlantic Canada. This study demonstrates the potential of lobster benthic recruitment 

monitoring to forecast fisheries recruitment trends up to 8 years in the future in Atlantic 

Canada. To strengthen my models’ forecasting skill, important next steps include 

obtaining better estimates of fisheries recruitment, further validation of lobster growth 

estimates, and a better grasp of spatial linkage between the small areas where lobster 

settlement is sampled versus the larger areas where estimates of fisheries recruitment are 

made. 

4.2 The relationship between MBI and fisheries landings 

The two strongest relationships between my MBI and fisheries landings were 

seen in Northern New Brunswick (best [i.e., linear or power] mean percent error (MPE) 

= 7.5%) and the Magdalen Islands (best MPE = 10.3%), both with their corresponding 

latitudinal growth constants (k), and weaker fits were observed in Southern New 

Brunswick, particularly when using the region’s corresponding latitudinal k (best 

MPE with Caraquet k = 23.1%; best MPE with Beaver Harbour k = 40.7%). In Northern 

New Brunswick, using the k associated with the latitude of the other two study locations 

only decreased the strength of the fits very marginally (MPE =7.5% versus 8.0% and 
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10.9%). This was not surprising when considering the Les Demoiselles k, as this 

location is at a very similar latitude (and hence had a very similar k) as Caraquet, but it 

was somewhat surprising for the Beaver Harbour k, as this location is at much lower 

latitude (and hence had a higher k). The latter likely occurred because benthic 

recruitment in Caraquet and fisheries landings in the corresponding region (Northern 

New Brunswick) have shown a rather constant upward trend over our study period, and 

hence there has been little year-to-year variability in these linked processes that could be 

better captured by one of the different growth rates modeled by the moderately different 

k considered in this study. This interpretation is consistent with results observed in the 

Magdalen Islands, where best fits were again similar with the two similar-latitude k 

values (MPE = 10.3% and 10.1%), but here decreased with the Beaver Harbour k (MPE 

= 12.5%), likely because Les Demoiselles and Magdalen Islands had more interannual 

variability in benthic recruitment and fisheries landings, respectively, in comparison to 

the more constant increases seen in these processes in Caraquet and Northern New 

Brunswick. 

The poorest model fits were observed in Southern New Brunswick, particularly 

when using the corresponding k for that location (MPE = 40.7%). These fits improved 

markedly when k from the two more northern locations were used (Les Demoiselles k: 

MPE = 25.3%; Caraquet k: MPE = 22.3%), suggesting that the latitudinal growth 

constant for Beaver Harbour may overestimate lobster growth rate in that region (see 

Section 4.3.2 on modelling lobster growth). The markedly lower fits in Southern New 

Brunswick when compared to the other two regions are driven, at least in part, by 

particularly large errors in the last three years of the forecasted period (2018-2020), 
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when my model consistently predicted markedly lower landings than was observed (Fig. 

12). The cause(s) for these recent larger prediction errors in Southern New Brunswick 

are unclear but could be related to potential recent changes in catch composition (see 

Section 4.3.3 on fisheries recruitment), or to landings in the region being recently more 

strongly supplemented by benthic movement of lobsters from other Lobster Fishing 

Areas (LFAs) (see Section 4.3.3 on spatial connectivity). The errors in Southern New 

Brunswick may also be partially related to our estimates of benthic recruitment in 

Beaver Harbour being “diluted” in more recent years by thermal expansion of viable 

settlement grounds for lobster, as recently proposed in the eastern Gulf of Maine (Goode 

et al. 2019). Consistent with this hypothesis, the strength of the relation between my 

MBI and 2009-2020 fisheries landings in this region does increase (MPE = 15.3% to 

10.9%, data not shown) when adjusting corresponding benthic recruitment values (2000 

to 2015) using the estimated area of benthic recruitment habitat > 12°C in the Gulf of 

Maine that Goode et al. (2019) presented in their Figure 3. However, the previously 

described four-year lag is still present in these “thermally-adjusted data”, i.e. the peak in 

predicted landings is still 2014, when the observed peak was in 2018.    

Significant relationships between benthic recruitment and fisheries recruitment 

indices have been observed in a few other studies involving lobster species, and the 

strength of these associations is comparable to what was observed in this study. The 

longest such time series is for the Western Rock lobster fishery in Australia, where 

monitoring of benthic recruitment began in 1969 at four sites (i.e., 52 years, compared to 

31 years for the longest time series in Canada), and has been used to forecast fisheries 

recruitment since the early 1980s following evidence of a strong relationship (R2 = 0.74) 
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between average annual benthic recruitment densities and observed fisheries landings 

four years later (Morgan et al. 1982; Phillips 1986). This relationship between benthic 

recruitment and fisheries recruitment is currently used to manage this fishery, where 

benthic recruitment is used as an index of future stock condition (de Lestang et al. 2012), 

and has continued to be refined and expanded to new areas (Caputi et al. 1995a, 2014; 

Melville-Smith et al. 2004; De Lestang et al. 2009). Similar relations (R2 = 0.21 to 0.86) 

have been found in the Red rock lobster fishery in New Zealand at seven of eight sites 

monitored, using a four- to eight-year lag between benthic recruitment and commercial 

catch per unit effort (CPUE; kg/pot lift; assumed proportional to lobster abundance) 

(Booth and McKenzie 2009), as well as in the California spiny lobsters (R2 = 0.63), 

using a five-year lag between benthic recruitment and fisheries landings (Arteaga-Rıos 

et al. 2007).  

The benthic-to-fisheries recruitment relationship has also previously been 

explored for American lobster in 10 areas in the Gulf of Maine, including one in this 

study, Beaver Harbour (Oppenheim et al. 2019). In that study, landings were modelled 

as a function of benthic recruitment using logistic growth curves empirically derived in 

three of the 10 study locations (including Beaver Harbour) and inferred for the other 

seven based on differences in bottom temperature among the study locations. The 

estimated fisheries recruitment indices were fit to observed fisheries landings in the 10 

areas with six different modelling scenarios, which considered different combinations of 

(i) temperature impacts on scaling of the logistic growth curve (e.g., a globally fixed 

temperature, area-specific temperatures, year-specific temperatures), (ii) inclusion of a 

constant mortality term, and (iii) inclusion of shell disease prevalence. A statistically 
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significant relationship was found in 9 of the 10 areas, and best fits ranges from R2 = 

0.50 to 0.94. The strongest fit was observed in Beaver Harbour, with an R2 of 0.94, 

which is higher than the value I obtained for this area, i.e., R2 = 0.70 when using linear 

model with Caraquet k. This difference at first suggests that the Oppenheim et al. (2019) 

model is a better model. However, this difference in model fit seems entirely related to 

differences in the years of landings that were modeled in the two studies. The 

Oppenheim model included fisheries landings up to and including 2017, and therefore 

does not include the more recent years when I observed the greatest difference between 

my model’s predictions and observed fisheries landings (see above). If I only consider 

the same years of landings as in the Oppenheim model (2002-2017), my model’s R2 

increases to 0.90 and its mean annual prediction error is 0.15 kt, compared to R2 = 0.94 

and 0.26 kt for the Oppenheim model. When these models are used to forecast landings 

in 2018-2020, the mean error increases markedly to -1.42 kt and -1.35 kt for the 

Oppenheim model and my model, respectively. Thus, the relatively large discrepancy in 

strength of fits between my model and that already published by Oppenheim et al. is 

because my model includes these later “outlier years”, resulting in a poorer overall fit, 

and does not speak to any real difference in the quality of the two models.  

4.2.1. Incorporating variability in age-at-fisheries recruitment 

One of the most important considerations for establishing relationships between 

benthic and fisheries recruitment is determining by how much time these processes 

should be lagged. Most previous work on lobsters has not attempted to establish this lag 

by modeling the growth of individuals, but rather has used a fixed number, or numbers, 
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of years between benthic and fisheries recruitment. For example, in the California spiny 

lobster the strongest positive association between benthic recruitment densities and 

commercial catch was observed with a five year time lag (R2 = 0.63), after considering 

lags ranging from 4-8 years, which were based on previous estimates of age to minimum 

legal size in the region (Arteaga-Rıos et al. 2007). However, for some (or perhaps most) 

species it is likely that multiple year classes contribute to one year of fisheries 

recruitment. In the Western Rock lobster, benthic recruitment densities averaged from 

three and four years prior to each annual fisheries recruitment estimate provided a 

stronger fit (R2 = 0.77) than those averaged from three or four years exclusively (R2 = 

0.50 and 0.69, respectively)(Caputi et al. 1995b), which is congruent with what is 

currently understood about growth of the species (Caputi et al. 1995a).  

A multi-year “proportional approach” has also been used where the abundance of 

benthic recruits in different years is weighted according to the expected contribution of 

each year to fisheries recruitment in a particular year. For example, in the Red rock 

lobster fishery in New Zealand, each year of fisheries recruitment is based on three years 

of benthic recruitment, where half of the fisheries recruitment index is weighed by the 

single year of best fit between benthic recruitment and fisheries recruitment indices, and 

the other half is split between the benthic recruitment years before and after. By 

incorporating the weighted function, as opposed to only lagging by one year, the fits 

were improved at five of the eight study sites, with the range of increases in R2 from 

0.11-0.29 (Booth and McKenzie 2009).  

As mentioned in Section 4.2, the Oppenheim model (2019) used a logistic 

growth function to estimate the proportion of individuals of each benthic recruitment 
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cohort that recruit to the fishery in a given year. These growth curves were based on 

probabilistic growth models that used molt increments and molt probabilities developed 

from juvenile size-frequency distributions and tagging data (Bergeron 2011). It is 

unclear how including interindividual variability in growth improved model 

performance, because this was not tested against fixed age to fisheries recruitment 

values, but it is expected to have added biological realism and hence to have improved 

fits. 

My models, like the Oppenheim model, also incorporated inter-individual 

variability in growth. I incorporated inter-individual variability in growth rates by 

creating a normal distribution of expected growth rates, which was based on published 

size frequency distributions of lobsters from a same location, and then randomly 

drawing a value from this distribution for each individual and year of my model 

simulations. Including this variability in the models provided stronger fits between my 

MBI and fisheries landings compared to models that assumed the same mean growth 

rate of all individuals. This was particularly true for Southern New Brunswick (MPE = 

23.1% versus 31.5%) and the Magdalen Islands (MPE = 10.3% versus 12.6%), which 

were the sites that experienced greater variability in benthic recruitment between 

consecutive years. In these circumstances, including variability in growth caused 

particularly strong (or weak) year classes of benthic recruits to affect fisheries 

recruitment estimates in multiple years, which appears to have captured an important 

aspect of recruitment in these fisheries. In contrast, including variability in growth had 

little impact on model fits in Northern New Brunswick (MPE = 7.5% to 7.4%), which 
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saw a more constant increase in benthic recruitment over time (low year-to-year 

variability). 

4.2.2 The nature of the relationship between MBI and fisheries landings 

To explore the nature of the relationship between my MBI and fisheries landings 

in each study region, I fit both a linear and a non-linear power model. Generally 

speaking, the two models provided similar fits for all three regions. The largest 

difference between the model fits was seen in Northern New Brunswick, with its 

corresponding latitude-based growth constant, where the MPE decreased from 14.0% 

with the linear model to 7.5% with the non-linear power model. The linear model was 

still statistically significant, but markedly weaker and likely provided unrealistic 

projections for future fisheries landings, due to the exceptionally high benthic 

recruitment densities in recent years. That the power model provided a markedly better 

fit than the linear model in Northern New Brunswick suggests density dependent success 

of settlers, i.e., the proportion of benthic recruits that survive to fishery recruitment 

decreases with increased benthic recruitment densities.  

Density-dependent relationships between the abundance of early life stages and 

of fisheries recruits have also been documented in Western Rock lobster, particularly in 

areas where benthic recruitment was high (Caputi and Brown 1986; Caputi et al. 2014).  

Furthermore, in this species, there is markedly less evidence of density-dependence 

when forecasting fishery recruitment based on age 3+ juvenile densities instead of 

benthic recruits (Caputi et al. 2014), suggesting that the impact of high densities may be 

limited to the first months or year of the lobsters life, potentially in relation to access to 
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shelter. We expect similar relations with American lobster as early life stages of this 

species are strongly associated with shelters and highly dependent upon them for 

protection against predators (Cobb et al. 1983; Lawton and Lavalli 1995; Morse and 

Rochette 2016); high densities of settlers may saturate shelters on sparse nursery 

grounds, and hence result in high mortality within the months following settlement. 

Although there is no empirical evidence of saturation of nursery habitats for American 

lobster (Wahle and Steneck 1991), the record landings observed in many parts of the 

species’ range (including my study locations) over the past 10+ years, along with the 

relative scarcity of structurally complex nursery grounds in many regions, suggest this is 

certainly a possibility.  

The fact that I observed evidence of density dependence in Northern New 

Brunswick but not at either of my other two study sites is counterintuitive, as Caraquet is 

the location where densities of benthic recruits were lowest. I am unable to explain this 

pattern, but it could be caused by differences in sampling methods among my three 

study locations or differences in carrying capacity among the different regions. In 

Caraquet, visual examinations are conducted along belt transects over larger areas, 

which may result in smaller observed densities compared to Beaver Harbour, where 

suction sampling is used and consists of the careful removal of everything within a 

quadrat over a relatively small area. The timing of sampling may also contribute to 

differences in abundance estimate among regions, as sampling in Caraquet takes place 

later after settlement (the following year in July) than in Les Demoiselles and Beaver 

Harbour (September and October, the same year as recruitment). It is also noteworthy 

that although the linear model provided the best fit in the Magdalen Islands, the years 
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2017, 2018, and 2019 of fisheries recruitment at this location, correspond to the peak 

pulse in benthic recruitment that occurred in 2010, showed three of the five largest 

negative deviations from the line of best fit in the past 10 years, suggesting density 

dependence for those particular years; density dependence may become more evident if 

high benthic recruitment continues, and as the time series lengthens. Alternatively, it is 

also possible that my models did not capture true patterns of density dependence, but 

rather that the recent leveling of landings between 2017 and 2020 in Northern New 

Brunswick at high predicted values of fisheries recruitment may be caused by other 

external factors impacting landings (see Section 4.3.1). 

4.3 Proposed next steps for model improvement 

There are three main areas I believe are the most promising to enhance the 

performance of my models: (i) improving estimates of fisheries recruitment (i.e., the 

dependent variable), (ii) improving estimates of growth, and (iii) improving 

understanding of spatial linkage between benthic and fisheries recruitment areas.  

4.3.1 Improving estimates of fisheries recruitment 

Whereas the overarching goal of the models developed in this study is to forecast 

the recruitment of lobster to fisheries, I did not validate my models with actual estimates 

of fisheries recruitment, but rather using fisheries landings as a proxy, as is typically 

done in such studies (e.g., Oppenheim et al. 2019). Landings data are generally used in 

such exercises because they are readily available, and because they are considered to be 

a good indicator of fisheries recruitment, including in American lobster (DFO 2016; 

Comeau and Hanson 2018), due to high exploitation rates of the resource (generally 
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estimated at 41-84% annually in more heavily harvested regions (Rondeau et al. 2015; 

DFO 2018)). More specifically, inter-annual variability in fisheries landings data is 

assumed to be strongly correlated to inter-annual variability in fisheries recruitment. 

This assumption will be upheld if the majority of lobsters landed every year are in their 

first year of being large enough to be legally harvested, which has been proposed to be 

the case given high exploitation rates (Rondeau et al. 2015; DFO 2018), or if the 

biomass of such individuals relative to that of the total catch does not change markedly 

from year to year. There is, however, very little empirical data available to assess the 

truthfulness of either assumption.  

Inter-annual variability in fisheries landings is likely affected by many factors 

other than recruitment, and potentially markedly so. The two most important of these 

factors may be (i) lobster catchability and (ii) fishermen/fishery behaviour. Lobster 

catchability is the probability of a lobster being caught given a standard unit of effort, 

which is typically measured in number of trap hauls (Paloheimo 1963; Drinkwater et al. 

2006). If lobster catchability varies markedly from year to year, then landings are not a 

good index of fisheries recruitment. There exists surprisingly little good empirical data 

to test the “constant catchability” assumption, although a small-scale SCUBA study off 

of Grand Manan showed that mean catchability in a same location (approximately 460 m 

x 325 m) and time of year was almost twice as high for males and non-ovigerous 

females in 2001 than 2002 (Tremblay et al. 2006). What caused the interannual 

difference in lobster catchability was not clear, as temperature and wind conditions were 

similar between the two years; the authors suggested investigating how foraging activity 

may be affected by the spring-neap tidal cycles (Tremblay et al. 2006).  
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There is good empirical evidence that water temperature affects catches within a 

fishing season (Drinkwater et al. 2006), which is not surprising given that lobster are 

poikilotherms, but surprisingly little investigation of the effect of temperature on 

variability in catches among years. There is, however, evidence in my study of catches 

in a particular year being negatively affected by temperature, and hence not reflecting 

lobster abundance. In the Magdalen Islands, my model and a regional trawl survey (DFO 

2016) both projected landings in 2016 to be at an all-time high, but the observed 

landings (1.7 kt) were relatively low compared to the adjacent years (2.3 kt and 2.8 kt in 

2015 and 2017, respectively). The lower landings in 2016 have been attributed to low 

catchability due to an unusually cold spring, and hence considered not to reflect 

recruitment/stock status in the region at that time (personal communication B. Sainte-

Marie). This anomalous year represented the largest outlier in my hindcast model, with 

observed landings being 22% lower than predicted by my model, compared to the 

average absolute error of 8% for other years in this region.  

Catchability can also be impacted by socio-economic factors such as changes in 

fishing strategy and fishing regulations. Estimates of catchability are rarely standardized 

for important changes in fishing strategy, such as changes to gear types, which can 

increase catch efficiency, and hence catchability, despite the population remaining the 

same. For example, in the European lobster (Homarus gammarus) fishery, abundances 

were estimated to have increased by 8% between 1980 and 2019 based on fishery 

landings and effort, i.e. CPUE,  but when CPUE was standardized across years based on 

changes to catchability related to changes to trap types (change from one-chambered to 

two-chambered traps, to reduce escapees), abundances were estimated to have actually 
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declined by 56% over this period (Kleiven et al. 2022). Similarly, in the Australian rock 

lobster (Jasus edwasii), estimates of CPUE (as index of abundance) between 1994 and 

2014 were on average 12% (min = 3%, max = 18%, values extracted from Figure 2 

using WebPlotDigitzer (2020)) greater than estimates standardized for the continued 

increased catchability of the fleet associated with vessels that had lower fishing power 

exiting the fishery in response to low total allowable catches, coupled with a gradual 1-

3% increase per year in efficiency of vessels between 1986-2005 as a result of 

widespread use of echo sounders and GPS (Feenstra et al. 2019).  

Lobster landings can also be inflated or deflated relative to true abundance due to 

fishery and fishermen behaviours, including market prices, and non-reporting of catches 

due to independent sales. Inherently, fishermen will adjust fishing efforts according to 

price; if price per pound is high, fishermen will continue to haul all their traps despite 

potentially low catches, as the profits still outweigh the costs. A recent example of 

market price impacting landings, and hence the perceived abundance of lobster, is the 

2020 fishing season. The minimum shore price for lobster dropped as low as $4.00 per 

lb in some regions, resulting in many fishermen limiting their fishing efforts, which 

contributed to lobster landings in Canada dropping to 68 thousand tonnes in 2020, 34% 

less than the all-time high of 104 thousand tonnes landed in 2019. Lobster landings data 

can also be biased by unreported sales. For example, in the DFO Gulf Region landings 

are estimated using sale transactions between registered lobster buyers and harvesters, 

collected from the Policy and Economics Branch of DFO (Rondeau et al. 2015). It is 

assumed that these sales are representative of total catch volume, but we know that is not 
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entirely true, as fishermen also sell to independent buyers, to varying (and unreported) 

degrees in different years.  

There are two approaches I propose to improve estimates of fisheries recruitment 

and avoid, at least some, of the errors associated with landings data. The first is 

adjusting fisheries landings data based on the size structure of lobsters caught, using at-

sea or at-wharf measurements of lobsters landed. These data, in conjunction with mass-

at-size relations, would enable estimation of the portion of the landings that is actually 

made of individuals that recruited to the fishery in a given year, which is what my 

models, and other similar models, actually forecast, rather than total landings. Whereas 

this approach would eliminate errors associated with inter-annual variability in catches 

of older lobsters, it does not address the problem of inter-annual variability in 

catchability of lobsters newly recruited to the fishery.  

The second approach I propose, which likely better addresses the issue of 

constant catchability, is to avoid using landings data all together and instead use fishery 

independent data to estimate fisheries recruitment. One such source of fishery 

independent data is bottom trawl surveys. The Department of Fisheries and Oceans 

(DFO) has been conducting bottom trawl surveys to estimate lobster abundance in the 

southern Gulf of St. Lawrence (in LFA 25) since 2001, and in the Magdalen Islands (in 

LFA 22) since 1995 (Gendron and Savard 2012; Rondeau et al. 2015). There is currently 

no trawl survey targeting lobster in the Bay of Fundy, but lobster abundance has been 

estimated in this region using the joint DFO/industry groundfish survey, which catches 

and records lobsters as bycatch (DFO 2013). Although these trawls can only survey 

relatively homogenous bottom and are not entirely impervious to catchability issues, 
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they are likely to provide a more accurate index of inter-annual variability in fisheries 

recruits than fishers’ traps. It is important to note, however, that trawl surveys are not 

conducted in all regions of interest for the lobster fishery, and thus would not be a 

feasible indicator for fisheries recruitment in every region in Atlantic Canada.  

4.3.2 Modelling American lobster growth 

 The accuracy of my estimates of lobster growth is key to providing accurate 

estimates of future fisheries recruitment in each region. However, validating these 

estimates is difficult, as there is currently no widely accepted method to directly age 

American lobster (or other Crustaceans); two methods have shown some promise, one 

based on band counts in certain cuticular structures (e.g., gastric mill) and the other on 

DNA methylation rates (Kilada et al. 2012; Huntsberger et al. 2020; Fairfield et al. 

2021).  

There is relatively little empirical data on lobster growth in Atlantic Canada, and 

what is available is for limited size ranges, years, and locations. Almost all of what is 

known about lobster growth is based on tag and re-capture studies, which typically are 

performed during the fishing season and only provide information for larger individuals, 

as smaller life stages are not caught by the fishery, due to escape vents that are designed 

for this purpose (Wahle and Fogarty 2006).  

 The von Bertalanffy growth functions I used were derived from a latitude-based 

growth model that was based on 51 tagging studies (lobsters 21-198 mm CL) conducted 

over the species’ range from 1970-2009 (Raper and Schneider 2013). In two of my three 

study regions, the latitudinal k derived from this model, with added inter-individual 
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variability, provided accurate estimates of age to fisheries recruitment, when compared 

to the limited data available. For example, in Les Demoiselles my model predicted 

lobsters to recruit to the fishery (commercial size of 83 mm) between the ages of 7-9, 

which is consistent with the 7+ or 8+ estimates made in the region using size-frequency 

distributions obtained from SCUBA sampling (Gendron and Sainte-Marie 2006). This 

match was to be expected, as the Raper and Schneider model (2013) used the estimates 

from the Magdalen Islands to validate their growth estimates, as no tagging data from 

the Magdalen Islands was used to build the model. Furthermore, the benthic recruitment 

densities lagged at a fixed value of 7, 8, and 9 years also provided the strongest fit 

between MBI and fisheries landings. Similarly, in Caraquet my model based on the 

location’s latitudinal-based k (Raper and Schneider 2013) predicted that lobsters reach 

size at fisheries recruitment (77 mm CL) between the ages of 7-9, which also agrees 

with what is currently known/estimated for this region (personal communications M. 

Comeau). Also, tagging studies in the region from 1993-1997 estimated the percent 

growth increment of lobsters 54-89 mm CL to vary between 7-22%, depending on sex 

and molt status (Comeau and Savoie 2001a), whereas my model provides very similar 

estimates of 10-23% for individuals in the same size range (see Appendix 6). 

In Beaver Harbour, the latitudinal model (Raper and Schneider 2013) predicted 

that lobsters reach size at fisheries recruitment (82.5 mm CL) between ages 6 and 8, 

which is earlier than what has previously been suggested for the region. A step-wise 

growth function generated for Bay of Fundy lobsters, using modal analysis of early 

juveniles and mark-recapture data for larger individuals, estimated a mean (±95% CI) 

age of fisheries recruitment of 9.0 (6.1-12.4) for males and 8.4 (5.3-11.7) for females 
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(Bergeron 2011). These estimates are more similar to estimates I made based on the 

growth constant from Caraquet (8.12 for males and 9.47 for females) than that from 

Beaver Harbour (6.3 for males and 7.3 for females). Although Beaver Harbour 

(southwest Bay of Fundy) is at a lower latitude than Caraquet (Gulf of St. Lawrence), 

the considerable tidal mixing that happens in the Bay of Fundy considerably limits 

thermal stratification, and hence ensures cooler waters in coastal areas of the bay 

compared to locations at a similar latitude but with less tidal mixing (DFO 1998; 

Richaud et al. 2016). Indeed, comparing temperatures from July 1-October 31 of 2015 

and 2016 (most recent years with complete temperature time series for both regions) 

between a permanent mooring at 12 m depth in Caraquet and collectors at 8-10 m depth 

in Beaver Harbour revealed no marked difference. More specifically, the mean (± range) 

temperature in Beaver Harbour was 11.6°C (7.7-14.7°C) and 12.7°C (9.1-15.1°C) in 

2015 and 2016, respectively, compared to 12.1°C (5.1-20.3°C) and 11.7°C (4.1-19.8°C) 

in Caraquet. Similarly when comparing temperatures over the growth periods considered 

in this study for each region (June 1-September 30 for Caraquet and July 1-October 31 

for Beaver Harbour), the mean temperature in Beaver Harbour was marginally higher at 

11.6°C (7.6-14.7°C) and 12.7°C (9.1-15.1°C) in 2015 and 2016, respectively, but the 

highest temperatures were recorded in Caraquet at 11.1°C (3.4-20.3°C) and 10.7°C (0.0-

19.8°C) in 2015 and 2016 respectively. 

In addition to predicting ages-at-fisheries recruitment that are more consistent 

with our understanding of growth rates of lobsters in the Bay of Fundy (Bergeron 2011), 

the slower growth constant from the higher latitude also yielded a better fit between my 

MBI and fisheries landings (MPE = 23.1%) in Southern New Brunswick than did the 
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growth constant specific to Beaver Harbour (MPE = 40.7%). Similarly, when I lagged 

benthic recruit densities by a fixed number of years to predict fisheries landings, I 

observed the strongest fits with lags of 9+ and 10+ years, which is similar to the lag 

based on Caraquet k (9+ years), and weaker fits with lags of 6+ and 7+ years, which is 

more similar to lags based on Beaver Harbour latitude k (7+ years).  

Results of my study indicate that a relatively simple growth model can be used to 

project future estimates of landings from benthic recruitment densities. However, there 

will be limitations to the accuracy of latitude-based growth constants for certain 

geographic regions, as shown here for Southern New Brunswick, i.e., sites/regions at 

latitudes that may not exhibit the “typical” temperature regime for that latitude. 

Sensitivity analyses could be conducted to assess potential impact of further refinements 

to k on model fits, although I think there is relatively little potential for improvement, 

given the relatively strong fits already observed and the additional errors associated with 

our dependent variable, i.e., fisheries landings is not fisheries recruitment. 

4.3.3 Spatial connectivity between benthic and fisheries recruitment areas 

The difference in strength of fits among the three study regions may be partly 

related to differences in benthic movements. The models created here compare benthic 

recruitment in small areas to fisheries landings in areas that are orders of magnitudes 

larger, and it does not account for movement into and out of the fisheries landings areas. 

Given this, it is somewhat surprising that I see such strong fits, in general, and 

presumably these strong fits imply that estimates of benthic recruitment are indicative of 

benthic recruitment levels over areas that are considerably larger than the ones over 
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which they are estimated. Nevertheless, the spatial linkage between my estimates of 

benthic and fisheries recruitment is unclear and may vary in relation to the magnitude of 

benthic movements in each study region. In particular, it seems possible that these fits 

may have been stronger in the two southern Gulf of St Lawrence regions than in 

southwest Bay of Fundy because of constraints on benthic movements in the former, and 

much more extensive benthic movements in the latter. 

In the southern Gulf of St. Lawrence, tagging studies conducted between 1980 

and 1997 reported relatively limited benthic movements; the mean displacement (linear 

distance between release and recapture locations) of 8,503 lobsters ranged from 2.3 to 

19.4 km across 31 tagging sites, with time at large ranging from 200 and 1,102 days 

(Comeau and Savoie 2001b). Benthic movements in this region are highly constrained 

by the “cold intermediate layer”, which is a large body of water between 40 m and 150 

m depth that remains <1.5 °C year round, and which prevents the thermal benefits of 

shallow-to-deep migrations that lobsters experience in others parts of its range (see 

below) (Gilbert and Pettigrew 1997).   

Lobster movements in the Bay of Fundy are much more extensive than in the 

Gulf of St. Lawrence as the depths where bottom temperatures are warmest varies 

throughout the year and the bathymetry facilitates movement to warmer waters. The 

shallower coastal waters of the Bay of Fundy are markedly warmer in the summer and 

fall, but colder in the winter and spring, than waters of its deeper basins, which fluctuate 

minimally (5 to 7 °C) throughout the year (DFO 1998; Richaud et al. 2016). This spatio-

temporal variation in bottom temperature, coupled with the relatively steep bathymetry 

of the Bay of Fundy, allow lobsters to behaviourally thermoregulate using deep-shallow 
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seasonal movements. Unlike the southern Gulf of St. Lawrence, these movements are 

not constrained by a cold intermediate layer, as there is little advection of cold-water 

masses formed during the winter months in the Bay of Fundy (Drinkwater and Gilbert 

2004). Accordingly, adult lobsters in the Bay of Fundy and Gulf of Maine display 

extensive deep-to-shallow and back seasonal migrations to increase the degree days they 

experience, to facilitate growth, gonadal development, and embryo development 

(Campbell and Stasko 1986; Hanley 2018). The recapture of 5,198 lobsters tagged in 

three locations in the Bay of Fundy (Campbell and Stasko 1986) showed that although 

immature lobsters moved little from release sites (mean of 6.8 km over a mean of 260 

days at large, n = 3,158), the mature lobsters moved significantly greater distances 

(23.15 km over 354 days at large, n = 2,040), with a sizeable fraction of these making 

considerable displacements (16% moving more than 92.6 km [92.6-789 km] within 6 

years of recapture). These long movements, especially if considered over the lifetime of 

the individuals, mean that lobsters move in and out of our LFA 36 study region from 

other parts of the Bay of Fundy, including the adjacent LFA 34 where landings have 

been, on average, 10 times greater than in LFA 36 over the past twenty years. 

Interestingly, when using landings from LFA 34 in lieu of LFA 36 the fit between my 

MBI and fisheries landings actually increased (slightly) (from R2 of 0.33 to 0.44, and 

0.72 to 0.75, using k for Beaver Harbour and Caraquet latitude, respectively), despite the 

considerable distance between the Beaver Harbour sampling location and the main 

fishing grounds in LFA 34 (Fig. 1). The similar trends in landings in the four major 

Lobster Fishing Areas in the Bay of Fundy (LFAs 34, 35, 36, 38, see Appendix 7), and 

the extensive movements of lobsters among different regions in the Bay of Fundy (and 
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Gulf of Maine), imply that landings in LFA 36 may vary from year to year depending on 

levels of “subsidy” from other fishing areas.  

4.4 Forecasted trends in fisheries landings  

My best regional models forecast different trends of fisheries landings between 

2021 and 2027 among my three study regions. In Northern New Brunswick, the 

continued increase in benthic recruitment in recent years results in a slight increase in 

landings from 2020 up to a plateau beginning in 2022, potentially due to density 

dependent processes (see Section 4.2.2). In Southern New Brunswick, the best model 

forecasts landings to remain relatively constant between 2021 and 2027, with some 

interannual variability. Whether the four-year lag between model indices and fisheries 

landings in this region will continue remains to be seen, but if it does, we would expect 

fisheries landings in the region to decrease up until 2025, and then remain relatively 

stable until 2027. In the Magdalen Islands, the model forecasts a steep decline in 

landings between 2020 and 2023, followed by a steep increase until 2027. This pattern is 

the result of the all-time low in benthic recruitment densities between 2014 and 2016 in 

Les Demoiselles, followed by a marked increase from 2017 onwards. The extent to 

which landings in the coming years in the Magdalen Islands follow this forecast will 

provide insights into the models’ ability to accurately forecast marked changes in 

fisheries recruitment trends over relatively short (i.e., 4 years) time intervals.  

4.4.1 Accuracy of model forecasts 

The relatively strong hindcasts I observed between my MBI and fisheries 

landings are very encouraging, but they do not guarantee the ability of these models to 
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accurately forecast future fisheries recruitment. In fact, my out-of-sample validation 

tests indicate that the forecasting ability of these models is somewhat uncertain. When 

using the data sets that are reduced by a single year, my models forecast relatively well 

2020 fisheries landings in my three study regions, and in two of these in particular 

(9.7%, 20.6%, and 35.4% error). However, when using the data sets reduced by seven 

years, which simulates the condition in which we hope to be able to use these models 

(i.e., to forecast landings as far in the future as possible), my model prediction errors are 

markedly larger in two of my three study regions (5.9%, 50.7%, 43.3%) and not smaller 

than errors based on my null model (observed landings seven years prior). Importantly, 

however, it is currently unclear the extent to which the large errors of 2013-reduced 

models speak to the future usefulness of these models, or to the limited contrasts and 

trends in the data that make up these reduced and relatively short time series. For 

example, model errors may have been lowest in Northern New Brunswick (9.7% and 

5.9% with 2019- and 2013-reduced models, respectively) because of the constant 

increases (and despite the relatively small number of years) in benthic recruitment over 

the time periods relevant to each reduced models (Fig. 13). Similarly, the 2019-reduced 

model in the Magdalen Islands had a moderately low forecasting error (20.6%), 

potentially because of the marked increase in benthic recruitment between 2006 and 

2010, but the 2013-reduced model in this region performed markedly more poorly 

(50.7% error), likely because there were no obvious trends in benthic recruitment 

between 1996 and 2006. The findings in Southern New Brunswick are, however, not 

consistent with this “trends in the data” hypothesis, because the reduced models for 

Southern New Brunswick had relatively high forecasting errors (35.5% and 43.3%) 
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despite obvious trends in the benthic recruitment time series. I believe these results 

argue strongly for the continued out-of-sample validation of these models, as the time 

series continue to grow and include more obvious temporal trends in benthic recruitment 

and landings data.  

There has been very little work done to quantify the forecasting ability of 

fisheries recruitment models such as the ones developed in this study. Among the 

crustacean fisheries recruitment papers I referenced in this thesis, only one quantified the 

error associated with out-of-sample model forecasts, which is the study that developed 

fisheries recruitment models for American lobster from nine study areas in the Gulf of 

Maine (Oppenheim et al. 2019). In this study, lobster landings in 2017 were compared to 

model forecasted landings using reduced models that excluded one (up to 2016), two (up 

to 2015), three (up to 2014) or four (up to 2013) years preceding the year being 

forecasted. Oppenheim et al. (2019) report a mean percent error of 5% across all study 

areas and all reduced models, but this mean value was derived from signed annual 

integer errors, rather than absolute errors, and hence speaks to the models’ accuracy 

rather than their precision. Using values in their Table 2, I estimated that the mean 

absolute percent error of all their models was 14%, with a large range of 0.2% to 88% 

among study areas. In Beaver Harbour, they observed a mean absolute error of 16% 

(min = 8%, max = 23%) when forecasting across the four reduced models, whereas I 

obtain a similar mean of 15% (min = 10%, max = 18%) when using the same years and 

approach (results not shown). The forecasting error of these two models is thus similar 

and good if including data up to 2017 only, and the much larger errors reported in my 

study reflect as already discussed the markedly greater deviation between MBI and 
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landings from 2018 to 2020. Importantly, and as surmised earlier for my study, 

inspection of benthic recruitment densities in Figure S1 of Oppenheim et al. (2019), over 

the years used to build the models for the different study areas, seems to indicate fairly 

clearly that regions where models performed best were those with more obvious trends 

in benthic recruitment over time, and regions with the largest forecasting errors were 

those where trends were less obvious.  

In summary, Oppenheim’s study and mine both suggest that fisheries recruitment 

of American lobster can be forecasted based on estimates of benthic recruitment where 

and when these show sufficient variability over time. However, I argue for more out-of-

sample validation work with these models as the time series increase, to confirm this 

conclusion. 

4.5 Conclusion 

This study provides strong evidence that annual benthic recruitment densities can 

be used as a key indicator/tool to forecast future recruitment trends of lobster fisheries 

up to seven years in the future in three regions in Atlantic. However, there are areas 

where these models can be improved to better support future decisions in harvesting 

investment and management.  

 I recommend the following next steps to improve the models’ performance and 

usefulness. First, and arguably most importantly, validate the models’ fishery 

recruitment index with actual estimates of fisheries recruitment (e.g., fishery 

independent data or landings adjusted based on size frequency data). Second, further 

quantify lobster growth in different regions, including in relation to climate change, and 
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explore use of novel direct aging methods (Kilada et al. 2012; Huntsberger et al. 2020; 

Fairfield et al. 2021) to validate our growth models, including possibly including inter-

annual variability therein. Third, continue monitoring lobster benthic recruitment at the 

three locations used in this study, at a minimum, and update the models annually, to 

potentially improve their predictive ability. The DFO is considering ending monitoring 

of benthic recruitment in the Beaver Harbour location, following a recent review and 

prioritization of monitoring and research activities. The results presented here argue in 

favour of continuing the monitoring. Additionally, I would also recommend expanding 

monitoring of benthic recruitment into the northern parts of the species’ range, including 

in areas where fisheries are not yet established. By expanding monitoring further north 

we can be better prepared for shifting distributions and abundances in regions where 

climate change is expected to more markedly affect lobster (Pinsky et al. 2013; Wahle et 

al. 2015), providing insight into when and where we can expect new fisheries to emerge.  

 In addition to increasing the number of regions where benthic recruitment is 

monitored, I also recommend increasing the number of monitoring locations within 

these regions, especially where the spatial link between benthic recruitment and fisheries 

recruitment is poorly understood. Currently, indices of benthic recruitment are obtained 

in areas that are orders of magnitude smaller than areas over which landings are 

predicted (LFAs). Increasing the number of locations where benthic recruitment is 

monitored in each region may, therefore, better reflect landings over markedly larger 

areas. This would likely be particularly useful in Beaver Harbour, given the potential for 

large movements within the Bay of Fundy, and less so for the Les Demoiselles, given its 

relatively closed system and evidence of high self-seeding (Gendron et al. 2019). For 
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Caraquet, monitoring occurs at other sites along the Northern coast of New Brunswick 

in the adjacent LFAs, and these locations could be used to further explore the spatial 

linkages between benthic and fisheries recruitment in the region. Recent quantification 

of benthic recruitment at a hierarchy of spatial scales in the Bay of Fundy suggests that 

further monitoring should be done at an “intermediary scale” of 0.4-4 km2, or 10-80 km 

apart, as this is where benthic recruitment patchiness is greatest (Sigurdsson et al. 2016). 

For example, expansion of monitoring in LFA 36 should probably focus on more 

harbours and bays in the region, rather than more sites within the Beaver Harbour 

location. This increased monitoring should probably also include deeper sites, because 

of the potential for recent and ongoing expansion of bathymetric scope for settlement, 

due to warming bottom temperature (Goode et al. 2019).  

 These models represent a promising tool to forecast lobster stock status, and 

hence potentially improve the sustainability and profitability of lobster fisheries 

practices in Atlantic Canada. However, their application to the lobster fishery isn’t as 

straight forward as would be for many other marine fisheries, as the lobster fishery is not 

managed using biomass quotas. But that is not necessarily a bad thing, given past 

failures of management based on quotas derived from maximum sustainable yield 

models (Myers et al. 1997; Cook et al. 1997). Despite the lobster fishery not being quota 

based, these models can assist the co-management and exploitation of the fishery by 

government and fishers, as is done in Australia, where similar models are used to reduce 

effort by limiting duration of harvesting when poor recruitment classes are expected, to 

spread the harvest of the stronger recruitment classes more evenly across more years. 

These forecasts can also help managers make decisions concerning the number of 
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licenses in a region, including the emission of new ones in locations (e.g., further north) 

where lobster start settling in good numbers in response to climate-driven changes in 

habitat suitability. More generally, these models provide an additional tool to help the 

fishery adjust proactively to upcoming climate-driven changes to the resource. 
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Appendices 

 

Appendix 1. Estimates of model biomass index (x-axis) against observed fisheries 

landings for Caraquet, NB, based on different methods (different colors) to assign the 
starting carapace length for the individual based model. Actual Length Distribution is 

each individual starting at a different carapace length based on the observed benthic 
recruitment data for that year, Overall Average is all individuals having the same 

starting carapace based on the average carapace length of benthic recruits across all 
years of data, and Yearly Average is all individuals within a year having the same 

starting carapace length based on the observed average for that year.   
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Appendix 2. Comparison of cumulative frequency distributions of observed ranges in 
carapace lengths within pooled age 1+ cohorts for observed values from SCUBA 

sampling in the Magdalen Islands between 1996 and 2013 (black line) and simulated 
ranges (red line) using standard deviations around the growth constant k from 0.001 to 

0.010 in increments of 0.001(panels). The mean squared error between the observed and 

modeled ranges with standard deviations of 0.007 and 0.008 were similar.   
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Appendix 3. Comparison of cumulative frequency distributions of observed ranges in 
carapace lengths within pooled age 1+ cohorts for observed values from SCUBA 

sampling in the Magdalen Islands between 1996 and 2013 (black line) and simulated 
ranges (red line) using standard deviations around the growth constant k from 0.006 to 

0.008 in increments of 0.0001 (panels). The standard deviation of 0.0075 minimized the 

mean squared error (3%) of the correlations. 
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Appendix 4. Relationship between model biomass indices in the Magdalen Islands 

when egg-bearing females are included (x axis) and excluded (y axis) in the individual 
based modelling process. The black dotted line is a 1:1 fit, and the grey line is the line of 

best fit between the indices.   
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Appendix 5. Relationship between observed benthic recruitment densities and observed 
fisheries landings for each study location (columns) and fixed number of years lagged 

between benthic recruitment and fisheries landings (rows). The shaded panels represent 
the estimated mean age (closest absolute value) of fisheries recruits based on each 

location’s latitudinal constant, and the thick bordered panels represent the estimated 
mean age (closest absolute value) of fisheries recruits based on the latitudinal growth 

constant k that provided the strongest fit.  Each combination of location and time lag was 
fit with both linear (LIN, blue line) and power (POW, red line) relationships, with 

corresponding mean percent error (MPE, see Methods) values shown. 
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Appendix 6. Percent change in carapace length of different-size American lobster after 
one molt, based on tagging data (black circles) and a latitudinal growth model (green 

circles). The tagging data is from mark-recapture studies conducted between 1993 and 
1997 in various locations in the southern Gulf of St. Lawrence (Comeau and Savoie 

2001a). The percent change of the tagging data falls on 11 discrete curves as the 
carapace lengths and molt increment values were rounded to the nearest millimetre. The 

model estimates were calculated by using the same initial carapace lengths as those in 
the tagging data, and applying one year of the latitudinal growth model using the 

latitudinal growth constant (k) of Caraquet, NB, and assuming individual variability 

around k. Within this size range lobsters are expected to only molt once per year.
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Appendix 7. Temporal trends in American lobster fisheries landings in the four Lobster 

Fishing Areas (LFAs) located in the Bay of Fundy.   
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