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Abstract 

Fishing for marine invertebrates is increasing globally, yet many fisheries are not 

managed sustainably which can have deleterious implications for populations and 

ecosystems. Effective management of invertebrate populations is imperative to ensure 

exploited populations remain productive, fisheries are sustainable, and marine ecosystems 

are healthy and resilient so marine invertebrates can continue to be an important 

component of global marine fisheries in future years.  

 

Beyond providing direct benefits to exploited populations, effective spatial closures with 

unfished invertebrate populations can serve as scientific reference sites with an important 

role in fisheries management. Comparing exploited and unfished populations can be 

useful for evaluating impacts of fisheries management measures, and the extent of shifted 

baselines. The new perspective garnered from unfished populations is important when 

defining stock status.  

 

Dungeness crab in the Burrard Inlet system (southern Strait of Georgia, British 

Columbia) was the focal species of this research. This species is a heavily fished, low 
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mobility benthic predator that responds well to spatial protection. There are two fisheries 

closures (Vancouver Harbour and English Bay) in Burrard Inlet where crab harvesting is 

not permitted by all sectors (commercial, recreational, First Nations). From 2009-13, 

biannual fishery independent standardized trap surveys were conducted in closed and 

fished areas throughout the inlet in the spring before the commercial fishery opened (mid-

June) and during the fall near the end of fishing seasons (end of November). Crab 

biological metrics that were examined included: trap Catch Per Unit Effort (CPUE; an 

index of abundance), size of various crab classes (total crabs, males, old males, legal 

males, sublegal males, females), injuries, shell condition (soft), discard ratios, sex ratio, 

and proportions of old males and sublegal males near the minimum size limit. Crabs in 

closed areas were tagged to provide information about movements from closed to fished 

areas. Time series of biological data for legal males collected since the early 1990s by 

Fisheries and Oceans Canada in two of the same areas were also analyzed. A Remotely 

Operated Vehicle (ROV) was used to collect video imagery to estimate crab density and 

describe benthic habitats, and to collect physical data on water parameters. Field 

measures of handling injuries to all crab classes were obtained from commercial vessels. 

Trap soak studies were conducted to quantify injuries sustained by crabs while captured 

in traps soaking on the sea floor. Crab shell condition data collected from the commercial 

fleet were analyzed to assess the shell condition status of crabs handled throughout 

fishing seasons. 

 

Vancouver Harbour is an effective closure whereas English Bay is not. Large males, the 

target of the fishery, were more abundant and bigger, and these measures tended to 

increase between seasons. In contrast, in English Bay, similar to fished areas, large males 

were less abundant and smaller, especially at the end of fishing seasons. Vancouver 

Harbour is an effective closure because it is sufficiently large to retain adult crabs, has 

less edge habitat, and better enforcement. Advice regarding how to determine the degree 

of effectiveness of benthic invertebrate closures is provided.  

 

The unfished crab population in the effective closure, Vancouver Harbour, was used as a 

reference against which to compare characteristics of the exploited population to evaluate 
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impacts of the main management measures: the minimum size limit, non-retention of 

females and soft crabs, and a seasonal soft shell closure. The exploited population 

exhibited lower abundance of large, old males, smaller males, higher removals of, and 

injuries to, the biggest sublegal males, and higher rates of non-lethal injuries and 

mortality to all crab classes. In contrast, positive consequences of the management 

measures include sublegal male and female abundances, and female size not being 

affected by the fishery. Moreover, sublegal males were injured the least and had low 

injury-related mortality. The exploited crab population never recovered after the seasonal 

closure to the level of abundance achieved in the permanent closure. Management options 

for fisheries managers to help minimize fishery-related impacts to harvested crab 

populations are presented. 

 

Notable differences between exploited and unfished Dungeness crab populations are 

highlighted which provide important context to the shifting baseline syndrome and a new 

perspective regarding the definition of stock status. The unfished crab population, 

considered a proxy for invertebrate populations in general, provided: 

• insights into population dynamics not influenced by fishing pressure,  

• insights into population dynamics influenced by fishing pressure and context 

around the magnitude of changes that have occurred, 

• a means whereby biological and/or environmental influences can be separated 

from fishery impacts,  

• the foundation for challenging the accepted definition of ‘healthy’ populations as 

currently used in the precautionary approach policy and ecosystem-based fisheries 

management. Unfished invertebrate populations should be formally incorporated 

into fisheries management by redefining the Healthy Zone to include two 

population states, exploited and unfished.  
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Chapter 1 

Introduction and Overview 

1.1 Introduction 

Fishing is not a benign activity and can alter and degrade marine ecosystems through 

both direct and indirect effects, especially in coastal regions where fishing is more intense 

(Jennings and Kaiser 1998, Botsford et al. 1997). Harvesting in unfished systems can lead 

to lower abundance and genetic diversity of target populations (Conover and Munch 

2002, Ludwig et al. 1993) and changes in growth, production, and recruitment (loss of 

spawning biomass; Pauly 1986). Key species occupying high trophic levels maintain 

species diversity and stable community structures through effects on dominant competitor 

species (Paine 1966). Fishing of key species can destabilize and alter community 

structure and trophic relationships and lead to habitat damage (Roberts and Polunin 

1991). Where ‘bottom-up’ instead of ‘top-down’ processes govern, fisheries may 

influence populations and communities (Hunter and Price 1992) because they remove the 

results of 8 percent of global primary production in the sea and 24 to 35 percent of 

upwelling and continental shelf production (Pauly and Christensen 1995).  

 

Even where population abundances remain high, size selective fishing gear threatens 

future resiliency and sustainability by reducing the average age and size at age. Analyses 

of global fisheries data have shown decreases in the mean size of particular fish species 

(Gell and Roberts 2003) and in the value of catches. As it becomes harder to catch large 

valuable fish, fishers switch their targets and gear to catch smaller and less valuable 

species. Fishing down the food web (concentrating on fishes at lower trophic levels) is 

happening in coastal and coral reef systems (Pauly 1986).  

 

Marine invertebrates are taxonomically and functionally diverse, playing varied roles in 

marine ecosystems (pelagic and benthic) and support overall ecosystem structure and 

functioning. They comprise nine trophic levels ranging from 2.0 (primary consumers like 

bivalves and sea cucumbers) to 3.8 (secondary/tertiary consumers like octopi). The 
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trophic level of crustaceans (crab, lobster, shrimp/prawn) falls in the middle around 2.6 

(Anderson et al. 2011). Many marine invertebrates are essential food for higher trophic 

levels, including species of commercial and conservation interest (e.g. fish, mammals, 

birds; Eddy et al. 2016). Invertebrates are also predators, herbivores, filter feeders, 

scavengers, and detritivores (Anderson et al. 2011), and some provide nursery and 

foraging habitats (Peterson et al. 2003). Predators like cephalopods and, to a lesser extent, 

lobsters, crabs, and shrimp play top-down roles in marine food webs. In contrast, benthic 

invertebrates, including epifauna and infauna, play bottom-up roles similar to forage fish 

(Pikitch et al. 2014, Smith et al. 2011). 

 

Globally, since the 1950s, there have been large expansions in fisheries for marine 

invertebrates due to declining finfish catches, protection or restrictive management of 

finfish, an increase in abundance of many invertebrates due to release from formerly 

abundant finfish predators, and new markets (Pikitch et al. 2014, Worm and Myers 2003). 

The average catch of invertebrates per country, the number of countries fishing 

invertebrates, and the number of taxa being targeted have all increased. Moreover, 

existing fisheries have expanded and new fisheries have developed for species that had 

not been commercially fished before (Anderson et al. 2011). In 2014, several invertebrate 

species contributed to the top 25 major species captured globally: Jumbo flying squid 

(Dosidicus gigas), Argentine shortfin squid (Illex argentinus), Gazami crab (Portunus 

trituberculatus), and Akiami paste shrimp (Acetes japonicus). Lobsters, shrimp, and 

cephalopods all registered new catch records in 2014. The marine invertebrate component 

of world fisheries trade in 2013 by quantity (live weight) and value was approximately 

19% and 32%, respectively (FAO 2016a). 

 

Globally, since the 1970s, crustaceans have been the most highly valued invertebrate 

group (Swartz et al. 2013). Approximately 5.6 million tonnes were captured in marine 

waters in 2014 with an estimated value close to $34 billion (Can), which was 21% of the 

global marine capture production value. There are 192 harvested crustacean species in the 

FAO global production statistics database (1950-2014). The highest ranked crustaceans in 

terms of capture production are listed in Table 1-1.  
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Table 1-1. Crustacean global capture production in 2014 (FAO 2016a). 
 

Crustacean Species Capture Production 
  Rank Tonnes % change 

since 2010 
Gazami crab Portunus trituberculatus 16 605,632 57 

Akiami paste shrimp Acetes japonicus 18 556,316 -3 
Southern rough shrimp Trachypenaeus curvirostris 40 320,162 9 

Northern prawn Pandalus borealis 51 261,435 -28 
Giant tiger prawn Penaeus monodon 59 217,020 14 

Blue swimming crab Portunus pelagicus 61 212,571 15 
American lobster Homarus americanus 72 159,814 34 

Total   2,332,950  
 
 

The Gazami crab is the most widely fished crab species in the world. The Gazami crab, 

American lobster, and Blue swimming crab have experienced considerable increases in 

capture production since 2010 (57%, 34%, 15%, respectively). Since the 1980s, 

American lobster and Norway lobster (Nephrops norvegicus) have accounted for more 

than 60% of global lobster catches. In 2014, landings of American lobster reached a 

record high of almost 160,000 tonnes after increasing continuously since 2008. In Canada 

and New Zealand, lobster is the most valuable export (DFO 2013, MPI 2014). Global 

catches of shrimp have been stable at 3.5 million tonnes since 2012, with the exception of 

Argentine red shrimp (Pleoticus muelleri), which has increased since 2005 (FAO 2016b). 

 

In America in 2013, commercial landings of marine shellfish were 570,256 metric tonnes 

valued at $3.75 billion (Can). In comparison, finfish landings were nearly seven times 

higher (3.9 million metric tonnes), but of lower value ($3.4 billion Can; NOAA 2014a). 

In terms of the volume of landings, crabs were the highest ranked invertebrate species 

(number seven with 150,817 metric tonnes); shrimp and squid were ranked numbers nine 

and ten. The value of landings tells a different story, however. Six of the top ten species 

groups were invertebrates with crabs ($938 million Can), shrimp ($743 million Can), 

lobster ($680.5 million Can), and scallops ($618 million Can) being numbers two through 

five, respectively. Only salmon ranked higher ($994 million Can).  
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In Canada in 2014, commercial landings of marine shellfish were 446,702 metric tonnes 

valued at $2.2 billion (Can), higher than ground fish and pelagic species (385,710 metric 

tonnes valued at $526 million; Fisheries and Oceans Canada 2015a). In terms of 

commercial landings, shellfish fisheries comprised four of the top five fisheries. Only 

herring ranked higher (137,787 tonnes; Table 1-2). 

 

Table 1-2. Canadian shellfish capture production (metric tonnes live weight) in 2014 
(Fisheries and Oceans Canada 2015c). 
 

Shellfish Capture Production 
 Rank Tonnes % change 

since 2010 
Shrimp 2 131,801 -20 

Snow crab 3 96,103 14 
Lobster 4 92,779 38 
Scallop 5 69,745 16 

Clams / Quahaugs 9 28,735 0 
Crab, other 16 9,138 -24 

Sea cucumber 18 7,068 24 
Sea urchin 20 6,227 43 

Whelks 23 3,491 -51 
Oyster 27 1,258 -35 
Cockles 32 257 -62 
Other 35 67 -97 
Squid 39 30 -75 
Mussel 40 2 -96 

 
 

Landings of sea urchins, lobsters, sea cucumbers, scallops, and Snow crabs have 

increased considerably since 2010 (range 14-43%). The biggest four fisheries in Canada, 

in terms of landed value, were lobster ($942 million), Snow crab ($534 million), shrimp 

($404 million), and scallop ($178 million). These fisheries essentially occur in the 

Atlantic Ocean in eastern Canada (some shrimp fishing occurs in British Columbia). 

Crabs other than Snow crab were the ninth largest fishery with a landed value of $53 

million (Fisheries and Oceans Canada 2015b). 

 

Unfortunately, from a global perspective, invertebrate fisheries are often not managed 

effectively. Little is known about the biology of many invertebrate species, their 

population status/trends, responses to exploitation, their proportion in by-catch, and how 
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fishing impacts their habitats because stock assessment surveys are expensive and rarely 

done, even for newer fisheries (the exception being developed nations in north temperate 

regions, especially the U.S.; Ricard et al. 2011, Anderson et al. 2008, Berkes et al. 2006, 

Andrew et al. 2002). When stock assessments are done they are heavily biased toward 

finfish (especially Orders Gadiformes and Clupeiformes; Ricard et al. 2011). Moreover, 

invertebrates are rarely monitored in research trawl surveys (Worm et al. 2009). Existing 

fisheries databases have poor taxonomic resolution for many fisheries in developing 

countries, and landings data are often misleading when used as a proxy for population 

size. Few fisheries provide catch data with logbook and/or observer programs (Ricard et 

al. 2011). To further exacerbate the problem, fisheries are expanding more rapidly than 

they used to—the time to peak for newer fisheries is happening faster compared to the 

1950s; consequently, we are progressing through invertebrate fishery phases faster than 

ever (Anderson et al. 2011). This often makes it difficult for scientists and managers to 

make sensible decisions to secure the long-term, sustainable use of these resources 

(Berkes et al. 2006). Many fisheries are essentially unregulated and exploitation rates are 

often too high (Anderson et al. 2008, Berkes et al. 2006, Andrew et al. 2002). Most 

invertebrate species have not been assessed for biomass reference points which are 

important if populations are to be managed for high yields that can be sustained over time 

(Ricard et al. 2011, Anderson et al. 2011, 2008). Conventional fisheries management 

measures might not be appropriate for many sedentary invertebrates in terms of their 

population biology. For example, broadcast spawners (e.g. abalone) require high-density 

concentrations in order to reproduce successfully, and these high-density concentrations 

are the first ones targeted by a fishery regulated by catch or effort limits (Hilborn et al. 

2004). Finally, factors beyond the management system, such as climate change, can 

present major challenges. 

 

Ineffective management can have dire consequences to harvested populations, and 

economic repercussions. Globally, as of 2004, 34% of invertebrate fisheries were over-

exploited or had collapsed or closed. Catches in some groups had slowed or peaked and 

were declining. Increasing invertebrate catches were being supplied by new taxa, or new 

countries were entering fisheries (Anderson et al. 2011). Ricard et al. (2011) estimated 
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75% of decapod populations were below biomass that produces maximum sustainable 

yield, and most populations had excessively high fishing mortality rates. One common 

pattern has often led to recruitment overfishing (which occurs when a population has 

been fished down to a point where recruitment is significantly reduced; Sissenwine and 

Shepard 1987)—small-scale inshore fishers cash in on either accrued biomass of 

old/large individuals in virgin populations or on strong year classes. After local 

populations have declined or collapsed, fishers then move into deeper and more distant 

waters, effectively expanding areas being fished. The unfortunate end result is serial 

depletion as newly discovered populations and/or species are subsequently substituted 

(which often masks peaks in catch) and over-harvested (Orensanz et al. 1998). 

 

North American invertebrate fisheries in both the Pacific and Atlantic Oceans have not 

been immune to population declines and collapses. In America, Spiny and Slipper 

lobsters in the northwestern Hawaiian Islands declined sharply in the late 1980s resulting 

in the implementation of restrictive management measures since 1991 (NOAA 1998). In 

the Gulf of Alaska a number of crustacean fisheries (Red and Brown King crabs, Tanner 

crab, Dungeness crab, Pink shrimp, and Spot prawn) closed at various times during the 

1980s and 1990s (Orensanz et al. 1998). Failure to protect critical breeding grounds and 

juvenile habitat were suggested as possible reasons for the decline of Red King crab in 

the Bering Sea (Armstrong et al. 1993). Blue King crabs around the Pribilof Islands 

(Alaska) were considered overfished (population size is too small) in 2014 (NOAA 

2014b). Serial depletion of sea urchins, crabs, clams, and cockles since the 1960s from 

the Alaskan nearshore culminated in the decline of the Black leather chiton (Katharina 

tunicata) on the outer Kenai Peninsula (Salomon et al. 2007). In Willapa Bay, 

Washington, native oyster populations (Ostrea lurida) were seriously depleted by 1900; 

the fishery survived due to the deliberate introduction of the Eastern oyster (Crassostrea 

virginica; Dumbauld et al. 2011). Serial depletion of red, pink, green, black, and white 

abalone in southern California since the 1940s resulted in a sharp decline in landings in 

1969 and ultimately led to closures of commercial and recreational fisheries in 1997 

(Karpov et al. 2000). In the northeast US (Maine south to North Carolina) in 1997 both 

offshore (American lobster, Sea scallop, Surfclam, Ocean quahog, squid) and inshore 
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(Blue crab, Oyster Blue mussel, hard and softshell clam) invertebrate fisheries were 

nearly all fully or excessively exploited (NOAA 1998). Blue crab populations in 

Chesapeake Bay, Maryland, and Virginia fell to record lows in 2007-08 (Chesapeake Bay 

Foundation 2008). 

 

In Canada, Stocker and Butler (1990) suggested Dungeness crab (Cancer magister) 

commercial fishing effort was excessive in six major areas throughout BC and should be 

reduced. Furthermore, they recommended aggressive conservation measures were needed 

to rebuild crab populations in Burrard Inlet, English Bay, and Hecate Strait. Northern 

abalone populations in BC around the Queen Charlotte Islands and in the central and 

north coasts declined precipitously from 1978-84 and still remain low despite being 

closed to harvesting since 1990 (Campbell et al. 2000). The lobster fishery on the east 

coast of Canada around Newfoundland collapsed in 1925 resulting in the island’s first 

lobster moratorium (Korneski 2012). The lobster population off southwest Nova Scotia 

was at historic lows in the late 1970s prompting the creation of a large fisheries closure in 

1979 (O’Boyle 2011). Since the mid-2000s Snow crab have been declining around 

Newfoundland and Labrador (Mullowney et al. 2014). Unfortunately, more invertebrate 

populations may decline in the future in North America and globally because of 

increasing demand for fish and fishery products, climate change, illegal, unreported, and 

unregulated (IUU) fishing, and overcapacity of fishing fleets (FAO 2016b). 

 

Large-scale removals of invertebrates from marine ecosystems through fishing have 

negative impacts on targeted populations and can lead to trophic cascades (domino 

effects through ecosystems; Eddy et al. 2016), similar to what occurs when forage fish 

are removed (Smith et al. 2011). Even moderate exploitation of invertebrates can cause 

biomass changes (decreases or increases) in other trophic groups resulting in either 

positive or negative ecosystem effects (Eddy et al. 2016). However, the consequences 

when invertebrates are removed, and how such removals change the structure and 

function of ecosystems are poorly understood (Smith et al. 2011, Pikitch et al. 2004). 

When fish and invertebrate populations are overexploited their ability to recover from 

human pressure or from natural disturbances, such as adverse climate conditions, 
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pollution, and disease outbreaks is compromised because loss of diversity among locally 

adapted populations impairs resilience (Worm and Myers 2004). In addition, a high 

proportion of invertebrates are caught by benthic trawling (crustaceans and cephalopods) 

and dredging (bivalves) gear (Anderson et al. 2011) which destroys three-dimensional 

structure and subsequently negatively impacts benthic habitats, communities, and 

spawning/nursery grounds. Altered benthic community composition often leads to 

reduced future biomass, production, and species richness (Hiddink et al. 2006, Kaiser et 

al. 2006, Tillin et al. 2006). These types of fishing gear also catch considerable by-catch 

(Kelleher 2005). Marine invertebrates are important economically to many countries, 

their fisheries create considerable employment opportunities, and such varied types of 

organisms are an important food source for countless people. Ultimately, severe 

reductions in abundances of invertebrates threaten livelihoods (FAO 2009) and endanger 

food security and efforts towards reducing global hunger (Pauly et al. 2005). 

 

Although there have been enormous losses in terms of biomass and abundance of large 

vertebrates and invertebrates from most coastal ecosystems worldwide, such losses seem 

unbelievable based on modern observations alone (Jackson et al. 2001). The shifting 

baseline syndrome (Pauly 1995) is insidious and more ecologically widespread than is 

commonly realized (Jackson et al. 2001). To help combat the shifting baseline syndrome, 

one solution is to incorporate earlier knowledge into fisheries models (Pauly 1995); most 

ecological research lacks a longer term historical perspective because it is based on local 

field studies lasting only a few years and conducted sometime after the 1950s (Dayton et 

al. 1998, Jackson 1997). Jackson et al. (2001) described ecosystem structure predating 

modern ecological studies using time series based on biological, biogeochemical, 

physical, and historical proxies over a variety of spatial scales. In addition to using earlier 

knowledge, consistent time series of data on catches, relative abundance, size 

distributions, and other biological and physical information is also important for 

assessing the status of individual populations, biological communities, and habitats. 

Unfortunately, few such time series exist, in particular long-term, fishery-independent 

data which have only been collected in a few scattered instances primarily in developed 

countries. 
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Another solution to help combat the shifting baseline syndrome is to use unfished refuges 

as baseline reference areas from which to provide insights into natural dynamics of 

species and ecosystems. Unfortunately, most natural refuges that were protected 

historically because of distance or expense of access have been eliminated (Jackson et al. 

2001) due to technological advances. Fortunately natural refuges can be recreated using 

permanent spatial closures. However, with the exception of small areas where, for 

centuries, Indigenous Peoples have been using closures to conserve populations (e.g. 

island nations in Oceania; Johannes 1978), in general spatial closures are a relatively new 

tool in modern fisheries management, first described by Beverton and Holt (1957) based 

on their observations of increased fish populations in the North Sea after being closed to 

fishing for several years during World War Two. Globally, most marine protected areas 

(MPAs) have been in existence far less than 50 years, so they likely will not truly 

represent pristine, unfished populations and ecosystems, but they are, nevertheless, the 

closest examples we have of a bygone era.  

 

Marine reserves that mimic natural refugia can help maintain productivity of exploited 

populations. Reserves can serve as reproductive refugia by protecting spawning/nursery 

grounds, portions of spawning populations, and juveniles (Kruse et al. 2010, Lambert et 

al. 2006, Narvarte et al. 2006, Orensanz et al. 1998). Marine reserves have been shown to 

increase the abundance, biomass, density, and/or mean size of reproductive animals 

within their boundaries (Freeman et al. 2012, Kay et al. 2012, Benzoni et al. 2006, Shears 

et al. 2006, Beukers-Stewart 2005, Taggart et al. 2004, Davidson et al. 2002, Goni et al. 

2001, Manriquez and Castilla 2001, Kelly et al. 2000, Murawski et al. 2000, Babcock et 

al. 1999, Edgar and Barrett 1999, Wallace 1999, Davis and Dodrill 1989, Roberts 1986) 

which significantly increases the reproductive output of protected populations (Dugin and 

Davis 1993). The exponential relationship between female size and egg production has 

been documented for many species of invertebrates and fish (Bohnsack 1990). Increased 

reproductive potential inside reserves might result in the emigration of eggs, larvae, 

juveniles, and/or adults across borders into nearby fished areas which could increase 

fishery yields (Kay and Wilson 2012, Goni et al. 2010, Lubchenco et al. 2003, Guenette 
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et al. 1998, Yamasaki and Kuwahara 1990, Davis and Dodrill 1989) or help rehabilitate 

impacted species (Rice and Houston 2011). A network of MPAs can provide a level of 

insurance against catastrophic events (Rice and Houston 2011). 

 

Marine reserves with enhanced populations can be scientific reference areas that serve as 

proxies for unfished populations (Babcock and MacCall 2011). Such unfished reference 

areas are useful for:  

a) setting management goals. Knowing what is historically possible (in terms of 

population size and variability) is important; we need to be careful to not perceive 

degraded ecosystem states as natural (concept of shifting baselines; Pauly 1995).  

 

b) obtaining reliable population assessment information (trends in fish production, 

age, size, and sex structure of the targeted population; Lubchenco et al. 2003, 

Schroeter et al. 2001, Castilla and Defeo 2001) and estimating life history 

parameters (e.g. natural mortality) that are used in fishery assessments and models 

(Kay and Wilson 2012, Wilson 2011, Hilborn and Walters 1992). This is 

especially important during the development of new fisheries when sustainable 

exploitation rates of newly exploited species are highly uncertain (Perry et al. 

1999). Population assessments are typically based on fishery-dependent data such 

as catch per unit effort (CPUE), but such data are often challenging to use and 

unreliable because of difficulties in standardizing fishing gear and effort, and 

some fishers deliberately provide erroneous catch data to managers (Hilborn and 

Walters 1992). Standardizing catch by the amount of fishing effort helps, but not 

all fisheries provide the appropriate sophisticated catch data (Ricard et al. 2011). 

Standardized fishery-independent sampling in fished areas is another remedy to 

resolve issues related to fishery-dependent data, but this type of sampling is, 

unfortunately, often not done. Regardless, population assessments conducted only 

in fished areas provide an altered picture of population status different from 

unfished populations. 
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c) understanding impacts of fishing on habitats and ecosystems (Lubchenco et al. 

2003, Castilla and Defeo 2001). 

 

d) providing baseline data for studies of long-term environmental change (Barrett et 

al. 2009, Roberts 1997). 

1.2 Research Goal and Objectives 

Unfished populations in long-term spatial closures can be useful in the management of 

exploited populations. My research goal is to evaluate the utility of unfished spatial 

closures in fisheries management of marine invertebrates in order to broaden the 

functionality of protected areas with regard to fisheries management beyond primarily 

being conservation refuges where exploited populations are provided with opportunities 

to rebuild so propagules can ultimately spillover into fished areas. Specifically, 

comparison to unfished populations is one potential approach to evaluate impacts of 

fisheries management measures on exploited populations. Furthermore, unfished 

populations may provide perspective regarding how far baselines have shifted over time 

which could influence how stock status (e.g. ‘healthy’) is ultimately defined.  

 

Objective #1: Determine whether spatial closures are effective at protecting benthic 

invertebrate populations within their boundaries. 

 

Effective marine protected areas (MPAs) prevent harvesting, which reduces mortality 

and, in turn, should generate larger body sizes, higher abundance, and greater fecundity 

(Sale et al. 2005, Palumbi 2004). All spatial closures are not necessarily effective at 

protecting organisms and/or habitats within their boundaries; Edgar et al. (2014) reported 

only 10% of MPAs worldwide (likely an overstated proportion) are effective. Protected 

areas that are truly effective, meaning their management measures are appropriate for the 

stated conservation objectives, and compliance is high, must be identified if they are to be 

used for comparison purposes. To do so will require determining: a) a standard approach 

how to evaluate protection effectiveness for a particular species, b) key population 
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characteristics indicative of effective protection, and c) reasons why particular protected 

areas are effective or not.  

 

Objective #2: Evaluate impacts of fishery management measures on harvested 

populations using effective spatial closures with unfished populations as reference sites. 

 

Fisheries managers want to know the impacts of harvest practises on targeted populations 

and whether fisheries management measures are adequately conserving exploited 

populations. To answer these questions, the approach being explored in this research 

involves using populations protected from fishing pressure in spatial closures that mimic 

natural refugia; these unfished areas might provide an important frame of reference 

against which exploited populations can be compared. Influences from both spatial 

(location) and temporal (fishing season) factors associated with fishing on population 

characteristics are important when evaluating consequences of fishing activity.  

 

Objective #3: Quantify the extent of the shifting baseline syndrome using protected 

benthic invertebrate populations in spatial closures, and consider redefining ‘healthy’ 

populations based on this new perspective. 

 

In Canadian fisheries, as outlined in the Sustainable Fisheries Framework, there are 

conservation and sustainable use policies that incorporate ecosystem and precautionary 

approaches into fisheries management decisions to ensure continued health and 

productivity of Canada’s fisheries and healthy fish populations while protecting 

biodiversity and fisheries habitat. The goal of Fisheries and Oceans Canada is to manage 

fisheries using the Precautionary Approach (PA) policy in order to ensure conservation, 

sustainability, and economic prosperity (Environment and Climate Change Canada 2016, 

Fisheries and Oceans Canada 2006). The PA policy incorporates reference points that 

identify stock status (i.e., healthy, cautious, critical, uncertain). Normally reference points 

are derived from fisheries data, landings, and research surveys all done in fished areas so 

frames of references come from altered systems, the degrees of which are usually 

unknown. This research may improve our understanding of how exploited invertebrate 
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populations have changed over time, and determine whether the frame of reference for 

‘healthy’ populations should be changed from exploited populations to protected, 

recovered populations. 

1.3 Dungeness Crab Case Study 

Dungeness crabs are an ideal invertebrate species to study in order to address the research 

goal and objectives presented in this dissertation. Dungeness crabs are abundant along the 

west coast of North America and the target of large fisheries. The main management 

measures used in fisheries are broadly applied in Canada and America, yet there are 

significant challenges facing the fisheries. Managers are concerned about the long-term 

sustainability of the fishery in British Columbia (BC). They want to improve their 

understanding of fishing impacts on targeted crab populations, and would like to know 

whether current management measures are adequately conserving harvested populations. 

Being a low mobility benthic predator, Dungeness crabs likely benefit from protection 

afforded by spatial closures, of which a number exist throughout the province. 

 

Dungeness crabs are found in the Pacific Ocean along the west coast of North America 

from California to Alaska and occur from the low intertidal to depths of at least 230 

meters (Pauley et al. 1989). Adult Dungeness crabs inhabit substrates comprised of sand, 

mud or silt, and are frequently found near eelgrass beds. They are a dominant low 

mobility predator important to benthic ecosystems and all their life history stages provide 

food for many species.  

 

Dungeness crabs are abundant and the target of large fisheries. In 2014, approximately 

$280 million (Canadian) of Dungeness crab were landed on the west coast of North 

America, from California to southeastern Alaska. Commercial fishers in Washington, 

Oregon, and California harvested approximately 24 million kilograms of crabs valued at 

$224 million (Can) (Pacific States Marine Fisheries Commission 2014). Fishers in 

southeastern Alaska harvested approximately 1.2 million kilograms of crabs valued at 

$8.5 million (Can) (ADFG 2015). Dungeness crab fishing is important in BC, too, where 

crabs are harvested with traps by commercial, recreational, and First Nations fishers. The 
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landed value of the commercial crab fleet in BC in 2014 was $47 million (Can) (Fisheries 

and Oceans Canada 2015b). The commercial crab fishery accounted for 27% of the 

wholesale value of BC’s wild shellfish products. Recreational fishers who harvest 

shellfish species generally target crabs, prawns, and shrimp, and the number of fishing 

days increased 13% from 2005 to 2010. First Nations harvest crab for food, social, and 

ceremonial (FSC) purposes and have 32 commercial licenses (DFO 2016). 

 

The main management measures in the BC Dungeness crab fishery are a minimum size 

limit (165 millimeter carapace point width or 154 millimeter notch width [Phillips and 

Zhang 2004]) and a sex restriction (non-retention of females; voluntary in the First 

Nation fishery). The fishery therefore targets large male crabs; small males and females 

must be released. All sectors also have restrictions regarding the traps they fish. There are 

additional management measures, which have evolved over time, unique to the 

commercial fishery. For example, soft shell (recently moulted) crabs must be released. 

Seasonal closures during the winter/spring in four of seven Crab Management Areas 

(CMAs) provide some protection to soft shell males. CMAs without seasonal closures are 

open all year to commercial harvesting. A number of small areas throughout BC are 

closed to crab fishing for reasons related to conservation (not Dungeness crabs), 

pollution, and navigation. Commercial fishing effort is controlled using limited licensing 

(221 licenses), area licensing (harvesters must remain in the same CMA for three 

consecutive years), and area and vessel trap limits. There are also limits related to hauling 

trap gear. Traps must have two escape rings (holes) 105 millimeters or larger in diameter 

to allow small crabs to escape. Fishing activity (location, trap hauls, trap numbers, and 

timing) is monitored using an electronic system. Commercial fishers are required to fill 

out logbooks into which they record general fishing locations and estimates of their daily 

catches. Service providers (contract biologists) collect crab biological information from 

fishery independent standardized trap gear and commercial vessels. Fisheries and Oceans 

Canada (DFO) has been conducting bi-annual standardized fishery independent research 

surveys in two CMAs for approximately 20 years.  
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1.3.1 Case study objectives 

The case study focuses on Dungeness crabs in the Burrard Inlet system, which is located 

in the southern Strait of Georgia near the coastal city of Vancouver (CMA I). Here, two 

fisheries closures where Dungeness crab harvesting is not permitted by all sectors are 

conveniently nestled among two fished areas. Burrard Inlet is unique because areas 

closed to Dungeness crab fishing for all sectors are rare in BC. Having two such closures 

and two fished areas in the same inlet system makes for a good experimental design as 

benthic habitats, as well as larger-scale environmental processes, are likely similar 

throughout the inlet. This helps resolve a common criticism of marine reserve studies 

whereby it is challenging to conclude whether observed differences in populations in 

closed and fished areas located far apart are related to habitat variation or fishing 

pressure.  

 

Field sampling occurred from 2009 to 2013 twice each year, in the spring before the 

commercial fishery opened and during the fall near the end of the fishing season. Surveys 

were approximately 10-12 days in duration. Standardized crab traps were used to collect 

crabs from which biological data were obtained.  

 

Research Objective #1: Determine whether the two Dungeness crab fisheries closures are 

effective at protecting crab populations within their boundaries. 

 

Dungeness crab fisheries closures have generally been established for reasons (i.e., 

navigation, pollution, allocation) other than conserving crabs. In Burrard Inlet, the 

fisheries closures were established for navigation purposes to prevent crab fishing gear 

from impeding vessel movements. For spatial closures established for reasons other than 

conserving species found within their boundaries, there may be particular characteristics 

(habitats, size, shape, fishing pressure, etc.) that hinder or enhance closures’ protective 

capabilities. Effective closures—those which truly protect organisms from harvesting 

pressure—must be identified as only they are useful reference sites for evaluating impacts 

of fishery management measures. 
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I hypothesize crab population characteristics (such as abundance and size) in the two 

fisheries closures, Vancouver Harbour and English Bay, are similar and remain relatively 

constant between fishing seasons, especially for males which are targeted by the fishery. 

Further, the crab population protected in these long-term closures is quite different from 

the exploited population in outer Burrard Inlet and Indian Arm, which experiences 

considerable changes during fishing seasons due to the aggressive removal of most large 

crabs.  

 

Research Objective #2: Evaluate impacts of the main fishery management measures 

(minimum size limit, sex restriction, non-retention of soft crabs, and seasonal soft shell 

closures) on harvested Dungeness crab populations using effective fisheries closures with 

unfished populations as reference sites. 

 

Crab fishery managers are keenly interested in knowing whether the current fishery 

management measures are adequately conserving Dungeness crab populations in BC. The 

crab fishery is generally believed to be sustainable since the inception of the commercial 

fishery more than 100 years ago because the minimum size limit and non-retention of 

females protect reproductive capacities of populations by allowing small males and 

females opportunities to breed. In recent years, however, fishing effort and intensity have 

increased in all sectors as finfish populations continue to decline and invertebrates 

increase in demand and value. Exploitation rates of large male crabs can be high in 

particular areas (over 90% on the Fraser River delta; Zhang et al. 2002) which results in 

discards (females, undersized males, and soft crabs) being repeatedly caught in traps. 

Fisheries are most intensive during the summer months when crabs are mating and 

females are soft shelled. In addition, illegal harvesting outside fishing seasons in areas 

closed to protect soft males, the use of illegal trap gear such as modified traps with 

ineffective escape rings or fishing too many traps, lost gear that continue to capture crabs, 

and the selling of illegal product are management issues that harm individual crabs and 

possibly entire populations. The overarching consequence of intense fishing, illegal 

harvesting, illegal trap gear, lost gear, and selling illegal crabs is an (unknown) 

proportion of discards are being injured and killed.  
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I hypothesize the act of fishing (removals, retention in soaking traps, handling) harms 

individual crabs by killing them or causing non-lethal injuries (Fig. 1-1, Table 1-3). 

Further, I hypothesize that injury-induced mortality and injuries to individual crabs will 

translate into measurable changes in exploited populations such as higher mortality rates 

from injuries, an increased prevalence of non-lethal injuries, decreased abundance, a 

smaller range in size/age, and an altered sex ratio (Fig. 1-1, Table 1-4). These changes in 

population characters may ultimately decrease breeding success and cause lifetime egg 

production (LEP) in females to decrease. Add to this a changing marine environment 

from climate change (warmer and more acidic marine waters) and other large scale 

environmental processes, and increasing demand from Asian markets, and there is the 

real potential for the productivity of crab populations to decrease, putting at risk a once 

sustainable fishery and jeopardizing the fishery’s long-term economic viability.  

 

Fisheries closures are a management tool that may help researchers assess the status of 

exploited crab populations by providing reference (unfished) populations against which 

comparisons can be made. Closures are useful reference areas where research can be 

conducted to evaluate impacts of existing management measures in the crab fishery such 

as the minimum size limit, sex restriction, non-retention of soft crabs, and seasonal soft 

shell closures. 

 

Research Objective #3: Quantify the extent of the shifting baseline syndrome for 

Dungeness crab populations using protected populations in fisheries closures, and 

potentially redefine ‘healthy’ crab populations based on this new perspective. 

 

Over time, the act of fishing may be having considerable impacts on harvested 

Dungeness crab populations. Such impacts might be difficult to observe when the frame 
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Mortality Non-lethal injuries 

Dungeness crab  
trap fishing 

Individual 

Population 

Mortality rate Prevalence non-
lethal injuries 

Abundance 

Size/age structure 

Sex ratio 

Breeding success 
(LEP) 

≠ 

Figure 1-1.  Hypothesized impacts of trap fishing on individuals and populations of Dungeness crabs. 
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Table 1-3. Hypothesized impacts to individual Dungeness crabs in a trap fishery where males are managed by a minimum size limit, 
females and soft crabs cannot be retained, and fishing is prohibited when large males are moulting and soft-shelled. Legal males are 
≥165 mm carapace width point-to-point.   
 

Impact Hypothesized 
Change 

Reasons for 
Impact 

Crab Classes 
Affected 

Rationale For Change 

Injury Mortality and 
Non-lethal injuries 

Increase Fishery 
removals 

Legal Males The minimum size limit and sex restriction ensures only large, older 
males are removed by the fishery.   

  Retention in 
soaking traps 

Legal Males 
Sublegal Males 

Females 

Aggression between confined crabs, and predation.  
Affected by presence of soft shell individuals. 

  Handling Legal Males 
Sublegal Males 

Females 

All soft shell crabs, including legal males, must be discarded. 
Small males and females must be discarded. 
All crab classes are affected by the presence of soft shell individuals. 
Some individuals are probably caught repeatedly in intensely fished 
areas. 
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Table 1-4. Hypothesized impacts to Dungeness crab populations in a trap fishery where males are managed by a minimum size limit, 
females and soft crabs cannot be retained, and fishing is prohibited when large males are moulting and soft-shelled. Legal males are 
≥165 mm carapace width point-to-point.   
 

Population 
Parameter 

Hypothesized 
Change 

Crab Classes 
Affected 

Rationale for Change 

Injury 
Mortality 

Rate 

Increase Legal Males 
 
Sublegal Males 
Females 

Removed by the fishery, killed in soaking traps or by handling (primarily 
soft shell individuals). 
Killed in soaking traps or by handling. 
Killed in soaking traps or by handling (primarily soft shell individuals). 

Prevalence 
Non-lethal 

Injuries 

Increase Legal Males 
 
Sublegal Males 
Females 

Injured in soaking traps or by handling (soft shell individuals). Injured 
sublegal males moult to legal size. 
Injured in soaking traps or by handling. 
Injured in soaking traps or by handling (primarily soft shell individuals). 

Abundance Decrease 
 

Males, legal, old, sublegal 
 
Females, most fecund 

Large, older males removed by the fishery. Others killed in soaking traps 
or by handling. 
Killed in soaking traps or by handling. 

Size/Age 
Structure 

Skewed toward 
smaller, younger 

individuals 

Males, legal, old, mated, 
sublegal 
Females, ovigerous, most 
fecund 

Large, older males removed by the fishery. Others killed in soaking traps 
or by handling. 
Killed in soaking traps or by handling. 

Sex Ratio Skewed toward 
more females 

Females More males are killed by the fishery than females. 
 

Breeding 
Success 

Decrease Males and females Increase in mortality and non-lethal injures, decrease in abundance and 
size structure, and a skewed sex ratio results in decreased breeding success 
and ultimately lower egg production.  
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of reference is only exploited populations. Comparing exploited and unfished Dungeness 

crab populations may help quantify the extent of the shifted baseline for this species. 

 

Currently in BC the Dungeness crab fishery is not managed to reference points and 

therefore stock status has not been defined; however, expert judgement has deemed crab 

populations to be healthy based on the premise that the minimum size limit and sex 

restriction protect the breeding component of populations (small males and females). A 

better understanding of the degree to which the baseline has shifted in exploited 

populations may bring new perspective to managers regarding how they define ‘healthy’ 

crab populations. 

 

I hypothesize characteristics of exploited Dungeness crab populations (such as lower 

abundance, smaller size, and higher rates of injuries) are considerably different from 

unfished populations. Observable are short term changes which occur during fishing 

seasons and some recovery is possible, and permanent changes which have occurred over 

longer time periods and are a consequence of cumulative fishing impacts. Dungeness crab 

populations are therefore not as healthy as often believed.
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1.4 Overview of Dissertation 

1.4.1 Chapter 1: Introduction and overview 

Chapter 1 discusses the importance of invertebrate fisheries to countries’ economies, and 

consequences (sustainability and impacts to marine ecosystems) when fisheries are 

poorly managed. The true extent of impacts is difficult to quantify, as explained by the 

shifting baseline syndrome. Marine reserves are one solution to help reverse such losses 

by enhancing exploited populations, and may be an important, yet underutilized, fisheries 

management tool. The goal and objectives of this research are presented, the focal species 

being Dungeness crabs in Burrard Inlet, a unique inlet system where both fisheries 

closures and fished areas co-exist. 

1.4.2 Chapter 2: An effective Dungeness crab fisheries closure in Burrard Inlet, 

British Columbia 

Chapter 2 addresses research objective #1. Using trap gear and a ROV, various crab 

biological metrics were collected from two fisheries closures and nearby fished areas and 

compared. Benthic surveys were conducted using a ROV to collect habitat information. 

Crabs were tagged in closed areas to better understand crab movements from closed into 

fished areas. Extensive time series data previously collected by Fisheries and Oceans 

Canada (DFO) from one fished and one closed area were analyzed. Reasons are discussed 

as to why only the Vancouver Harbour fisheries closure is effective at protecting crabs 

within its boundaries. Results from this research provide clear direction how to determine 

the degree of effectiveness of benthic invertebrate closures.  

1.4.3 Chapter 3: Evaluating the effectiveness of fishery management measures in 

conserving Dungeness crab populations using a fisheries closure as a baseline 

reference area 

Chapter 3 addresses research objective #2. The unfished Dungeness crab population in 

the effective closure, Vancouver Harbour, was used as a reference against which to 

evaluate impacts of the main management measures used in the crab fishery—a minimum 
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size limit, non-retention of females and soft crabs, and a seasonal soft shell closure. The 

abundance of crabs in traps, their size, and types of injuries are several useful metrics 

examined. I sampled commercial traps to obtain field measures of handling injuries. I 

conducted trap soak studies to quantify injuries sustained by crabs while retained in traps 

soaking on the sea floor. Crab shell condition data collected from the commercial fleet 

were analyzed. Management options for fisheries managers to help minimize fishery-

related impacts to harvested crab populations are presented. 

1.4.4 Chapter 4: A shifting baseline and redefining Dungeness crab stock status 

Chapter 4 addresses research objective #3. Differences in exploited and unfished crab 

populations are identified to highlight the important perspective unfished populations can 

bring to fisheries management. The extent of the shifted baseline for Dungeness crabs is 

quantified which helps when defining stock status and characteristics of ‘healthy’ crab 

populations. Indices are provided to enable researchers to determine whether particular 

Dungeness crab populations are exploited or unfished.  

1.4.5 Chapter 5: Conclusions and contributions of unfished populations to the 

successful management of low mobility marine benthic invertebrates 

Chapter 5 provides a summary of the main results from research conducted on the focal 

species, Dungeness crabs, and details how such research is applicable to other benthic 

invertebrate species. Comparing unfished populations in effective closures to exploited 

populations is an excellent approach for determining impacts of management measures 

and the extent of shifting baselines. Such measures provide important perspective when 

defining stock status. Future research on Dungeness crabs and benthic invertebrates are 

discussed.  
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Chapter 2 

An effective Dungeness crab fisheries closure in Burrard Inlet, British Columbia 

Abstract 

Two fisheries closures in the Burrard Inlet system, Vancouver Harbour and English Bay, 

were studied to determine whether they are effective at protecting Dungeness crab 

populations from fishing pressure. Crab biological data were collected throughout 

Burrard Inlet in two closed and two fished areas using standardized trap gear over a five 

year period from 2009-13. Biannual surveys were conducted in the spring before the 

commercial fishery opened and during the fall near the end of fishing seasons. Trap Catch 

Per Unit Effort (CPUE) and size of various crab classes (total crabs, males, legal males 

[the target of fisheries], sublegal males, and females) were examined. Remotely Operated 

Vehicle (ROV) video imagery was used to estimate crab density and describe benthic 

habitats. Crabs in closed areas were tagged to provide information about movements from 

closed to fished areas. Time series of biological data for legal males collected since the 

early 1990s in one closed and one fished area were also analyzed. 

 

Vancouver Harbour had considerably higher abundances of total crabs, males, and legal 

males compared to English Bay and the two fished areas. Abundances in the English Bay 

closure were similar to fished areas. Abundances of total crabs, males, and legal males 

either remained stable or increased in Vancouver Harbour between seasons, whereas they 

declined post fishery in the other three areas. Sublegal male and female (fishery discards) 

abundances tended to be similar in fished and closed areas. Post fishery, catches of 

sublegal males increased in all areas (except English Bay), whereas catches of females 

decreased. Similar to trap catches of total crabs, the density of Dungeness crabs 

(determined from ROV imagery) was higher in Vancouver Harbour compared to English 

Bay and fished areas. Crab density was similar between seasons. 
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Males and legal males were larger in the Vancouver Harbour closure compared to other 

areas. Male crab size decreased, whereas legal male size increased, between seasons in 

the harbour; in contrast, sizes of these crab classes decreased considerably post fishery 

(fall) in other areas, especially Burrard Inlet. Sublegal males were larger in the two 

fisheries closures. Sublegal male size decreased in all areas post fishery, the most in 

Burrard Inlet. Females were larger in the English Bay closure and similar in size pre-

fishery in the other three areas. Female size increased between seasons in the two 

closures and Burrard Inlet, and decreased in Indian Arm.   

 

Vancouver Harbour appears to be an effective closure whereas English Bay does not. In 

Vancouver Harbour the abundance and size of large males were significantly 

higher/bigger and stable between seasons whereas in other areas these measures were 

consistently lower/smaller and decreased post fishery. In the English Bay closure, legal 

male abundance and size were similar to fished areas. English Bay only differed from 

fished areas in terms of sublegal male and female sizes, and these crab classes are not 

targeted by the fishery. 

 

Vancouver Harbour is an effective closure that protects Dungeness crabs from fishing 

impacts for the following reasons: 

1. There is less spillover of adult crabs: 

a. It is sufficiently large to retain adult crabs for long periods. The distance to 

fished boundaries is greater in Vancouver Harbour compared to English 

Bay. I suggest the minimum distance to fished boundaries in Dungeness 

crab protected areas should be approximately four kilometers. 

b. It has considerably less edge habitat than English Bay.   

2. It has more effective enforcement because it is routinely patrolled by the Harbour 

Authority.  

 

Differences observed in Dungeness crab populations in fisheries closures and fished areas 

were likely a consequence of varying fishing pressure rather than differences between 

benthic habitats. Closed and fished areas are located in the same inlet system, and the two 
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closures are located between fished areas in outer Burrard Inlet and inner Indian Arm. 

Generally biotic and abiotic variables appeared to be similar in all areas. Sand and mud 

are the dominant substrates throughout the Burrard Inlet system. Many of the same 

benthic species identified in video imagery and traps were observed throughout most 

areas. The two fisheries closures are shallower than fished areas, with English Bay being 

shallowest. Water temperature and dissolved oxygen increased, whereas salinity 

decreased, as one moved inland from outer Burrard Inlet to Indian Arm. These abiotic 

measures were well within the tolerance limits for Dungeness crabs in all areas.  

 

Since 1993, one year after Vancouver Harbour was closed to commercial fishing, legal 

male crabs have been consistently more abundant and larger there, and trap catches more 

variable, compared to Indian Arm. Trends in abundance and size have moved in a similar 

pattern in both areas, with peaks occurring approximately every five years, suggesting 

both areas, and likely the entire inlet, are influenced by the same large-scale 

environmental processes. However, abundance and size did not necessarily peak at the 

same time in a particular area; sometimes there was a lag of one or two years after peak 

CPUE until peak size, or size peaked without a concomitant increase in CPUE.  

 

Generally crab abundance and size were lower/smaller in the fall compared to the spring; 

however, the opposite occasionally occurred and was readily observed only in the 

Vancouver Harbour closure. In fall seasons large crabs were either bigger (29% of the 

time) or more abundant (36% of the time) since 1993. This phenomenon was especially 

prevalent in 2009. Periodic influxes of offshore crab larvae into the Strait of Georgia may 

have been the reason for a secondary male moult during particular summers, in addition 

to the regular winter/spring moult. 

 

Catches of large, old males in fished areas decreased 5-6 km from the Vancouver 

Harbour closure. Eleven to fifteen percent of old males caught within 3.5-4 km from the 

closure in fished areas may have originated in the harbour. Legal males originating in 

closed areas traveled no more than 8 km before being captured. Intense fishing activity 

may limit the spatial extent of movements of large, old males. 
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Suggestions are provided how to evaluate the effectiveness of crab and other benthic 

invertebrate fisheries closures. Topics covered include sampling design, data collection 

and sampling gear, and metrics for analyses. I identify characteristics of effective 

closures and highlight points of consideration when determining whether a particular 

closure is effective. 
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2.1 Introduction 

For exploited species, fisheries closures have been established in specific areas for 

reasons including resource allocation, to protect human health, to aid navigation, and for 

conservation. Fisheries closures range from a simple restriction to comprehensive harvest 

restrictions for all fishing in a particular area. Once a fisheries closure is established, 

enforcement is effected, but apart from on-going monitoring of the overall status of 

particular populations, evaluations of closures are rare (Jamieson and Lessard 2000). 

Closures of crustacean fisheries are usually prompted by major declines in the abundance 

of harvested species, resulting in collapse of those fisheries (Orensanz et al. 1998). Such 

conservation closures normally remain in effect until there is evidence the exploited 

populations are rebounding, so there are limited opportunities to compare changes in the 

structure of crustacean populations in closed areas with comparable nearby populations 

being exploited (Taggart et al. 2004).  

 

In British Columbia (BC), fisheries closures for Dungeness crabs generally address 

resource allocation, pollution, and navigation concerns. Currently there are no fisheries 

closures specifically targeting Dungeness crabs for conservation concerns; populations 

are believed to be healthy and fisheries sustainable. Three sectors harvest Dungeness 

crab: commercial, First Nations, and recreation. Fisheries closures to address resource 

allocation concerns usually target the commercial sector to make more Dungeness crab 

available for First Nations and recreational harvesters. Areas contaminated by the heavy 

metal dioxin from pulp and paper mill operations are also closed to commercial fishing; 

generally First Nation and recreational fishing can still occur with consumption 

advisories in effect (Dungeness crabs, being benthic predators, concentrate heavy metals 

in their organs, primarily the hepatopancreas). Commercial crab harvesting is not allowed 

in protected areas (e.g. Marine Protected Areas, National Marine Conservation Areas, 

national parks, ecological reserves, conservation areas, UNESCO World Heritage Sites, 

voluntary closures); however, First Nations, and sometimes recreational, fishers can fish 

there. Please note protected areas are usually not prime habitat (too rocky) for Dungeness 

crabs anyway. Generally there are very few areas in BC where First Nations are not 
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allowed to harvest Dungeness crabs because they have the constitutional right to fish 

crabs for food, social, and ceremonial (FSC) purposes at all times of the year as long as 

conservation and human health objectives are being met and gear are not an obstacle to 

navigation. Authorized areas for FSC harvest are specified in individual communal 

licences. In summary, most fisheries closures in BC for Dungeness crabs do not permit 

commercial fishing, but still allow First Nation and recreational harvesting to occur; 

therefore, most existing closures could still experience considerable fishing pressure, 

especially during summer months. 

 

In contrast, Dungeness crab fishery closures for navigation purposes, implemented in 

several areas due to high vessel traffic and the high probability of fishing gear impeding 

vessel movements, normally do not allow harvesting by any sector. Consequently, crab 

populations in navigation closures probably experience lower fishing pressure than other 

areas on the coast and are inadvertently afforded meaningful protection from fishing 

impacts. Only three such areas may exist in BC: two in the Burrard Inlet system and one 

at the mouth of the Campbell River in Discovery Passage. 

 

In the Burrard Inlet system, located in the southern Strait of Georgia near the coastal city 

of Vancouver, Dungeness crab harvesting is not permitted in Vancouver Harbour and 

English Bay (under authority of the Metro Vancouver Port Authority) because of 

potential gear conflicts with vessel traffic. These two fisheries closures (for navigation 

purposes) are important for three reasons: 1) they are not common, 2) they contain high 

quality Dungeness crab habitat, as does most of the Burrard Inlet system, and 3) they are 

nestled amongst two harvested areas, Burrard Inlet and Indian Arm, in Crab Management 

Area (CMA) I, the second largest commercial Dungeness crab fishery (in terms of 

landings) in BC. Burrard Inlet and Indian Arm also provide important First Nations 

(Musqueam, Tsawwassen, Tsliel-Waututh, Squamish) and recreational fishing 

opportunities. Having two Dungeness crab fisheries closures (that are closed to all three 

sectors) located between two fished areas in the same inlet system provide a unique 

opportunity to evaluate how effective the fisheries closures are at protecting Dungeness 

crab populations. These closed and fished areas, because they are located in the same 
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inlet system, likely contain similar benthic habitats and are influenced by the same large 

scale environmental processes; therefore, observed differences in crab populations in 

closed and fished areas are likely caused by fishing pressure.  

 

The main management measures in BC Dungeness crab fisheries are a minimum 

harvestable size limit (165 mm carapace point width or 154 mm notch width [Phillips and 

Zhang 2004]) and a sex restriction (non-retention of females; mandatory in commercial 

and recreational fisheries, voluntary in the First Nation fishery). This means all fisheries 

target large male crabs (termed “legal”), and small males (termed “sublegal”) and females 

must be released. In the commercial fishery, crabs with soft shells (recently moulted) 

must be released. In the study area the commercial fishery is also closed during the winter 

and spring months to protect soft shell male crabs. First Nation and recreation fisheries 

remain open all year.   

 

In this chapter my objective was to determine whether two Dungeness crab fisheries 

closures in the Burrard Inlet system protect Dungeness crab populations from harvesting 

pressure. A product of effective protection measures are populations with higher densities 

and larger and longer-lived individuals compared to outside areas (Kenchington et al. 

2016) or, with respect to crab productivity, higher biomass and abundance of certain size 

classes of the target species (Jones et al. (2017). Willis et al. (2003) suggest only inferring 

an effect if there is >100% increase in values between MPAs and control sites. Metrics I 

studied in fisheries closures and neighbouring harvested areas included catch per 

standardized trap, and crab biological information such as sex, size, and shell condition. 

Time series trap data previously collected by Fisheries and Oceans Canada were also 

compared between a closed (Vancouver Harbour) and harvested area (Indian Arm). Crab 

density was determined, and benthic habitats described, from imagery collected using a 

Remotely Operated Vehicle (ROV). Crab movement patterns and spillover from closed to 

fished areas were assessed by tagging crabs in fisheries closures. 
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2.2 Methods 

2.2.1 Study Area 

The Burrard Inlet system (116.4 km2) is located in the southern Strait of Georgia north of 

the Fraser River delta near Vancouver (Fig. 2-1). 

Burrard Inlet
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Bay

Vancouver Harbour Indian Arm

Vancouver
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British Columbia

Washington

Pacific Ocean

¯
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Figure 2-1. The Burrard Inlet system near Vancouver.  Crab biological sampling occurred 
in four general areas: Burrard Inlet, English Bay, Vancouver Harbour, and Indian Arm. 
Dungeness crab fishery closures are English Bay and Vancouver Harbour. Areas where 
Dungeness crabs are harvested include Burrard Inlet and Indian Arm. 
 

 

Crab fishery closures for the three sectors (commercial, First Nations, and recreational) 

occur in Vancouver Harbour (Pacific Fisheries Management Area (PFMA) 28-10) and 

English Bay (PFMA 28-8) because crab gear would interfere with vessel traffic. The 

combined area of these two fisheries closures is 24.1 km2 or 21% of the Burrard Inlet 

system. 

 

Vancouver Harbour is 15.4 km2 and located at the heart of downtown Vancouver. Crab 

harvesting is prohibited all year between First Narrows (Lions Gate) and Second Narrows 
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bridges. Vancouver Harbour has been closed to crab fishing since May 1992 (originally 

because of dioxin/furan contamination of crab hepatopancreas. This was lifted in 1995, 

but the harbour remained closed for navigational reasons; Levings et al. 2003). Shared 

boundaries with fished areas in Burrard Inlet and Indian Arm are 492 m (First Narrows) 

and 739 m (Second Narrows), respectively, for a total length of 1,231 m.   

 

English Bay is an 8.7 km2 closure encompassing a portion of Burrard Inlet inside a line 

from a fishing boundary sign on Jericho Beach to Ferguson Point in Stanley Park. This 

area has been closed to crab fishing for at least 25 years (M. Hargreaves pers. comm. 

2015), and possibly since the 1950s (P. May pers. comm. 2009), the exact date is 

presently unknown by the authors. The original rationale for the closure may be log 

booms impeding vessel traffic. The shared boundary with the fished area in Burrard Inlet 

is 4,197 m. 

 

Dungeness crabs are fished by all sectors in Burrard Inlet (PFMAs 28-6, -7, -9; 48.6 km2) 

and Indian Arm (PFMAs 28-11, -12, -13, -14; 43.6 km2). The total fished area in the 

Burrard Inlet system is 92.3 km2.  

2.2.2 Sampling and data collection 

Standardized trap surveys 

Standardized trap gear was commercial style circular stainless traps 90 cm (36 inches) 

diameter and 26 cm (10 inches) high with two opposing tunnels, each with a single set of 

triggers to retain crabs. Frames were steel, rubber wrapped on the bottom ring, and 

covered by stainless mesh comprised of approximately 6 cm (2 ½ inches) 

squares/diamonds. Escape ports were wired closed. Two large broken herring were 

placed in a 500 ml bait jar with small holes in the lid and sides to prevent consumption by 

crabs and entry of amphipods while allowing the scent to escape. Bait jars were 

suspended off the bottom in the centers of traps. Traps were soaked overnight between 16 

and 28 hours, as close to 24 hours as possible, with most being 18-22 hours. The research 

platform was the Coast Guard vessel Neocaligus, a 22 m converted seiner, and an 8 m 
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skiff for near shore sampling in shallow depths. Ten to twelve traps, spaced 40 m apart, 

were fished at each sampling location on a ground line (set). 

 

In 2009-13, Burrard Inlet system was surveyed twice each year using standardized traps, 

once in the spring (between April and June) before the commercial fishery opened on 

June 15, and once in the fall (in October or November) near the end of the commercial 

fishing season (November 30). Sampling occurred in all areas at essentially the same time 

(over a ten day period).  

 

Although DFO has been conducting standardized crab surveys on the Fraser River delta 

since 1993, previous sampling in the Burrard Inlet system had occurred biannually in 

Vancouver Harbour and Indian Arm only. In order to meet the research program’s 

objectives, I expanded the number of sampling locations in previously sampled areas and 

also surveyed two new areas, the fished area, Burrard Inlet, and the closed area, English 

Bay. Sampling locations were determined using a stratified random design. Closed areas 

were stratified by dividing them into north and south shores. Fished areas were stratified 

by subarea. In total there were 9 strata and 26 sampling locations (2 to 5 locations per 

stratum; Table 2-1).  

 

Additional sampling locations were randomly selected, but sometimes hazards/obstacles 

were encountered when setting fishing gear in high traffic areas so locations had to be 

adjusted accordingly. A fixed station design was used whereby the same locations were 

revisited during each survey. 
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Table 2-1. Sampling design for Dungeness crab standardized trap surveys in the Burrard Inlet system, 2009-2013. 
 

Harvest 
Opportunity 

Area No. 
Strata 

No.  
Sets 

Strata Rationale Subarea Sampling Location 

Closed Vancouver 2 6 Divided in two 28-10 Sulphur Pile 
 Harbour     Mosquito Creek 
      Saskatchewan Wheat Pool 
      Buoy Seafood 
      BC Sugar 
      Port Authority 
 English 2 4 Divided in two 28-8 Kits Beach 
 Bay     Kits Beach North 
      English Bay Beach 
      English Bay Beach North 

Open Indian 2 8 By subarea 28-11 Dan George 1 
 Arm     Dan George 2 
      Roche Point 
      Trans Mountain 
      Admiralty 
     28-12 Dollarton 
      Deep Cove 
      Bedwell Bay 

 Burrard 3 8 By subarea 28-9 Ferguson Point 
 Inlet     Hollyburn 
     28-6 Dundarave 
      West Bay 
      West Van Lab 
     28-7 Spanish Bank 20 m 
      Spanish Bank 40 m 
      Spanish Bank 60 m 
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The following biological data were collected from all Dungeness crabs collected in 

standardized traps: 

• Sex – male or female 

• Size – carapace notch width 

• Shell condition – plasticity (soft vs. hard) and estimated time since last moult  

 

Dungeness crab classes were distinguished based on sex, size, and shell condition/age:  

• Total crabs 

o Males 

� Legal (≥154 mm carapace notch width)  

� Sublegal (<154 mm carapace notch width)  

� Old (male crabs that survive at least one year after attaining legal 

size; at least 4.5 years old).1  

o Females 
1 Legal size is attained at 3.5 to 4 years (Butler 1961). Old males were defined as those males that were at 

least 4.5 years old according to the simple size/age model (Table 2-2).  

 

 

Table 2-2. Estimated ages (in years) of Dungeness crabs at various sizes and shell conditions based on the 
size/age model. 
 

Carapace Notch 
Width (mm) 

Soft or  
New Shell 

Between New and 
Old Shell 

Old  
Shell 

Very Old  
Shell 

154-180 3.5-4 4-5 4.5-6 5.5-7.5 
181-182 3.5-6 4-7 4.5-8 5.5-7.5 
183-185 3.5-6 4-7 4.5-8 5.5-9.5 
186-206 4-6 4.5-7 5-8 6-9.5 

 
Old males were (legal) male crabs ≥154 mm with old or very old shells, as shells require at least one year 
since the last moult to be categorized as old (Dunham et al. 2011). Old males also included very few crabs 
>185 mm with shell condition in between new and old as a small proportion of crabs six months after 
moulting to legal size could have moulted again to a size larger than 185 mm. The model predicts 
Dungeness crabs may live 6-9.5 years; Butler (1961) states Dungeness crabs live 6-8 years. 
 
The size/age model used a moult increment 17-21% for crabs <180 mm and 15-17% for crabs ≥180 mm 
(Smith and Jamieson 1989, Botsford 1984, Mauchline 1977, Poole 1967, Butler 1961). Three moulting 
scenarios were used: a) crabs moulted within 6-12 months (when their shells were in between new and old), 
b) crabs moulted between one and two years (when their shells were old), and c) crabs did not moult at all 
after they recruited into the fishery. Maximum size in the model was 206 mm, the largest crab caught in 
Vancouver Harbour.   
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Catch Per Unit Effort (CPUE) was determined using standardized research survey trap 

catches and reported as the number of crab classes per trap. 

 

Spillover was investigated, in addition to tagging, by comparing trap CPUE of old males 

from sampling locations in fished areas at varying distances from closed areas during the 

spring before the commercial fishery opened. Old shell legal males are more prevalent in 

the spring because large males are removed rapidly once the commercial fishery opens. 

 

Benthic macrofauna were identified from trap by-catch. Trap by-catch included any 

species other than Dungeness crabs collected in traps during research surveys. By-catch 

was recorded by ground line and species identified, counted, and their weight estimated. 

 

Remotely Operated Vehicle (ROV) surveys 

A Phantom HD2+2 ROV (Deep Ocean Engineering) was used to determine crab density 

estimates and collect benthic habitat information. Video imagery was collected on a Sony 

10:1 optical zoom color camera. The tracking system was ORE Trackpoint III (TP3) and 

included a hydrophone and transponder. Navigation was accomplished using Hypack 

software with TP3, a Global Positioning System (GPS), and a compass. The ROV had a 

300 m umbilical. The platform from which the ROV was operated was the CCGV 

Neocaligus.   

 

ROV transects were conducted in 2009 and 2010 in closed and fished areas. Transect 

start points were randomly selected for winter/spring surveys and the same locations were 

resurveyed in the fall of the same year. Transect directions were randomly selected, but 

modified at times in the field because of obstacles like anchored ships and boat traffic. 

Transects were approximately 20 min in duration or 200 m in length.  

 

In October 2010, Hydrolab’s Minisonde 4a41728 was attached to the ROV to record 

temperature, salinity, and dissolved oxygen centimetres above the seafloor in crab 

habitat. Software used in conjunction with the sonde was Hydras 3.35. The sonde 

recorded measurements every 30 seconds along transects. The sonde had the following 
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accuracy for temperature (±0.10°C), salinity (±0.2 ppt), and dissolved oxygen (±0.2 

mg/L). 

 

Density was determined for total crabs observed during ROV transects and reported per 

square meter for a particular transect. Crab habitats were described based on substrate 

information and from identifying benthic organisms from video imagery.  

 

Tagging 

Dungeness crabs were tagged in the crab fishery closures Vancouver Harbour and 

English Bay between 2008 and 2010 to assess movements and spillover. Five-eight inch 

mono long-T blue Floy fish tags were inserted with a needle gun along the posterior 

suture line in crabs of both sexes ≥120 mm carapace notch width, including those with 

old injuries. This type of tag is designed to remain attached through at least one moult. 

Tagged crabs were released where they were captured.   

 

Tagged crabs were recaptured during research surveys in closed and fished areas. I relied 

mainly on the cooperation of the commercial fleet to catch tagged crabs outside closed 

areas and return tags. The DFO Fishery Manager and service provider (contract biologists 

hired by Industry to conduct crab biological sampling) educated fishers about the tagging 

program. I informed the Sport Fish Advisory Board (SFAB) about the tagging program. 

A lottery reward program was offered in December 2009 and 2010 to encourage the 

various sectors to return tags.  

2.2.3 Data analyses 

Standardized trap surveys 

In Burrard Inlet, trap surveys were conducted for five years (2009-13) during the spring 

(pre-fishery) and fall (post fishery). I was primarily interested in differences between the 

two fished and two closed areas. Crab biological data were collected from individual 

crabs (e.g. size), by trap (e.g. catch per trap), and by set (ground line; e.g. bycatch); the 

latter was reported as a mean of all traps fished in a particular set to eliminate many zeros 

that would have occurred if data were reported by trap.  
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A cursory analysis was first done using abundance (trap CPUE) and size data for male 

crabs combined for each location pair based on fishery status (i.e., fished vs. closed) to 

examine the fishery effect. More in-depth analyses followed which compared 

abundances and sizes of various crab classes in all locations to better understand the 

location effect. For abundance analysis, counts of crabs per trap were averaged at the 

trap level by aggregating counts per set and then dividing by the number of traps in the 

set to more closely approximate a normal distribution versus the original skewed count 

distribution. The calculation resulted in the normally distributed response (dependent) 

variable, mean counts per trap. Mean counts per trap were initially modelled adjusting 

for covariates (set, strata, year, and month of collection), but set and strata were 

removed due to redundancy with the location of collection, which resulted in 

collinearity in the model. Final models were fit using the predictor (independent) 

variables: location, year, and month/season (or fishery status: before the fishery versus 

the end of the fishery). Both location and month/season are categorical variables. For 

analysis of crab sizes, all crabs were measured so analysis was conducted at the 

individual crab level and linear regression was performed with crab size as the outcome. 

Diagnostic plots included boxplots, residual plots (residuals were normally distributed), 

fitted values (fitted values had an approximately linear relationship with the original 

outcome values), partial regression (partial relationship of a variable in the model with 

the outcome), and QQplot (residuals were approximately normally distributed).  

Summary tables highlighting key predictor variables are in the main body of the 

document. Model outputs are listed in Appendices. 

 

The balanced experimental design with four locations, two fished and two closed, made 

it possible to test for a fishery effect using linear mixed effects models. Location was 

included as a random effect in models, and fished areas, season, and year as fixed 

effects. Similar to regression (described in more detail below), coefficients were 

compared to baselines determined prior to analysis which, in the mixed models, 

included closed areas, the first year of the study, and spring seasons (pre-fishery). The 

important interaction term of fished effect and season was included. The second 
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intercept, the random intercept (coefficient RE), has an associated standard error, which 

is the variability attributed to measurements taken in each location.  

 

Linear regression models were used to explore how crab biological measurements 

obtained from the four locations compared to one another; this approach was 

appropriate for modelling crab abundance and size because outcomes were continuous 

and generally fit normality assumptions. In the models, the baseline for comparison (the 

model intercept) was the fisheries closure, Vancouver Harbour. Similarly, the four years 

(2010-2013) were compared to the first year (2009), and fall seasons to spring seasons. 

The intercept is interpreted as the mean CPUE or size of crabs in Vancouver Harbour in 

the spring. The regression models compared the fisheries closure (English Bay) and the 

two fished areas (Burrard Inlet and Indian Arm) to Vancouver Harbour and allow for 

interpretation of coefficients with respect to the baseline. Coefficients for the three 

areas, when added to the model intercept, are the mean CPUE or size of crabs in the 

particular area during the spring. The coefficient for the predictor “fall season” is a 

comparison of fall data in all areas to the baseline, spring. It can also be added to the 

intercept to obtain the mean CPUE or size of crabs in Vancouver Harbour in the fall. 

The interaction term “location × season” was included to examine whether there is a 

fishery effect at particular locations; it shows whether there is a difference with respect 

to overall trend between seasons in a particular area or between areas in a particular 

season, and it incorporates eight (4×2) different scenarios (each area in the spring and 

fall). 

 

Time series (1993-2013) analyses for trap CPUE and size data for legal males were 

accomplished using mixed effects Generalized Linear Models (GLMs)—for trap catches 

the negative binomial family with the log link, for size the Gaussian family with the 

identity link, was used. Standard errors were adjusted for trap clusters at set locations. 

Trend analysis of crab CPUE data was conducted using linear regression and analysis of 

covariance. Autocorrelation was tested using the Durbin-Watson d-statistic. 
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To compare trap CPUE of old legal males at different sampling locations in Burrard Inlet 

and Indian Arm, a multi-level mixed effects negative binominal regression was used. 

Contrasts of marginal linear predictions were used to generate Wald statistics and 

associated p-values from the model. 

 

Python was used for data analyses, the package statsmodels, with methods OLS (ordinary 

least squares regression) and GLM (generalized linear models) for modelling. 

Descriptive statistics and times series data were analysed using statistical software Stata 

13.1, in particular the Survey Data Analysis function that incorporates survey design 

when calculating statistics.  

 

ROV surveys 

ROV imagery was analyzed using Video Miner software 3.0.1. Benthic organisms were 

identified to genus or species whenever possible. Benthic habitat variables recorded 

included:  

• dominant substrate and percent cover,  

• subdominant substrate and percent cover, 

• relief,  

• disturbance,  

• image quality,  

• survey mode,  

• field of view (FOV): on-screen measurement between scale (10 cm) lasers, and 

full video frame width (mm). 

 

Species counts and substrate data were recorded every 10 seconds for the 10 seconds of 

video just viewed. Video analyses results were entered into Access databases. 

 

Transect start and end times were determined, and time periods removed when the ROV 

was off bottom or visibility was poor. ROV altitude was normally constant over the 

bottom, especially in outer Burrard Inlet, English Bay, and Vancouver Harbour, due to 

low relief and slow currents which made it easy for the pilot to maintain a constant 
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altitude. If video image quality was generally poor throughout an entire transect, the 

transect was excluded from analyses. Transect lengths were determined by plotting post-

processed transects in ArcMap and measuring their lengths.  

 

The following information was collected for each transect: 

• surveyed area: mean transect width based on FOV estimates multiplied by 

transect length.  

• density estimates of Dungeness crabs and other benthic organisms.  

• substrate composition. Substrate data were combined for locations where spring 

and fall transects occurred in the same place. Proportions were calculated using 

binned substrate data along a transect, and the length of time each substrate type 

occurred. 
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2.3 Results 

2.3.1 Sampling effort  

Between 2009 and 2013 ten standardized trap surveys were conducted during spring and 

fall seasons throughout the Burrard Inlet system. During the five year sampling program, 

258 sets and 2,927 traps were fished throughout the inlet capturing 18,712 crabs (7,485 

legal males, 7,120 sublegal males, and 4,107 females; 6.4 crabs per trap; Tables 2-3 and 

2-4). During each survey, on average 1,871 Dungeness crabs were captured from 293 

traps at 26 sampling locations.  

2.3.2 Comparing closed and fished areas: the fishery effect 

In order to explore the effect of the fishery, abundance and size data of male Dungeness 

crabs (the target of the fishery) were combined for areas with the same fishery status (i.e., 

fished vs. closed) and subsequently examined. Generally fewer male crabs were collected 

in traps in fished areas, pre- and post fishery, (mean 3.1-4.0 crabs per trap) compared to 

the closures (mean 7.0-7.6 crabs per trap), although these differences were not significant 

(Fig. 2-2, Table 2-5). Catches of male crabs decreased post fishery in fished areas; in 

contrast, catches remained stable in closed areas.   

 

Male Dungeness crabs were, on average, 7.1 mm smaller in fished areas, pre-fishery, 

compared to crabs in closed areas (Fig. 2-3, Table 2-6). Although male size decreased 

post fishery in all areas, the decrease was especially notable in fished areas where males 

were, on average, 17.6 mm smaller than crabs in closed areas. 

 

In summary, male Dungeness crabs were less abundant and smaller in fished areas, 

especially at the end of fishing seasons. The significance of the fishery effect is 

explained, for the most part, by the interaction between fished locations and fall season 

(end of fishery). 
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Table 2-3. Trap sampling effort throughout the Burrard Inlet system, 2009-13. Number of 
sampling locations / traps.  
 

Year Month Vancouver 
Harbour 

English 
Bay 

Indian 
Arm 

Burrard 
Inlet 

Total 

2009 Apr 6 / 70 4 / 45 8 / 83 8 / 80 26 / 278 
 Nov 6 / 72 4 / 48 8 / 79 8 / 79 26 / 278 

2010 Apr 6 / 72 4 / 48 8 / 96 8 / 79 26 / 295 
 Oct 6 / 72 4 / 47 8 / 96 8 / 95 26 / 310 

2011 May 6 / 64 4 / 48 8 / 96 8 / 94 26 / 302 
 Oct 5 / 60 4 / 47 8 / 96 8 / 95 25 / 298 

2012 May 6 / 69 4 / 47 8 / 96 8 / 95 26 / 307 
 Oct 6 / 69 4 / 44 8 / 95 8 / 94 26 / 302 

2013 May 6 / 60 4 / 39 7 / 69 8 / 79 25 / 247 
 Oct 6 / 72 4 / 47 8 / 96 8 / 95 26 / 310 

Total  59 / 680 40 / 460 79 / 902 80 / 885 258 / 2,927 
 
 

 

Table 2-4.  Number of Dungeness crabs collected throughout the Burrard Inlet system, 
2009-13.  
 

Year Month Vancouver 
Harbour 

English 
Bay 

Indian 
Arm 

Burrard 
Inlet 

Total 

2009 Apr 594 209 376 327 1,506 
 Nov 1,213 99 418 243 1,973 

2010 Apr 870 241 565 375 2,051 
 Oct 726 80 376 314 1,496 

2011 May 920 424 755 683 2,782 
 Oct 454 110 373 338 1,275 

2012 May 861 226 770 567 2,424 
 Oct 678 140 216 398 1,432 

2013 May 595 312 428 558 1,893 
 Oct 895 187 481 317 1,880 

Total  7,806 2,028 4,758 4,120 18,712 
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Figure 2-2. Number of male Dungeness crabs (mean ± SE) collected in standardized 
research traps in four areas throughout the Burrard Inlet system, 2009-13. Closed areas are 
Vancouver Harbour and English Bay. Areas open to crab fishing include Burrard Inlet and 
Indian Arm. Sampling occurred each year in April or May before the commercial fishery 
opened (Pre) and in October or November near the end of the commercial fishing season 
(Post).  
 
 
 
 
 
 
Table 2-5. Select mixed linear model parameters and statistical results for analysis of 
standardized trap catch per unit effort (CPUE) of male Dungeness crabs. Fished locations 
(Burrard Inlet and Indian Arm) were compared to the fisheries closures (Vancouver Harbour 
and English Bay). Statistical significance is p<0.05. The full model output is displayed in 
Appendix 1.  
 
Dependent Variable Predictor Coefficient Std err z-value p-value 

Male CPUE Intercept 6.8 2.39 2.86 0.00 
 Fished -2.4 3.34 -0.72 0.47 
 Fall season 0.6 0.48 1.30 0.20 
 Fished × season -1.5 0.61 -2.42 0.015 
 Intercept RE 10.97   
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Figure 2-3. Size (carapace notch width [mm; mean ± SE]) of male Dungeness crabs 
collected in standardized research traps in Burrard Inlet, 2009-13. Closed areas are 
Vancouver Harbour and English Bay. Areas open to crab fishing include Burrard Inlet and 
Indian Arm. Sampling occurred each year in April or May before the commercial fishery 
opened (Pre) and in October or November near the end of the commercial fishing season 
(Post).  
 

 

 

 

Table 2-6. Select mixed linear model parameters and statistical results for analysis of male 
Dungeness crab size. Fished locations (Burrard Inlet and Indian Arm) were compared to the 
fisheries closures (Vancouver Harbour and English Bay). Statistical significance is p<0.05. 
The full model output is displayed in Appendix 1.  
 
Dependent Variable Predictor Coefficient Std err z-value p-value 

Male size Intercept 162.9 1.23 132.30 0.00 
 Fished -7.1 4.49 -1.58 0.11 
 Fall season -3.4 0.28 -12.22 0.00 
 Fished × season -8.8 0.42 -21.02 0.00 
 Intercept RE 38.72   
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2.3.3 Comparing individual areas: the location effect 

To further explore the effectiveness of specific closures, abundances and sizes of several 

different crab classes in each area were compared to other areas irrespective of their 

fishery status.   

 

Crab CPUE determined from standardized traps 

Trap catches of Dungeness crabs were significantly higher in Vancouver Harbour during 

the spring (pre-fishery = 10.9-12 crabs per trap, 95% CI) and fall (post fishery = 8.7-14.3 

crabs per trap) compared to English Bay and fished areas where catches were similar 

(spring = 5.3-7.5 crabs per trap; fall = 1.7-4.6 crabs per trap; Fig. 2-4a, Table 2-7). 

Catches were similar between seasons in Vancouver Harbour whereas they decreased in 

the fall (post fishery) in the other three areas. 

 

Trap catches of male Dungeness crabs were significantly higher in Vancouver Harbour 

during the spring (pre-fishery = 8.0-9.6 crabs per trap, 95% CI) and fall (post fishery = 

8.5-14.1 crabs per trap) compared to English Bay and fished areas where catches were 

similar (spring = 3.2-4.0 crabs per trap; fall = 3.3-3.9 crabs per trap; Fig. 2-4b, Table 2-

7). Trap catches of male crabs increased in the fall in Vancouver Harbour, but decreased 

in the other three areas. 

 

Trap catches of legal male Dungeness crabs were significantly higher in Vancouver 

Harbour during the spring (pre-fishery = 6.2-7.6 crabs per trap, 95% CI) and fall (post 

fishery = 6.0-10.2 crabs per trap) compared to English Bay and fished areas where 

catches were similar (spring = 1.2-2.3 crabs per trap; fall = 0.14-0.55 crabs per trap; Fig. 

2-4c, Table 2-7). Catches tended to increase in the fall in Vancouver Harbour whereas 

they decreased in the other three areas. 
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Figure 2-4. Number of Dungeness crabs (mean ± SE) collected in standardized research traps 
in four areas throughout the Burrard Inlet system, 2009-13. Sampling occurred each year in 
April or May before the commercial fishery opened (Pre) and in October or November near 
the end of the commercial fishing season (Post). Areas closed to crab fishing include VH 
(Vancouver Harbour) and EB (English Bay). Areas open to crab fishing include IA (Indian 
Arm) and BI (Burrard Inlet). A = total crabs, B = males, C = legal males, D = sublegal males, 
E = females. 
 
 
 

A B 

C D 

E 
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Table 2-7. Select OLS model parameters and statistical results for analyses of standardized trap catch 
per unit effort (CPUE) of various Dungeness crab classes. Locations were compared to the fisheries 
closure, Vancouver Harbour. English Bay is a fisheries closure, Burrard Inlet and Indian Arm are 
fished areas. Statistical significance is p<0.05. Full model outputs are displayed in Appendix 2.  
 

Response Variable Predictor Adjusted R2 F Coefficient t-value p-value 
Total crab CPUE  0.59 33.92    

 Intercept   11.16 19.83 0.00 
 English Bay   -5.21 -7.08 0.00 
 Burrard Inlet   -5.67 -9.20 0.00 
 Indian Arm   -4.93 -7.97 0.00 
 Fall season   0.03 0.05 0.96 
 EB × season   -3.65 -3.50 0.00 
 BI × season   -2.36 -2.69 0.01 
 IA × season   -2.50 -2.85 0.005 
       

Male CPUE  0.61 37.45    
 Intercept   9.25 18.34 0.00 
 English Bay   -4.44 -6.73 0.00 
 Burrard Inlet   -4.87 -8.82 0.00 
 Indian Arm   -4.80 -8.66 0.00 
 Fall season   2.44 4.09 0.00 
 EB × season   -4.49 -4.80 0.00 
 BI × season   -3.49 -4.45 0.00 
 IA × season   -3.09 -3.93 0.00 
       

Legal male CPUE  0.76 73.41    
 Intercept   7.58 21.49 0.00 
 English Bay   -5.04 -10.93 0.00 
 Burrard Inlet   -4.96 -12.86 0.00 
 Indian Arm   -5.16 -13.30 0.00 
 Fall season   1.20 2.89 0.00 
 EB × season   -2.78 -4.25 0.00 
 BI × season   -2.96 -5.41 0.00 
 IA × season   -2.46 -4.48 0.00 
       

Sublegal male CPUE  0.11 3.82    
 Intercept   1.67 5.68 0.00 
 English Bay   0.60 1.56 0.12 
 Burrard Inlet   0.09 0.28 0.78 
 Indian Arm   0.36 1.09 0.28 
 Fall season   1.23 3.55 0.00 
 EB × season   -1.71 -3.13 0.00 
 BI × season   -0.53 -1.15 0.25 
 IA × season   -0.63 -1.36 0.18 
       

Female CPUE  0.46 21.21    
 Intercept   1.91 7.37 0.00 
 English Bay   -0.78 -2.29 0.02 
 Burrard Inlet   -0.80 -2.82 0.005 
 Indian Arm   -0.13 -0.45 0.66 
 Fall season   -2.40 -7.86 0.00 
 EB × season   0.84 1.74 0.08 
 BI × season   1.14 2.82 0.005 
 IA × season   0.59 1.46 0.15 



67 
 

Trap catches of sublegal male Dungeness crabs were similar in all areas (Vancouver 

Harbour: spring pre-fishery = 1.7-2.0 crabs per trap, fall post fishery = 1.6-4.7 crabs per 

trap; other three areas: spring = 1.7-2.7 crabs per trap, fall = 1.1-3.4 crabs per trap; Fig. 2-

4d, Table 2-7). More sublegal males were collected during the fall in all areas except 

English Bay. 

 

Trap catches of female Dungeness crabs were similar in Vancouver Harbour and Indian 

Arm (spring pre-fishery = 1.8-3.5 crabs per trap, 95% CI) and slightly lower in English 

Bay and Burrard Inlet (spring 1.4-2.5 crabs per trap; Fig. 2-4e, Table 2-7). Fewer females 

were collected during the fall in all areas. 

 

In summary, significantly more total crabs, males, and legal males were caught in 

Vancouver Harbour, pre- and post fishery, compared to English Bay and the two fished 

areas, Burrard Inlet and Indian Arm, where catches were similar. Trap catches of these 

crab classes were either stable or increased in Vancouver Harbour between seasons 

whereas they declined post fishery (fall) in the other three areas. In contrast, trap catches 

of sublegal males and females tended to be similar in fished and closed areas. Catches of 

sublegal males increased in the fall (except in English Bay) whereas catches of females 

decreased considerably in the fall in all areas.  

 
Crab size (carapace notch width) determined from standardized traps 

Pre- and post fishery, male Dungeness crabs were significantly larger in Vancouver 

Harbour compared to English Bay (by 8.5, 15.5 mm) and fished areas, Burrard Inlet (by 

8.3, 20.8 mm) and Indian Arm (by 10.3, 18.4 mm; Fig 2-5a, Table 2-8). Although male 

size decreased slightly in Vancouver Harbour in the fall, size decreased considerably 

more in other areas, especially Burrard Inlet (English Bay = -8.6 mm, Burrard Inlet = -

14.0 mm, Indian Arm = -9.7 mm). Only in Vancouver Harbour was the mean size of 

males, both pre- and post fishery, greater than the minimum size limit. In general, there 

were more large male crabs in Vancouver Harbour, especially in the fall or post fishery 

when most large males had been removed from the other areas (Fig. 2-6a). 
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Figure 2-5. Size (carapace notch width (mm; mean ± SE)) of Dungeness crabs collected in 
standardized research traps in Burrard Inlet, 2009-13. Sampling occurred each year in April or 
May before the commercial fishery opened (Pre) and in October or November near the end of 
the commercial fishing season (Post). Areas closed to crab fishing include VH (Vancouver 
Harbour) and EB (English Bay). Areas open to crab fishing include IA (Indian Arm) and BI 
(Burrard Inlet). A = males, B = legal males, C = sublegal males, D = females. The dotted line 
in (A) indicates the minimum size limit (154 mm carapace notch width).  
 

A B 

C D 
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Table 2-8. Select OLS model parameters and statistical results for analyses of Dungeness crab size 
(carapace notch width) from standardized trap catches. Locations were compared to the fisheries 
closure, Vancouver Harbour. English Bay is a fisheries closure, Burrard Inlet and Indian Arm are 
fished areas. Statistical significance is p<0.05. Full model outputs are displayed in Appendix 3. 
 

Response Variable Predictor Adjusted R2 F Coefficient t-value p-value 
Male size  0.30 567.2    

 Intercept   164.9 530.23 0.00 
 English Bay   -8.7 -18.90 0.00 
 Burrard Inlet   -8.2 -21.85 0.00 
 Indian Arm   -10.2 -27.3 0.00 
 Fall season   -2.3 -7.55 0.00 
 EB × season   -6.2 -8.5 0.00 
 BI × season   -12.0 -21.89 0.00 
 IA × season   -8.0 -15.03 0.00 
       

Legal male size  0.07 50.55    
 Intercept   166.9 731.17 0.00 
 English Bay   -3.0 -7.51 0.00 
 Burrard Inlet   -1.9 -6.25 0.00 
 Indian Arm   -3.1 -9.81 0.00 
 Fall season   0.8 3.81 0.00 
 EB × season   -3.6 -3.61 0.00 
 BI × season   -5.1 -5.65 0.00 
 IA × season   -3.1 -5.06 0.00 
       

Sublegal male size  0.09 67.74    
 Intercept   147.7 318.89 0.00 
 English Bay   -0.4 -0.70 0.49 
 Burrard Inlet   -3.1 -6.23 0.00 
 Indian Arm   -4.0 -8.31 0.00 
 Fall season   -4.1 -8.55 0.00 
 EB × season   0.4 0.48 0.63 
 BI × season   -1.4 -2.23 0.03 
 IA × season   0.3 0.43 0.66 
       

Female size  0.05 20.17    
 Intercept   133.4 226.35 0.00 
 English Bay   1.8 3.03 0.00 
 Burrard Inlet   -0.4 -0.91 0.37 
 Indian Arm   -0.2 -0.44 0.66 
 Fall season   2.3 2.04 0.04 
 EB × season   -1.4 -0.85 0.40 
 BI × season   1.9 1.42 0.16 
 IA × season   -7.9 -6.12 0.00 
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Figure 2-6. Size frequency histograms of Dungeness crabs captured in standardized traps 
throughout the Burrard Inlet system, pre- and post commercial fishery, 2009-2013. A = males, B = 
legal males, C = sublegal males, D = females. VH = Vancouver Harbour, EB = English Bay, IA = 
Indian Arm, BI = Burrard Inlet. 
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Pre- and post fishery, legal male Dungeness crabs were significantly larger in Vancouver 

Harbour compared to English Bay (by 2.8, 6.5 mm) and fished areas, Burrard Inlet (by 

1.8, 7.1 mm) and Indian Arm (by 3.1, 5.9 mm) where legal males were similar in size 

(Fig 2-5b, Table 2-8). Legal males were, on average, 2.6 mm larger in Vancouver 

Harbour compared to other areas, pre-fishery. The size of legal males increased slightly 

in Vancouver Harbour in the fall; in contrast, size decreased significantly post fishery in 

other areas (English Bay = -2.6 mm, Burrard Inlet = -4.2 mm, Indian Arm = -1.7 mm). In 

general, a greater range in size of legal male crabs was captured in Vancouver Harbour 

compared to other areas, especially post fishery (Fig. 2-6b).  

 

Sublegal males were similar in size in Vancouver Harbour and English Bay, and 

significantly smaller in the two fished areas. Pre- and post fishery, sublegal males in the 

two fisheries closures were 3.4 and 4.1 mm larger than those in the two fished areas (Fig 

2-5c, Table 2-8). Crabs were significantly smaller in the fall compared to spring in all 

areas (-4.0 mm in Vancouver Harbour, English Bay, and Indian Arm, -5.2 mm in Burrard 

Inlet). In general, post fishery, there seemed to be fewer large and more small sublegal 

males in all areas resulting in a flattening of size frequency distributions (Fig. 2-6c). 

 

Females were slightly larger in English Bay (by 2.1 mm), and similar sized in Vancouver 

Harbour and the two fished areas (Fig. 2-5d; Table 2-8). Post fishery, females were 

slightly larger and of similar size in Vancouver Harbour, English Bay, and Burrard Inlet, 

and considerably smaller in Indian Arm where there were fewer large and more small 

individuals (Fig. 2-6d). 

 

In summary, males and legal males were larger in the closure, Vancouver Harbour, 

compared to other areas. Pre-fishery, males were 8.3-10.3 mm larger in Vancouver 

Harbour; post fishery they were even larger (15.5-20.8 mm). Pre-fishery, legal males 

were 1.8-3.1 mm larger in Vancouver Harbour; post fishery they were even larger (5.9-

7.1 mm). Sizes of males decreased, and legal males increased, between seasons in the 

closure; in contrast, sizes of these crab classes decreased considerably during the fall in 

the other three areas, especially Burrard Inlet. Pre- and post fishery, sublegal males were 
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3.4 and 4.1 mm larger in the two fisheries closures compared to fished areas. Sizes of 

sublegal males decreased in all areas in the fall, the most in Burrard Inlet (1.2 mm more 

than in other areas). Females were 2.1 mm larger in the closure, English Bay, and similar 

in size pre-fishery (spring) in the other three areas. Female size increased between 

seasons in the two closures and Burrard Inlet, but decreased in Indian Arm.   

 
Crab density determined from benthic ROV transects 

ROV transects were conducted in 2009 (March and October) and 2010 (February and 

October) in four areas throughout the Burrard Inlet system (Table 2-9).  

 

Table 2-9. Remotely Operated Vehicle (ROV) transect sampling effort in the Burrard 
Inlet system, 2009-10. Mean ± SD. 
 

Area No.  No. Transects Transect  Transect Area  
 Sites 2009 2010 Length (m) Covered (m2) 
  Spring Fall Spring Fall   

Van Harbour 9 4 4 6 6 189 ± 26 281 ± 52 
English Bay 8 4 4 4 4 226 ± 97 355 ± 142 
Indian Arm 10 4 4 6 5 199 ± 30 284 ± 54 
Burrard Inlet 10 4 4 6 6 211 ± 25 324 ± 64 

Total 37 16 16 22 21 205 ± 51 308 ± 85 
 
 

Thirty-seven locations were sampled. One location in English Bay crossed the border into 

Burrard Inlet and was removed from analysis. In 2009, 4 transects were swum in each 

area during the spring and fall (16 transects per season, 32 in total). In 2010, 4-6 transects 

were swum in each area (22 transects in February and 21 transects in October, 43 

transects in total). In total, 75 transects were swum in two years. Transects were 

approximately 205 m in length and covered 308 m2 of the seafloor. 

 

Similar to standardized trap catches of total crabs, the density of Dungeness crabs was 

significantly higher in Vancouver Harbour (OLS model: R2=0.451, F=11.01, n=73, df=5) 

during the spring (pre-fishery) and fall (post fishery) (0.04-0.16 crabs per m2) compared 

to English Bay (t=-5.569, p=0.000) and fished areas, Burrard Inlet (t=-6.073, p=0.000) 

and Indian Arm (t=-4.455, p=0.000) (0.004-0.05 crabs per m2; Fig. 2-7).  



73 
 

 
 
 

 
 
Figure 2-7. Dungeness crab densities per square meter (mean ± SE) estimated from 
Remotely Operated Vehicle (ROV) transects throughout the Burrard Inlet system, 2009-
10. Sampling occurred in the winter/spring before the commercial fishery opened (Pre) 
and in October near the end of the commercial fishing season (Post). Areas closed to crab 
fishing include VH (Vancouver Harbour) and EB (English Bay). Areas open to crab 
fishing include IA (Indian Arm) and BI (Burrard Inlet). 
 
 

Crab density was similar in spring and fall seasons (t=-1.581, p=0.118); this result was 

different from trap catches in which catches of total crabs decreased in the fall in all areas 

except Vancouver Harbour. Overall, one Dungeness crab was observed every 13 m2 in 

Vancouver Harbour, 81 m2 in English Bay, 32 m2 in Indian Arm, and 72 m2 in Burrard 

Inlet.  

 

Long-term (1993-2013) trends in legal male Dungeness crab CPUE 

A long-term standardized trap sampling program exists in Vancouver Harbour and Indian 

Arm. Significantly more legal male crabs were caught in traps in Vancouver Harbour 

during the spring (pre-fishery; z = -6.12, p = 0.000, strata = 4, sets = 26, design df = 22, 

number of obs = 2,103) and fall (post fishery; z = -25.93, p = 0.000, strata = 4, sets = 25, 

design df = 21, number of obs = 1,966) than in Indian Arm (Fig. 2-8). However, catch 

rates generally moved in a similar manner in Vancouver Harbour and Indian Arm with 

pre-fishery catches highest in 1994, 1999, and 2003. 
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Figure 2-8. Number of legal male Dungeness crabs (mean ± SE) collected in standardized 
research traps in Vancouver Harbour (A) and Indian Arm (B), 1993-2013. Sampling 
occurred each year before the commercial fishery opened (pre) and near/at the end of the 
commercial fishing season (post). Vancouver Harbour is closed and Indian Arm is open 
to crab fishing.  
 
 

A 

B 
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Post fishery catches of legal male crabs were generally lower than pre-fishery catches in 

both areas; however, this occurred 100% of the time in Indian Arm, but only 64% of the 

time in Vancouver Harbour. In other words, 36% of the time in Vancouver Harbour post 

fishery catches surpassed pre-fishery catches. This was especially obvious in 2009 when 

post fishery catches of legal males far exceeded pre-fishery catches. A much smaller 

decrease in post fishery catches was observed in 2009 in Indian Arm. 

 

Slightly negative trends for legal male CPUE estimates from 1994 to 2013 exist in 

Vancouver Harbour and Indian Arm; however, these trends were not statistically 

significant (Fig. 2-9). 
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Figure 2-9. Trend analysis for the annual mean CPUE of legal male Dungeness crabs 
captured per standardized trap during pre-fishery (spring) surveys in the closed area, 
Vancouver Harbour (VH), and the fished area, Indian Arm (IA), 1994-2013.  
 
 

Slopes of the coefficient Year were not significantly different from zero (Vancouver 

Harbour 95% CI = -0.56 and 0.03, F (1, 17) = 3.48, p = 0.079; Indian Arm 95% CI = -

0.22 and 0.003, F (1, 17) = 4.23, p = 0.055). There was no evidence of first order 

autocorrelation (Durbin-Watson d-statistic for Vancouver Harbour (2, 19) = 1.61>1.40 

and for Indian Arm (2, 19) = 1.68>1.40). Variability in trap catches was 2.4 times greater 

in Vancouver Harbour than Indian Arm.  
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Long-term (1993-2013) trends in sizes of legal male Dungeness crabs 

Legal males were significantly larger in Vancouver Harbour during the spring (pre-

fishery; z = -12.16, p = 0.000, strata = 4, sets = 28, design df = 24, number of obs = 

9,094) and fall (post fishery; z = -34.42, p = 0.000, strata = 4, sets = 25, design df = 21, 

number of obs = 6,037) than in Indian Arm (Fig. 2-10).  

 
Generally pre-fishery sizes changed in a similar manner over time in both areas. The 

biggest increase in size occurred 1997-99 in both areas and was followed by a decline for 

a couple of years starting in 2000. Legal male crabs were largest in 1999, 2004-05, and 

2010. 

 

Post fishery mean sizes of legal male crabs were generally smaller than pre-fishery sizes 

in both areas; however, this occurred 100% of the time in Indian Arm, but only 71% of 

the time in Vancouver Harbour (Fig. 8). In other words, 29% of the time in Vancouver 

Harbour post fishery mean crab size surpassed pre-fishery size, especially in 2009.   

2.3.4 Summary differences in trap CPUE and crab size in closed and fished areas 

Tables 2-10 and 2-11 highlight important differences in trap CPUE and crab size in 

closed and fished areas. The two tables can be similarly interpreted as follows, using 

Table 2-8 for examples. Considering CPUE of total crabs, on average 4.9 more crabs (1.7 

times) were caught per trap in Vancouver Harbour compared to Indian Arm, pre-fishery. 

Considering size of male crabs, they were, on average, 8.3 mm or 5.1 % larger in 

Vancouver Harbour compared to those in Burrard Inlet, pre-fishery. 

 

The crab population in Vancouver Harbour was different compared to English Bay and 

fished areas. Pre-fishery (spring) CPUE of total crabs (1.7-2.0 times), males (2.1-2.2 

times), and legal males (3.6-4.0 times), and crab density (2.6-10.4 times) were higher in 

Vancouver Harbour compared to English Bay and fished areas (Table 2-10). Males (5.4-

6.8%) and legal males (1.1-1.9%) were larger in Vancouver Harbour. Sublegal males 

were larger in both closures (1.9-2.7%) compared to fished areas.  
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Figure 2-10. Sizes of legal male Dungeness crabs (mean ± SE) collected in standardized 
research traps in Vancouver Harbour (A) and Indian Arm (B), 1993-2013. Sampling 
occurred each year before the commercial fishery opened (pre) and near/at the end of the 
commercial fishing season (post). Vancouver Harbour is closed and Indian Arm is open 
to crab fishing.  
 

A 

B 
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Table 2-10. Pre-fishery comparisons of different crab classes and parameters between closed and fished areas, and between closed 
areas. Comparisons utilize mean values calculated from five years of data collection. Table contains only statistically significant 
differences. CPUE is the number of crabs per trap. Density is the density of crabs per square meter as determined from ROV transects. 
Size is carapace notch width in millimeters. Closed areas are VH = Vancouver Harbour and EB = English Bay; fished areas are IA = 
Indian Arm and BI = Burrard Inlet. Legal males are shaded gray as they are targeted by the fishery. 
 

Crab Class Parameter Fished Areas VH vs. Fished Areas EB vs. Fished Areas VH vs. EB 
Total crabs CPUE IA 4.9 1.7 ×   5.2 1.8 × 
  BI 5.6 2.0 ×     
 Density IA 0.06 2.6 ×   0.09 10.4 × 
  BI 0.09 7.6 ×     
Males CPUE IA 4.8 2.2 ×   4.5 2.1 × 
  BI 4.9 2.2 ×     
 Size IA 10.3 6.4 %   8.5 5.5 % 
  BI 8.3 5.1 %     
Legal males CPUE IA 5.2 4.0 ×   5.1 3.8 × 
  BI 5.0 3.6 ×     
 Size IA 3.1 1.9 %   2.8 1.7 % 
  BI 1.8 1.1 %     
Sublegal males Size IA 3.9 2.7 % 3.4 2.4 %   
  BI 3.3 2.3 % 2.8 1.9 %   
Females Size IA   2.0 1.5 % -1.8 -1.3 % 
  BI   2.5 1.9 %   
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Table 2-11. Post fishery comparisons of different crab classes and parameters between closed and fished areas, and between closed 
areas. Comparisons utilize mean values calculated from five years of data collection. Table contains only statistically significant 
differences. CPUE is the number of crabs per trap. Density is the density of crabs per square meter as determined from ROV transects. 
Size is carapace notch width in millimeters. Closed areas are VH = Vancouver Harbour and EB = English Bay; fished areas are IA = 
Indian Arm and BI = Burrard Inlet. Legal males are shaded gray as they are targeted by the fishery. 
 

Crab Class Parameter Fished 
Areas 

VH vs. Fished Areas EB vs. Fished Areas VH vs. EB 

Total crabs CPUE IA 7.5 2.8 ×   8.9 4.4 × 
  BI 8.0 3.3 ×     
 Density IA 0.04 2.5 ×     
  BI 0.05 4.6 ×   0.05 3.9 × 
Males CPUE IA 8.0 3.4 ×   9.0 4.9 × 
  BI 8.4 3.9 ×     
 Size IA 18.4 11.5 %   15.5 10.7 % 
  BI 20.8 13.0 %     
Legal males CPUE IA 7.7 17.8 ×   7.8 27.8 × 
  BI 7.9 45.4 ×     
 Size IA 5.9 3.7 %   6.6 4.1 % 
   BI 7.1 4.4 %     
Sublegal males Size IA 3.9 2.8 % 3.7 2.7 %   
  BI 4.5 3.3 % 4.3 3.1 %   
Females Size IA   8.8 6.9 % -0.5 -0.4 % 
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Only in Vancouver Harbour was the population of legal males (target of fishery) different 

from other areas. English Bay was similar to fished areas. Five to 5.2 more legal males 

per trap were caught in Vancouver Harbour compared to other areas (Table 2-10, shaded 

gray). Legal males were 1.8-3.1 mm larger in Vancouver Harbour. In contrast, English 

Bay only differed from fished areas in terms of larger sublegal males and females; these 

crab classes are not targeted by the fishery and must be discarded.  

 

Post fishery (fall) there were even bigger differences between trap CPUE and crab size in 

Vancouver Harbour compared to English Bay and fished areas indicating only the 

harbour was spared from fishery impacts (Table 2-11). The exception was crab density as 

the difference between Vancouver Harbour and other areas was less pronounced post 

fishery (fall). 

2.3.5 Trends in relationships between trap CPUE and crab size in closed and fished 

areas 

Although crabs were always more abundant and larger in Vancouver Harbour compared 

to Indian Arm, in general CPUE and, especially, size moved in similar patterns in the two 

areas with peaks occurring in the same years (Fig. 2-11). However, CPUE and size did 

not necessarily peak in the same years in a particular area. In 1999 CPUE and size peaked 

in Vancouver Harbour and Indian Arm. In 2003, CPUE peaked in the two areas, but size 

did not peak until two years later in Vancouver Harbour and one year later in Indian Arm. 

In 2010, size peaked without any dramatic changes in CPUE in either area. In general, 

when the highest values in catch and size are considered, then peaks occurred in the two 

areas in 1994, 1999, 2003-05, and 2010, approximately every five years. 
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Figure 2-11. Trends in pre-fishery (spring) trap CPUE and sizes (carapace notch width 
mm) of legal male Dungeness crabs captured in standardized research traps in Vancouver 
Harbour (VH) and Indian Arm (IA), 1994-2013. Note no data were collected in 2002. 
 
 

2.3.6 Dungeness crab movement patterns and spillover from closed areas 

Tagging  

Two thousand nine hundred Dungeness crabs were tagged in the closed areas, Vancouver 

Harbour and English Bay, between 2008 and 2010 (Table 2-12).  

 

Table 2-12. Number of Dungeness crabs tagged in closed areas, Vancouver Harbour and 
English Bay, 2008-2010. LM = legal male, SLM = sublegal male, FEM = female. 
 
Year Month Vancouver Harbour  English Bay  Total 

  LM SLM FEM Total  LM SLM FEM Total   
2008 October 359 108 4 471  0 0 0 0  471 
2009 April 414 53 117 584  92 96 19 207  791 

 November 477 130 2 609  17 80 0 97  706 
2010 April 443 46 220 709  75 92 56 223  932 
Total  1693 337 343 2373  184 268 75 527  2900 
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• 86 tags (3% of tagged crabs) were returned, 45 tags (1.9%) originated in 

Vancouver Harbour, 41 tags (7.8%) originated in English Bay. 

• Tagged crabs were captured by the following groups:  

o commercial fishers (74 crabs; from 7 vessels, although the majority of tags 

were returned by 3 vessels),  

o DFO biologists (7 crabs),  

o recreational fishers (3 crabs),  

o fishing charter operators (2 crabs).  

• 80 crabs (93%; Table 2-13) were recaptured in fished areas, 4 crabs were tagged 

and recaptured in Vancouver Harbour (one was found dead on shore 314 days 

after being tagged), 1 crab was tagged and recaptured in English Bay, and 1 crab 

was tagged in Vancouver Harbour and recaptured in English Bay. Please note 

effort was much higher in fished areas. 

• 3 crabs (1 male, 2 females) presumably moulted while at large because they 

increased in size between captures. 

 

Generally a lower proportion of crabs tagged in Vancouver Harbour were caught in 

fished areas compared to crabs tagged in English Bay (Table 2-13).   

 
Table 2-13. Number and proportion of tagged Dungeness crabs caught in fished areas that 
were initially released in closed areas, Vancouver Harbour and English Bay. 
 
Location  Legal Males  Sublegals  Females  Total 
Released  No. %  No. %  No. %  No. % 
Van Har  37 2.2  2 0.6  1 0.3  40 1.7 
Eng Bay  27 14.7  10 3.7  3 4.0  40 7.6 

Total  64 3.4  12 2.0  4 1.0  80 2.8 
 

 

The proportion of legal male crabs tagged in Vancouver Harbour and English Bay and 

subsequently caught in fished areas was 2.2 and 14.7%, respectively. Legal male crabs 

tagged in Vancouver Harbour and English Bay were at large for approximately 7.9 ± 2.9 

and 2.5 ± 1.1 months, respectively, before being caught in fished areas (Table 2-14).  
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Table 2-14. Time-at-large and distance travelled (mean ± SD) for Dungeness crabs tagged and released in fisheries closures, 
Vancouver Harbour and English Bay. Fished areas include Burrard Inlet and Indian Arm. Range is 25 to 797 days-at-large and 244 to 
11,062 m. 
 

Closure 
Where Crabs 

Tagged 

Where 
Crabs 

Travelled 

Time-At-Large (Days)  Distance Travelled (m) 

  Legal Male Sublegal Female  Legal Male Sublegal Female 
Vancouver All Data 238 ± 88 

n=37 
252 ± 83 

n=2 
  5,831 ± 1,832 

n=37 
2,893 ± 1,636 

n=2 
 

Harbour To Burrard 
Inlet 

249 ± 83 
n=31 

   6,294 ± 1,536 
n=31 

  

 To Indian 
Arm 

193 ± 119 
n=2 

310 
n=1 

  4,685 ± 1,701 
n=2 

4,050 
n=1 

 

 Within 
Closure 

179 ± 108 
n=4 

193 
n=1 

  2,812 ± 707 
n=4 

1,736 
n=1 

 

English All Data 76 ± 34 
n=15 

115 ± 64 
n=4 

797 
n=1 

 2,730 ± 1,519 
n=15 

2,286 ± 1,899 
n=4 

10,850 
n=1 

Bay To Burrard 
Inlet 

76 ± 34 
n=15 

85 ± 22 
n=3 

797 
n=1 

 2,730 ± 1,519 
n=15 

2,967 ± 1,621 
n=3 

10,850 
n=1 

 Within 
Closure 

 207 
n=1 

   244 
n=1 
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Legal male crabs tagged in Vancouver Harbour and English Bay travelled approximately 

5.8 ± 1.8 and 2.7 ± 1.5 km, respectively, before being caught in fished areas (Fig. 2-12).  

 

The relationship between distance travelled and time was not linear (Fig. 2-13). 
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Figure 2-13. Relationship between distance travelled and days-at-large for tagged legal 
male Dungeness crabs that moved from closed (Vancouver Harbour and English Bay) 
into fished (Burrard Inlet and Indian Arm) areas.  
 
 

The model predicts the maximum distance legal male crabs travelled before being 

captured in fished areas was 6.8 km (95% CI 6.0 to 7.7 km) in 230 days. (Please note this 

does not take into account zig-zag / back-and-forth distances crabs may have travelled 

while tagged). 
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Figure 2-12. Vectors and distances tagged Dungeness crabs travelled from fisheries 
closures, Vancouver Harbour (A) and English Bay (B) until they were captured in traps.   
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Trap CPUE of old large male Dungeness crabs   

Old shell large legal males were a distinguishable component of the legal male catch. 

They were abundant in the Vancouver Harbour closure and very infrequently caught in 

fished areas where there was considerable variability in trap catches. Old large males in 

fished areas may have originated in the Vancouver Harbour closure as they were much 

more common there. Here only spring surveys were considered as the fishery removed 

most of the legal males by the time fall surveys occurred. Spring surveys occurred 5-6 

months after the fishery had been closed which would have provided an opportunity for 

old large male crabs to emigrate from Vancouver Harbour.  

 

In Burrard Inlet, there was a decreasing trend in the number of old large crabs captured in 

traps as distance increased from the Vancouver Harbour closure (Fig. 2-14).  

 

 
 
Figure 2-14. Catch per trap (mean ± SE) of old legal male Dungeness crabs at eight 
locations in Burrard Inlet sampled pre-fishery, 2009-2013. Distances were measured from 
the border of the Vancouver Harbour closure. 
 
 

Catches were significantly different at locations throughout Burrard Inlet during spring 

surveys (mixed effects negative binominal regression model, Wald statistic = 20.89, df = 

7, p = 0.0039). Set Hollyburn, located 1.7 km from the closure boundary, was 

significantly different from set West Van Lab (7.0 km from the closure; Wald test = 4.77, 

df = 1, p = 0.029) and set Spanish Banks 20 m (7.2 km from the closure; Wald test = 

3.95, df = 1, p = 0.047). Set Ferguson Point, also 1.7 km from the closure boundary, was 

significantly different from five sets 5.8 to 7.9 km from the boundary (Wald test = 4.98-
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9.49, df = 1, p = 0.027-0.002). Catches from three sets (Hollyburn, Ferguson Point, and 

Dundarave), all within 3.8 km from the Vancouver Harbour boundary, were similar 

meaning catches declined significantly at 5.8 km from the closure. The proportion of the 

legal male catch that was old crabs in the three similar sets closest to the closure 

boundary was 16% compared to 4.9% at locations further away. This suggests 

approximately 11.1% of the legal male crabs captured at locations in Burrard Inlet within 

approximately four kilometers of the closure may have been large old crabs originating 

from within the closure. 

 

The linear effect was significant (Fig. 2-14; contrasts of marginal linear predictions, Wald 

test = 11.29, df = 1, p = 0.0008) suggesting there was a steady decline in old large male 

crabs in Burrard Inlet as distance from the Vancouver Harbour closure boundary 

increased. The linear equation predicts trap catches at the border of the closure should be 

0.4 old legal male crabs per trap. No old large crabs should be found in traps 9.3 km from 

the closure.  

 

In Indian Arm, catches of old large male crabs were significantly different at various 

locations during spring surveys (mixed effects negative binominal regression model, 

Wald test = 45.20, df = 7, p = 0.000). Trap catches were significantly higher at set Dan 

George located 3.4 km from the entrance to Vancouver Harbour than six sampling 

locations further away (Wald test = 10.12-12.79, df = 1, p = 0.0015-0.0003; Fig. 2-15). 

Catches declined significantly at a distance of 4.9 km. 

 

The proportion of the legal male catch comprised of old crabs at the Dan George location 

was 18.3% compared to 3.4% at the other six locations. This suggests approximately 

14.9% of the legal male crabs captured in Indian Arm within approximately 3.5 km of the 

closure may have been old large crabs originating from the Vancouver Harbour closure. 
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Figure 2-15. Catch per trap (mean ± SE) of old legal male Dungeness crabs at seven 
locations in Indian Arm sampled pre-fishery, 2009-2013. Distances were measured from 
the Vancouver Harbour closure. 
 
 

In Indian Arm, the quadratic effect was significant (Fig. 2-15; contrasts of marginal linear 

predictions, Wald test = 8.15, df = 1, p = 0.0043) suggesting there was a rapid decline in 

old large crabs at a distance between 3.4 and 4.9 km from the closure boundary. The 

quadratic equation predicts trap catches at the border of the closure to Indian Arm should 

be 1.2 old legal male crabs per trap. No old large crabs should be found in traps 7.3 to 

10.5 km from the closure. Low numbers of old large crabs might be found at distances 

greater than 10.5 km. 

2.3.7 Benthic habitats and species in the Burrard Inlet system 

ROV transects were swum in the spring and fall of 2009 and 2010. In general, locations 

were sampled twice, during the spring and fall in either year. In Burrard Inlet, there were 

10 locations (6 in 28-7, 2 in 28-6, 2 in 28-9) where ROV transects were conducted. In 

English Bay, Vancouver Harbour, and Indian Arm there were 8, 9, and 10 locations, 

respectively.  

 

Dominant benthic substrates throughout the Burrard Inlet system are sand and mud (at 

least 90% of the substrate in transects; Table 2-15) and they appear to be relatively 

homogenous. Burrard Inlet had the highest proportion (55.1 ± 36.6) of mud. The 

prevalence of sand increased in Vancouver Harbour and Indian Arm.   



89 
 

Table 2-15. Proportions (mean ± SD) of dominant substrates along ROV transects 

determined from video image analyses in four areas in the Burrard Inlet system, 2009 and 

2010. 

 
Area Substrate >75% 51-75% 

Burrard Inlet Mud 55.1 ± 36.6  
 Sand 34.8 ± 33.2 0.3 ± 1.1 
 Gravel 0.3 ± 1.1 2.4 ± 7.6 
 Cobble 2.0 ± 6.2 4.9 ± 15.4 
 Boulders   
 Bedrock with Crevices 0.1 ± 0.4  
    

English Bay Mud 43.7 ± 15.5  
 Sand 54.9 ± 17.2 0.8 ± 2.2 
 Gravel   
 Cobble  0.1 ± 0.3 
 Boulders 0.1 ± 0.3  
 Bedrock with Crevices   
    

Vancouver H Mud 33.0 ± 21.8 0.3 ± 0.8 
 Sand 66.5 ± 21.7  
 Gravel   
 Cobble   
 Boulders   
 Bedrock with Crevices 0.2 ± 0.6  
    

Indian Arm Mud 33.6 ± 26.0 0.2 ± 0.6 
 Sand 60.9 ± 27.2 2.6 ± 4.2 
 Gravel 0.7 ± 2.2  
 Cobble  0.5 ± 1.0 
 Boulders  0.0 ± 0.1 
 Bedrock with Crevices 1.6 ± 3.9  
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Analysis of ROV video imagery determined pricklebacks, anemones (especially the Giant 

Plumose anemone), flatfish (soles and Starry flounder), Dungeness crabs, organic matter 

(especially in Vancouver Harbour and English Bay), and fish (perch-like fish and 

clingfish) were abundant throughout the Burrard Inlet system (Fig. 2-16, Table 2-16). The 

Orange sea pen (not English Bay; patchy with high numbers, hence the large variability 

in Fig. 2-16c, d) and sea stars (Pink Short-spined and Sunflower stars; not Vancouver 

Harbour) were abundant in three areas. Shrimp (mostly prawns; Vancouver Harbour and 

Indian Arm) and inanimate objects (English Bay and Vancouver Harbour) were abundant 

in two areas. The following were abundant in one particular area: sea cucumbers and sea 

whips (Burrard Inlet), nudibranchs and decapods (English Bay), Tanner crabs 

(Vancouver Harbour), and Squat lobsters (Indian Arm). 

 

By-catch captured in standardized crab traps 

By-catch was captured infrequently in research traps during spring and fall months, 2009 

and 2013. Overall, 55% of ground lines (each line held 10-12 traps) set throughout the 

Burrard Inlet system captured some type of by-catch. Ground lines in Burrard Inlet 

caught by-catch most often (61%); lines in Indian Arm caught by-catch least often (47%). 

Nineteen species (not including Dungeness crabs) were caught in traps throughout 

Burrard Inlet. By-catch included 9 fish (6 of which were flatfish), 1 shark, 4 crab, and 5 

sea star species (Table 2-17). Fifteen species were collected in Burrard Inlet, 10 species 

in English Bay and Vancouver Harbour, and 7 species in Indian Arm (Fig. 2-17). 
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Figure 2-16. Ten highest density (mean ± SE) benthic taxa in four areas of Burrard Inlet, 2009 
and 2010, as determined from ROV transects. A = Burrard Inlet, B = English Bay, C = 
Vancouver Harbour, D = Indian Arm. 
 
 

A B 

C D 
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Table 2-16. Benthic species observed in Burrard Inlet from ROV transects, spring and fall, 2009-2010. 
 

Phylum Class Order Family Scientific Name Common Name All Areas Burrard Inlet English Bay Vancouver H Indian Arm
Chordata Actinopterygii Gadiformes Gadidae Cod fish y y y

Perciformes Stichaeidae Pricklebacks y y y y y
Perch-like fish y y y y y

Pleuronectiformes Paralichthyidae Citharichthys sordidus Pacific sanddab y y y y y
Pleuronectidae Hippoglossoides elassodon Flathead sole y y y y y

Platichthys stellatus Starry flounder y y y y y
Psettichthys melanostictus Pacific sand sole y y y y y

Scorpaeniformes Agonidae Poachers y y y
Agonopsis vulsa Northern spearnose poacher y

Cottidae Sculpins y y
Chitonotus pugetensis Roughback sculpin y
Leptocottus armatus Pacific staghorn sculpin y

Sebastidae Sebastes maliger Quillback rockfish y
Elasmobranchii Squaliformes Squalidae Squalus acanthias Dogfish y

Arthropoda Malacostraca Decapoda Cancridae Cancer productus Red rock crab y y
Metacarcinus magister Dungeness crab y y y y y

Dendrobranchiata Shrimp y
Epialtidae Chorilia longipes Longhorn decorator crab y y y
Lithodidae Lopholithodes foraminatus Box crab y y
Munididae Munida quadrispina Squat lobster y y

Oregoniidae Chionoecetes bairdi Tanner crab y y y y y
Hyas lyratus Pacific lyre crab y

Paguridae Hermit crab y y y
Pandalidae Pandalus platyceros Prawn y y

Cnidaria Anthozoa Sea anemone y y y y y
Actiniaria Actiniidae Cribrinopsis fernaldi Fernald brooding anemone y y

Urticina Sea anemone y
Metridiidae Metridium farcimen Giant plumose anemone y y y y y

Ceriantharia Sea anemone y y
Pennatulacea Halipteridae Halipteris willemoesi Sea Whip y y y y y

Pennatulidae Ptilosarcus gurneyi Orange sea pen y y y y y
Zoantharia Epizoanthidae Epizoanthus scotinus Orange zoanthid y  
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Table 2-16 continued. Benthic species observed in Burrard Inlet from ROV transects, spring and fall, 2009-2010
Phylum Class Order Family Scientific Name Common Name All Areas Burrard Inlet English Bay Vancouver H Indian Arm

Echinodermata Asteroidea Forcipulatida Asteriidae Evasterias troschelii Mottled star y
Orthasterias koehleri Long-armed star y
Pisaster brevispinus Pink short-spined star y y y y y

Pycnopodiidae Pycnopodia helianthoides Sunflower star y y y y y
Paxillosida Luidiidae Luidia foliolata Sand star y y y
Spinulosida Echinasteridae Henricia Sea star y y
Valvatida Asteropseidae Dermasterias imbricata Leather star y

Goniasteridae Mediaster aequalis Vermillion star y
Solasteridae Crossaster papposus Rose star y y y

Solaster dawsoni Morning sun star y y
Solaster paxillatus Orange sun star y y
Solaster stimpsoni Striped sun star y y y

Velatida Pterasteridae Pteraster tesselatus Cushion star y y
Crinoidea Comatulida Antedonidae Florometra serratissima Feather star y y y
Echinoidea Camarodonta Strongylocentrotidae Sea urchin y

Holothuroidea Sea cucumber y y y
Aspidochirotida Stichopodidae Parastichopus californicus Giant sea cucumber y

Parastichopus leukothele Giant orange sea cucumber y
Dendrochirotida Cucumariidae Cucumaria piperata Peppered sea cucumber y

Psolidae Psolus chitinoides Creeping pedal sea cucumber y

Brachiopoda Lampshells y

Mollusca Gastropoda Nudibranchia Nudibranch y y y y y
Dendronotidae Dendronotus Nudibranch y

Dironidae Dirona Nudibranch y
Tritoniidae Tritonia diomedea Rosy tritonia y y

Annelida Polychaeta Tubeworms y y
Segmented worms y y

Porifera Sponge y y y
Demospongiae Demosponges y

Organic matter Organic matter y y y y y

Inanimate object Inaminate object y y y
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Table 2-17. By-catch (species other than Dungeness crabs) collected in standardized crab traps in Burrard Inlet, 2009-13. 
 

Order Family Scientific Name Common Name   
Gadiformes Gadidae Gadus macrocephalus Pacific cod 

Pleuronectiformes Paralichthyidae Citharichthys sordidus Pacific sanddab  
 Pleuronectidae Hippoglossoides elassodon Flathead sole  
  Lepidopsetta bilineata Southern rock sole  
  Lepidopsetta polyxystra Northern rock sole  
  Platichthys stellatus Starry flounder  
  Psettichthys melanostictus Pacific sand sole  

Scorpaeniformes Cottidae Leptocottus armatus Pacific staghorn sculpin  
  Myoxocephalus polyacanthocephalus Great sculpin  

Squaliformes Squalidae Squalus acanthias Dogfish  
      

Decapoda Cancridae Cancer gracilis Graceful rock crab 
  Cancer productus Red rock crab 
 Oregoniidae Chionoecetes bairdi Tanner crab 
  Oregonia gracilis Decorator crab 
    

Forcipulatida Asteriidae Pisaster brevispinus Pink short-spined star 
  Stylasterias forreri Fish-eating star 
 Pycnopodiidae Pycnopodia helianthoides Sunflower star 

Paxillosida Luidiidae Luidia foliolata Sand star 
Valvatida Asteropseidae Dermasterias imbricata Leather star 
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Figure 2-17. Standardized trap by-catch (species other than Dungeness crabs) in the Burrard 
Inlet system. Surveys were conducted during spring and fall months, 2009-13. A = Burrard 
Inlet, B = English Bay, C = Vancouver Harbour, D = Indian Arm. 

A 

D C 

B 
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The most abundant (numerically) by-catch in all areas, especially English Bay, was the 

Sunflower star. Red rock crabs were also collected in all areas. Sunflower stars and Red 

rock crabs were the two most abundant by-catch in Vancouver Harbour, Indian Arm, and 

English Bay. In addition to these two species, Starry flounders and Sand stars were also 

abundant by-catch in Burrard Inlet. Additional species caught in three of four areas were 

Pacific staghorn and Great sculpins (not English Bay) and Pacific sand dab and Sand sole 

(not Indian Arm). Starry flounder, Sand star, and Dogfish were only caught in Burrard 

Inlet and English Bay, the portion of the inlet system open to the Strait of Georgia. 

Leather stars were only caught in Indian Arm. 

 

Abiotic variables in the Burrard Inlet system 

A sonde attached to the ROV on October 8-11, 2010 collected 185-213 depth, 

temperature, salinity, and dissolved oxygen measurements just above the seafloor along 

six transects in each of the four areas. Mean ROV depth was most shallow in English Bay 

(14 m, with little variability) and deepest in Burrard Inlet (39 m) and Indian Arm (38 m) 

where depths were quite variable (Fig. 2-18). Water temperature increased by 1.5°C from 

Burrard Inlet (9.9°C) to Indian Arm (11.4°C). In contrast, salinity decreased by 3.25 ppt 

from Burrard Inlet (30.29 ppt) to Indian Arm (27.04 ppt). Dissolved oxygen increased 

steadily from Burrard Inlet (4.5 mg/L) and peaked in Vancouver Harbour (5.7 mg/L), and 

then decreased slightly in Indian Arm (5.5 mg/L). DO measurements were most variable 

in Indian Arm and, to a lesser extent, Burrard Inlet. 
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Figure 2-18. Depth, temperature, salinity, and dissolved oxygen (mean ± SD) on bottom 
in four areas throughout the Burrard Inlet system, listed in order from inlet entrance (BI) 
to furthest inland (Indian Arm; IA).  
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2.3.8 Commercial landings from fisheries closures 

As a condition of license, commercial fishers are obliged to fill out logbooks and record 

estimates of their daily catches of retained product (legal male crabs). Analyses of 

commercial logbook landings data from 1990 to 2013 show occasional landings from 

inside closed areas, and these are reported here. It is important to note, however, these 

landings may not necessarily have been from inside closed areas, but rather from along 

their borders—fishing coordinates may have been incorrectly reported and the database 

automatically assigned them to adjacent subareas inside closed areas. 

 

In Vancouver Harbour, the biggest annual catches occurred in 1991 (28,523 kg), 1994 

(38,991 kg), and 1995 (9,349 kg); these three years accounted for 91% of the total catch 

for the 24 year period. Very little fishing has been reported in the harbour since 1995. 

Five vessels fished in the harbour in 1991, one vessel in 1992 (the year the harbour was 

closed), no vessels in 1993; however, four vessels reported landings in 1994. At most, 

two vessels reported landings during any particular year after 1994—normally it was no 

vessels or perhaps one. No landings were reported in 15 of 24 years (63% of the time). 

Crab biomass and numbers landed in Vancouver Harbour for the 24 year period was 

8.9% of that reported in Indian Arm, and 4.8% of that reported in Burrard Inlet. 

 

In English Bay, the biggest annual catches occurred in 1996 (11,836 kg), 1997 (10,840 

kg), and 2001 (12,428 kg); these three years accounted for 74% of the total catch for the 

24 year period. Very little fishing has been reported in English Bay since 2001 with the 

exception of 2010 (6,399 kg) and, to a lesser extent, 2011 (2,286 kg). At most two boats 

reported landings from the closure during a particular year. No landings were reported in 

8 of 24 years (33% of the time).  Crab biomass and numbers landed in English Bay for 

the 24 year period was 5.1% of that reported in Indian Arm, and 2.8% of that reported in 

Burrard Inlet. 
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2.4 Discussion 

The commercial Dungeness crab fishery in Crab Management Area I and the Burrard 

Inlet system is closed December 1 to June 14 to protect vulnerable soft shell males. Pre-

fishery standardized trap surveys occurred five or six months into seasonal closures after 

spring male moulting periods. Approximately twice as many males were caught in traps 

in Vancouver Harbour compared to fished areas. Males were, on average, 5-7% larger in 

the closure. Higher catches of males were due to there being nearly four times the number 

of legal males, and these were 1-2% larger than those in fished areas. These findings 

were corroborated by benthic video transects whereby the highest density of crabs was 

observed in Vancouver Harbour. Sublegal male and female (discards not targeted by the 

fishery) trap catch rates were similar in closed and fished areas.  

 

The commercial fishery was open 5.5 months each year. Most large male crabs are 

removed by the fleet within two months after the June opening (Zhang et al. 2002). Post 

fishery standardized trap surveys were conducted in October or November at least 4.5 

months after the fishery opened; by this time some vessels had already stopped fishing as 

catches had declined substantially. Trap catches and sizes of male and legal male crabs 

were considerably different in Vancouver Harbour compared to fished areas at the end of 

fishing seasons. There were three to four times the number of males, and males were 13-

15% larger in Vancouver Harbour. Catches of legal males were 18-45 times higher, and 

they were approximately 4% larger in the harbour. Only in Vancouver Harbour was the 

mean size of males consistently greater than the minimum size limit.  

 

Dungeness crab populations in the two fisheries closures, Vancouver Harbour and 

English Bay, were considerably different. Pre-fishery, trap catches of male crabs were 

twice as high, and males were 5.5% larger in Vancouver Harbour compared to English 

Bay. Nearly four times the number of legal males was caught in the harbour, and these 

crabs were 1.7% bigger. Post fishery, trap catches of male crabs were about five times as 

high, and males were 11% larger in Vancouver Harbour compared to English Bay. 
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Nearly 28 times the number of legal males was caught in Vancouver Harbour, and these 

crabs were 4% larger.  

 

In the English Bay closure, abundances of total crabs, males, and legal males were 

similar to the adjacent fished area, Burrard Inlet, evident from both trap catches and video 

transects. Males and legal males were smaller in English Bay too, similar to fished areas. 

CPUE and size generally decreased in the fall (post fishery) similar to fished areas, 

suggesting the fishery was impacting all these areas including the closure. Only sublegal 

male and female size were larger (by 1-2%) in English Bay compared to fished areas, but 

these crab classes are not targeted by the fishery.  

 

Only the Vancouver Harbour fisheries closure appears to protect Dungeness crabs from 

fishing pressure which targets large male crabs. Greater abundances, and larger sizes, of 

male and legal male crabs were present in the harbour and, importantly, these measures 

either remained stable or increased at the end of fishing seasons. Also, total crab 

abundance and sublegal male size were higher/larger in the closure compared to fished 

areas. In contrast, in the English Bay closure and nearby fished areas, catches and mean 

sizes of males and legal males were lower and decreased post fishery, likely a 

consequence of fewer large males in these areas.  

 

Reasons why the Vancouver Harbour fisheries closure is effective at protecting 

Dungeness crab populations and the English Bay closure is not may have to do with 

closure size, distance to fished boundaries, length of shared boundaries, and enforcement. 

Vancouver Harbour is 1.8 times the size of the English Bay closure. Closure size should 

be based on adult neighborhood scales to ensure some adults remain protected during 

their adult life stage (Palumbi 2004). Male Dungeness crabs move generally less than 20 

km (Hildenbrand et al. 2011) or 10 km (Smith and Jamieson 1991). In 7.5 months males 

travelled 4.5 km (Lehman 1970) or in one month 1 to 2 km (Alexander et al. 2004). 

Breen (1985) reported tagged crabs on the Fraser River delta moved on average 0.09-0.13 

km per day with little directionality. Females travel even less distance than males; they 

may move 14 km (Smith and Jamieson 1991) or more often less than 5 km (Stone and 
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O’Clair 2002, Diamond and Hankin 1985, Lehman 1970). Dungeness crabs can move 

considerable distances quickly if motivated by hunger; unfed crabs covered distances up 

to 1.3 km during the first six hours after release (Bernatis et al. 2007). Results from the 

tagging program indicate Vancouver Harbour retained crabs more effectively than 

English Bay. For example, a lower proportion of tagged crabs from Vancouver Harbour 

were caught in fished areas compared to tagged crabs from English Bay. Legal male 

crabs originating in English Bay were seven times more likely to get caught in a fished 

area than legal crabs from Vancouver Harbour. Tagged legal male crabs in Vancouver 

Harbour were at large 3.2 times longer than those in English Bay and travelled 2.1 times 

further before they were captured. In Vancouver Harbour, a crab travelling from the 

center of the harbour to either boundary would have to move approximately 4.3 km. In 

contrast, the shortest distance from the middle of English Bay to the Burrard Inlet border 

is approximately 1.1 km. Therefore, in order to leave Vancouver Harbour, a crab must 

travel nearly four times the distance or 3.2 km further than a crab in English Bay. 

Consequently, crabs in Vancouver Harbour would be retained longer inside the closure 

compared to those in English Bay. 

 

Closure size alone may not be sufficient because a closure could be large (in terms of 

area), but if it is long and narrow too many crabs might move beyond boundaries into 

fished areas and be captured. Instead, a crucial variable when considering closure size for 

Dungeness crabs is the minimum distance to fished boundaries. Based on sizes and 

effectiveness of the two crab closures in this study, I propose the minimum distance from 

the center to the nearest fished boundary should be greater than 1.1 km and probably 

closer to 4.3 km if there are no existing barriers to crab movements. Kay and Wilson 

(2012) suggested that reasonable estimates of natural mortality that were not influenced 

by the fishery for female spiny lobsters (Panulirus interruptus) needed to be obtained 

from locations at least 2 km inside reserve borders.  

 

A circle is the most efficient shape that minimizes size and boundary length given a 

minimum distance from the center to edge. However, closures with straight boundaries 

are easier to enforce because straight boundaries can be delineated by lines of latitude and 
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longitude, and are consequently more easily identified by user groups (Meester et al. 

2004). For this reason a square or rectangle design may be more desirable even though its 

area will be larger and it will have a longer shared boundary than a circle design. A 

square-shaped crab closure with a minimum distance of 4.3 km from the center to edges 

would be 74 km2. Effective closures might be smaller if, for example, fishing does not 

occur everywhere along the boundary, like in Vancouver Harbour where two sides are 

land, or there exits natural barriers to crab movements. The preferred size for MPAs in 

the California network is 45-100 km2 (CDFG 2007). MPAs in Florida for mobile fish are 

16 and 24 km2 and have sustained spillover to local recreational fisheries (Gell and 

Roberts 2003).  

 

Although Vancouver Harbour is larger than English Bay, the length of border it shares 

with fished areas is 29% of the length of border English Bay shares with Burrard Inlet (in 

other words the shared border in English Bay is 3.4 times longer). The ratio of edge 

habitat versus core interior habitat is important because edges can be extensively fished 

and therefore do not offer the same refuge to species as core interior protected areas do 

(Willis et al. 2003). Effort concentration along MPA edges is a factor affecting MPA 

effectiveness (in small MPAs: Walters et al. 2007) or modulating population responses to 

protection (Pande et al. 2008). The more edge a reserve has, the faster it will export or 

spillover, relative to the total protected area (Roberts et al. 2001). 

 

The amount of removals of Dungeness crabs from Vancouver Harbour and English Bay 

by the commercial fishery is likely far less than what has occurred in nearby fished areas. 

Since 1990, commercial logbook landings indicate crab removals from the two closed 

areas have been less than 9% of what has been reported harvested in fished areas. More 

crabs (approximately 1.7 times) have been removed from Vancouver Harbour compared 

to English Bay. The amount of illegal fishing (poaching) in Vancouver Harbour and 

English Bay is unknown, but is probably lower in Vancouver Harbour because the Port 

Authority patrols the harbour. Unfortunately, poaching has occurred in Vancouver 

Harbour. In July 2013 one commercial vessel was caught fishing at night using sunken 

gear. Anecdotal reports suggest the vessel may have fished in the harbour for several 
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months before being caught, and also fished there in previous years, which suggests the 

harbour may not be as effectively patrolled as I once believed. So far approximately 58 

commercial traps have been found ghost fishing throughout the harbour (K. Greene pers. 

comm. 2014). First Nations have been reported to fish crabs off the docks at Mosquito 

Creek Marina; their highly localized efforts are unknown, but presumed to be low. 

 

Unlike Vancouver Harbour, the Port Authority does not patrol the English Bay closure so 

poaching may occur there more often as it is an area with high recreational vessel traffic 

moving in and out of a nearby protected harbour. Commercial fishers have told us there is 

recreation and First Nation fishing within the boundary. On several occasions I have 

observed unmarked floats in the closure during surveys that likely were crab gear. Shears 

et al. (2006) reported no change in legal size spiny lobster (Jasus edwardsii) densities in a 

partially protected marine park versus a no take area which experienced large increases in 

abundance and biomass. The authors concluded recreational fishing in MPAs for lobster 

has little benefit to exploited populations. There is also evidence recreational fishing for 

finfish can be as much or even more deleterious than commercial fishing and that partial 

closures sometimes are ineffective as conservation tools (Denny and Babcock 2004, 

Westera et al. 2003).  

 

Edgar et al. (2014) identified five key features of MPAs that conferred the greatest 

conservation benefits: no-take regulations, efficient and effective enforcement, old age (> 

10 years), large area (>100 km2), and isolation. If MPAs had only one or two of the key 

features then they were not distinguishable from fished locations. Both Vancouver 

Harbour and English Bay are closed to all fishing sectors (i.e., no-take) and long-term 

closures. Neither, however, contain crab habitat isolated by natural barriers. Arguably 

Vancouver Harbour has more effective enforcement (and therefore is truly no [or low] 

take) and is sufficiently large to retain some adult crabs for significant portions of their 

lifetimes. Therefore, Vancouver Harbour is an effective closure because it has four of the 

five key criteria. In contrast, English Bay may only have one or two of the criteria. Being 

small in size and not isolated, and with potentially ineffective enforcement (which means 
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it is also not no take), the English Bay fisheries closure offers little protection to crabs 

within its boundaries even though the closure has existed for quite some time.  

 

Differences in abundance and size of Dungeness crabs in Vancouver Harbour compared 

to other areas are a consequence of much lower fishing pressure rather than habitat 

differences for the following reasons:  

• Closed and fished areas are located in the same inlet system. Benthic habitats are 

similar throughout and likely influenced by the same environmental processes.  

• Similar abundances of sublegal male and female Dungeness crabs throughout the 

Burrard Inlet system suggest closed and fished areas are comparable in terms of 

suitable crab habitat.  

• Similar and continuous crab habitat exists outside the fisheries closures and 

throughout the Burrard Inlet system. ROV surveys revealed mud and sand were 

dominant substrates throughout. Unfortunately poor visibility in the ROV imagery 

sometimes made it difficult to discern mud from sand and vice versa (a drawback 

of only using ROVs for gathering benthic habitat data). Ground line anchors in 

Burrard Inlet and English Bay were sometimes retrieved with mud/clay stuck to 

them suggesting mud was prevalent in these areas. Levings et al. (2003) reported 

Burrard Inlet sediments ranged from fine mud to course gravel and cobble.  

• Trends in abundance and size of legal males in Vancouver Harbour and Indian 

Arm have generally moved in a similar manner over time suggesting the same 

large-scale environmental processes have been influencing crab populations in 

these two areas, and likely throughout the Burrard Inlet system.  

• Many of the same species were observed in closed and fished areas: fish 

(pricklebacks, perch-like fish, sculpins), flatfish (Sand dabs, soles, flounders), 

crabs (Dungeness, Red Rock, Inshore Tanner), anemones, sea whips, sea pens, 

sea stars (Pink Short-spined, Sand, Sunflower), prawns, sea cucumbers, and squat 

lobsters. Demersal or benthic fish communities identified from previous studies 

include Surf smelt (Hypomesus pretiosus), Pink shrimp (Pandalus borealis eous; 

Butler 1980), English sole, Flathead sole, and Slender sole (the dominant flatfish 

species caught in trawls in 1967 (Levings 1973), 1985-86 (Goyette and Thomas 
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1987), and 1995 (Puget Sound/Georgia Basin 1996)). The Black Bellied eelpout 

(Lycodopsis pacifica) was one of the most abundant fish in outer Burrard Inlet 

(Levings 1969). Ellis (1969) described 18 species of polychaetes as the 

“ecologically significant” species in benthic communities in outer Burrard Inlet. 

• Sampling occurred in closed and fished areas at the same time of year, and the 

same locations were sampled over time to minimize variability between locations. 

Trap CPUE is assumed to be is a suitable index of crab abundance or density. 

Factors that can bias CPUE and size-frequency estimates for Dungeness crabs are 

trap soak-time, freshness of bait, trap design, and agonistic interactions among 

conspecifics inside and at the entrance of traps. These biases can be minimized by 

measuring CPUE using standardized fishing gear and short soak times (Smith and 

Jamieson 1989). I standardized the trap sampling by using the same type and size 

of trap, the same type and amount of bait, and consistent short soak times (24 

hours). Taggart et al. (2004a) support using traps rather than dive surveys for 

sampling Dungeness crabs; they found traps had higher power than dive transects 

due to lower variance among traps. Traps work by attracting crabs with a bait 

plume, thus the area and number of crabs sampled is larger with traps than with 

dive transects and the variance with traps is lower. I conducted ROV surveys to 

obtain crab density estimates with hopes they would corroborate trap sampling 

results. Indeed they did—Vancouver Harbour had the highest density of crabs and 

highest trap catch rates, significantly more than other areas.  

 

In terms of depth, English Bay was the shallowest area and perhaps this characteristic 

makes crab habitat there less desirable compared to other areas that had considerably 

more variation in depth. However, Vancouver Harbour was shallower than the two fished 

areas. Water temperature and dissolved oxygen increased, and salinity decreased, as one 

moved inland from outer Burrard Inlet. Measurements for Vancouver Harbour were 

usually in the middle compared to the two fished areas. Summer bottom temperatures in 

1966 were 10-11°C (Levings et al. 2003), similar to what I reported in this study. These 

authors also reported bottom salinity decreased from the outer inlet to more inland areas. 

Laboratory and field experiments have shown Dungeness crabs prefer habits with  
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approximately 40–80% oxygen saturation, although they can feed in severe hypoxia 

(Bernatis et al. 2007). In the Burrard Inlet system, oxygen saturation ranged from 48% 

(Burrard Inlet) to 61% (Vancouver Harbour), well within the preferred oxygen tension 

range. Previous research in the inlet has shown oxygen levels well above those that 

would impair marine organisms (Stockner and Cliff 1979, Waldichuk 1965). However, 

Indian Arm is similar to many silled fjords in BC where bottom water can naturally be 

low in dissolved oxygen (Pickard and Stanton 1980).  

 

Vancouver Harbour was closed to crab fishing in 1992 which is approximately three crab 

generations ago (Dungeness crabs are believed to live 6-8 years; Butler 1961). Analyses 

of time series trap catch data revealed there have been consistently higher catches of legal 

males in Vancouver Harbour, and crabs there have been larger compared to those in 

Indian Arm. Nevertheless, trends in abundance and size have generally moved in a 

similar manner in the two areas over time, with peaks occurring approximately every five 

years. This suggests the same large-scale environmental processes have been influencing 

crab populations in these two areas and likely throughout the Burrard Inlet system. 

Overall, general trends in legal male trap catches were similar in Vancouver Harbour and 

Indian Arm; they have essentially remained flat since the early 1990s. This is different 

from what Taggart et al. (2004) observed when Glacier Bay (in Alaska) was closed to 

commercial crab fishing. There the number and size of legal male Dungeness crabs in the 

closure increased dramatically in three years, and continued to increase years afterward. 

In control (fished) locations, there was not a large shift in the size-abundance distribution 

of male crabs. In Vancouver Harbour, five vessels reported landings in 1991, and one in 

1992—commercial effort may have already been low in the harbour before it was closed 

to fishing possibly due to contamination concerns or gear/vessel conflicts. Consequently, 

an immediate large scale reduction in fishing effort might not have occurred when the 

closure took effect, as what happened in Glacier Bay. In addition, commercial effort in 

Indian Arm is normally only two or three vessels; therefore, fishing impacts are likely to 

be less pronounced there than in most areas on the coast. Another reason for rapid 

recovery in a reserve may be related to the presence of many juveniles. Freeman et al. 

(2012) suggested reserves that supported high densities of juvenile spiny lobsters (Jasus 
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edwardsii) at the time of their establishment tended to have more rapid recovery than 

reserves that initially had lower densities of juveniles. Rapid recovery may also be the 

result of migration into a reserve in response to fishery disturbance, as Eggleston and 

Parsons (2008) reported for Caribbean spiny lobsters (Panulirus argus). 

 

During the past 20 years, post fishery (fall) trap catches and sizes of legal male crabs 

have often been smaller than those observed pre-fishery (spring), but not always in 

Vancouver Harbour. This was especially evident in 2009 when fall catches and sizes far 

exceeded results from the spring survey. Male crabs in BC normally moult during the 

winter/spring months; these are local crabs that had settled in late summer as megalopae. 

During those special years when there have been additional summer moults, as what 

occurred in 2009 throughout the south coast of BC (Waddell et al. 2016), another cohort 

that originated from offshore coastal waters was likely swept into the Strait of Georgia by 

ocean currents and the megalopae settled in the early summer months. This is why these 

crabs moult at the same time as American crabs and are larger than their local 

counterparts. This phenomenon seems to occasionally occur throughout large marine 

areas; however, it is more readily observable in an effective closure like Vancouver 

Harbour instead of fished areas where fishery removals would mask this unusual 

phenomenon. 

 

Harding and Reynolds (2014) reported there were more Dungeness crabs in larger 

estuaries meaning crab abundance is influenced by habitat size. Vancouver Harbour is the 

smallest (13.2%) of the three habitats in the Burrard Inlet system, assuming English Bay 

is a continuous part of outer Burrard Inlet. The authors also reported the largest 

Dungeness crabs were found in estuaries below the largest watersheds, meaning crab size 

is affected by the magnitude of terrestrial resource influx. In their study this included 

salmon density and riparian tree composition (especially nitrogen fixing red alder, Alnus 

rubra). Vancouver Harbour, at the heart of downtown Vancouver, is very industrialized 

and nutrient inputs from human activities into the harbour could, in theory, positively 

affect crab size. However, such nutrients would likely affect all crabs and not selectively 
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only legal males; sublegal males were similarly large in English Bay, and females there 

were bigger than those in Vancouver Harbour.  

 

Continuous crab habitat outside fisheries closures enhances spillover effects (Carr et al. 

2003). Maximum tidal currents in and out of Vancouver Harbour can range up to 11 

kilometers per hour (Levings et al. 2003) with currents at depth as high as 1.5 meters per 

second (Isachsen and Pond 2000). No doubt crabs move in and out through the narrow 

openings to the harbour assisted by currents. Several commercial fishers (approximately 

three vessels) intentionally set their gear at specific locations near the two entrances to 

Vancouver Harbour to catch “harbour crabs”—large males with old shells. Crabs moving 

out of Vancouver Harbour into Burrard Inlet probably disperse once entering the inlet. 

Legal males moved 0.8 ± 1.3 km (mean ± SD, max 5.0 km) from the boundary of 

Vancouver Harbour into Burrard Inlet before they were captured by commercial fishers. 

Eighty-four percent of the legal males that entered Burrard Inlet from Vancouver Harbour 

were captured within several hundred meters of the border. Legal males moved 1.2 ± 1.3 

km (mean ± SD, max 4.6 km) from the boundary of English Bay into Burrard Inlet before 

they were captured. In Indian Arm old large male crabs were concentrated where the 

channel leading out from Vancouver Harbour widens into a gently sloping soft bottom 

area which may serve as a natural catchment for harbour crabs where there is good 

habitat and slower currents. Legal males moved 0.9 ± 0.08 km (mean ± SD, max 1.0 km) 

from the boundary of Vancouver Harbour into Indian Arm before they were captured. 

Similarly, Goni et al. (2010) reported 95% of spiny lobsters leaving the Columbretes 

Islands Marine Reserve were caught within 1 km of the boundary.  

 

Intense fishing may limit the range of movements of large male crabs outside closed 

areas and this could have implications for the distribution of a particular population. Old 

large males were more prevalent at locations closest to the Vancouver Harbour border. In 

Burrard Inlet there were few old legal males at a distance greater than 5.8 km from 

Vancouver Harbour and the model predicted none at 9.3 km. In Indian Arm there were 

fewer old males 4.9 km away from the closed area and few to none more than 7.3 km 

away. Intense commercial fishing appears to restrict movements of old large male crabs 
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to a maximum of 6 or 8 km once they leave the fisheries closures as the likelihood of 

being captured is high.  

 

Unfortunately, without multiple replicates of closures and fished areas differences in crab 

populations in closed and fished area cannot be reliably attributed to a fishery effect. This 

is the challenge with these kinds of large-scale natural studies where sufficient replicates 

are virtually impossible to find. Nevertheless, I believe the unique study design whereby 

crab habitats in closed and fished areas are located close together in the same inlet 

system, and a standardized sampling approach, make it reasonable to conclude that 

statistical differences in crab biological characteristics in closed and fished areas are a 

consequence of fishing pressure rather than differences in benthic habitats. Similar 

substrates and biota were observed throughout the Burrard Inlet system in video imagery 

and trap by-catch. Abiotic measurements collected in all areas suggest benthic habitats 

have similar environmental parameters. The closed area, Vancouver Harbour, and the 

fished area, Indian Arm, seemed to be similarly influenced by environmental processes, 

as reflected in long-term trends of legal male CPUE and size. Key to my assertion that 

Vancouver Harbour is an effective fisheries closure that protects Dungeness crabs from 

fishery impacts is abundance and size of large (legal) males, the target of the fishery, 

were considerably higher/larger in the closure compared to other areas, and these 

measures remained stable pre- and post-fishery instead of decreasing post fishery as they 

did in other areas, most likely a consequence of large crabs being removed by the fishery. 

Not surprising, too, is abundances of small (sublegal) males and females—those crabs 

that must be discarded unharmed—were similar in closed and fished areas. This evidence 

suggests fishing pressure is a significant stressor impacting Dungeness crab populations 

in the Burrard Inlet system. Impacts from fishing activities can be mitigated using 

effective fisheries closures. 

2.5 An Approach for Evaluating the Effectiveness of Benthic Invertebrate Closures 

In Canada, fisheries closures are a flexible management tool that can be implemented for 

a variety of reasons. Fisheries closures may incidentally protect particular species even 

though such protection was not the primary purpose of the closure. When evaluating crab 



110 
 

or other benthic invertebrate fisheries closures in terms of their effectiveness at protecting 

particular species from fishery impacts, one may wish to consider the following: 

 

A) Sampling Design 

• Unfished populations should be compared to exploited populations. Ideally there 

should be sufficient replication to statistically determine whether there are fishery 

effects. However, this is often not possible when conducting research in large, 

natural environments.   

• Unfished populations should be located as near as possible to the exploited 

populations used for comparison. Areas and populations under scrutiny should be 

part of the same local system so they are all influenced by the same environmental 

processes. This will help minimize habitat differences between closed and fished 

areas making it more straightforward to isolate fishery effects.   

• A sampling schedule should consider:  

1) timing of key fishing activities (e.g. season opening/closing)  

2) biology of the target species to ensure optimal catch rates. Seasonal 

catchability issues should be avoided.  

• Sampling should occur in all areas at generally the same time. 

• Sampling the same locations repeatedly (fixed station design) may help minimize 

variability between locations. 

• To deal with considerable intra- and inter-annual variability inherent to fisheries 

data, sampling should occur for a minimum 3-5 years and, if possible, over a time 

frame at least three generations of the target species.  

 

B) Data Collection and Sampling Gear 

• Biological information:  

o Identify ‘classes’ or categories of the target species that have been defined 

biologically (e.g. sex) or by management measures (e.g. size limit). The 

focus should not only be on the target species, but also the specific ‘class’ 

targeted by the fishery. 
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o Sex, size, age (to identify older individuals), and abundance (CPUE, 

density) of the target species.  

o Use standardized sampling gear to capture individuals for examination. It 

is important to understand any gear limitations. Visual survey methods 

(ROV, SCUBA) can be used to collect abundance data. 

• Adult movements: 

o Knowing the spatial extent of adult movements is important for 

determining appropriate closure size.  

o Immigration into the closure and/or spillover into fished areas may be of 

interest. 

o Individuals can be tagged in the closure and fished areas. Tag returns will 

likely be considerably higher from fished areas because of greater fishing 

effort there. 

• Benthic habitat information: 

o Substrates and associated fauna.  

o Substrates and epifauna can be identified using visual survey methods. 

By-catch in standardized sampling gear provides opportunities to examine 

select epifaunal species. It is sometimes challenging to identify substrates 

from video imagery in low visibility environments. Benthic grabs are 

useful for collecting substrate samples and infauna.   

o Depth, temperature, salinity, and dissolved oxygen can be collected using 

a Conductivity, Temperature, and Depth (CTD) probe. 

• Fisheries closure information:  

o Size of area protected,  

o Time since the closure was implemented,  

o Protection measures,  

o Harvest history,  

o Enforcement infractions. 

 

C) Metrics for Analyses 

• The species and specifically the class targeted by the fishery.  
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• Target species classes that are not harvested by the fishery.  

• Abundance and size. 

• Spatial extent of adult movements and distances to fished boundaries. 

• Habitat variables. 

 

D) Characteristics of effective closures 

• Low spillover: 

o Sufficiently large area that retains most adults for their adult life stage. 

Distance to fished boundaries in the closure is an important consideration 

of appropriate size. 

o Minimal lengths of shared boundaries between closed and fished areas 

(ratio of edge habitat vs. core interior). 

• Effective enforcement to maximize compliance and ensure protected areas are 

truly no-take. 

 

E) Evidence of effectiveness 

• The species and class targeted by the fishery should have higher abundance and 

possibly may be larger in the closure during all seasons. Abundance and size 

should remain stable or increase post vs. pre-fishery rather than decrease.  

• Species and classes not targeted by the fishery could have similar measures of 

abundance and size in closed and fished areas. Such measures may change 

between seasons, but any changes should be consistent in all areas. 
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Chapter 3 

Evaluating the effectiveness of fishery management measures in conserving Dungeness 

crab populations using a fisheries closure as a baseline reference area 

 

Abstract 

Fishery managers are concerned intense fishing, illegal harvesting, illegal trap gear, lost 

gear, and the sale of illegal crabs are negatively impacting Dungeness crab populations in 

British Columbia and potentially jeopardizing a sustainable fishery. Main management 

measures in the commercial fishery include a minimum size limit, non-retention of 

females and soft crabs, and seasonal soft shell closures in certain areas. The fishery 

targets large (legal) male crabs—small (sublegal) males and females must be discarded. 

A fisheries closure (Vancouver Harbour) was used as a reference area against which to 

evaluate fishing impacts on harvested crab populations in the same inlet system (outer 

Burrard Inlet and Indian Arm). Crab biological data were collected in pre-fishery (spring) 

and post fishery (fall) surveys using standardized trap gear for five years, 2009-2013. 

Metrics chosen for analyses included abundance, size, injuries, shell condition, discard 

ratios, and the sex ratio. 

 

Abundances of males, legal males, and old males were considerably lower in fished areas 

compared to the fisheries closure. In contrast, abundances of sublegal males and females 

(discards) were generally similar in fished and closed areas. Males were smaller, whereas 

females were similarly sized in fished and closed areas. Because traps caught more males 

than females (an understood catchability issue), it was challenging to determine naturally 

occurring sex ratios using this gear type. Discard ratios of sublegal males and females to 

legal males were higher in fished areas. Slightly more than half of sublegal males up to 

four millimeters under the minimum size limit were absent in fished areas suggesting 

they may have been removed by the fishery. 
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In the intensely fished area, 10-19% of crabs above the non-fished baseline injury rate 

were injured. All crab classes experienced injuries (generally missing or regenerating) to 

legs. Legal males and females suffered higher injury rates, especially to claws and to 

more than one appendage, whereas sublegal males tended to have one injured (missing or 

regenerating) leg. Large discards—those crabs more likely to be retained in traps—

experienced higher injury rates, and more severe injuries, compared to crabs in the 

closure. Up to 14% of a particular crab class (the highest being large males) may have 

died during the winter/spring seasonal commercial closure. Injury rates were higher in 

Burrard Inlet compared to Indian Arm, likely a consequence of higher fishing effort in 

the inlet.  

 

During the early summer, 7% of crabs in fished areas were injured from being retained in 

soaking traps (5%) and handled at the surface (2%). Fishery-related injuries included 

missing tips, legs, claws, and portions of limbs, as well as cracked carapaces. Population 

injury rates in fished areas above baseline were assumed to be a consequence of fishing 

activities. An additional 12-13% of legal males and 8-9% of females in Burrard Inlet 

suffered injuries to appendages (claws and legs) compared to crabs in the closure. An 

additional 3-9% of sublegal males experienced injuries to appendages.  

 

All study locations were situated in the same management area that has a seasonal closure 

during winter and spring months to protect soft shell male crabs. The commercial fishery 

opens mid-June when presumably most large males are hard shelled with high meat 

content. The proportion of soft legal males in research traps increased considerably in 

October or November. The proportion of soft legal males in commercial traps steadily 

increased throughout fishing seasons, likely a consequence of most hard shell males 

being removed by the fishery. In contrast, the proportion of soft legal males decreased in 

the closure in the fall when very few soft crabs were collected. From this I conclude soft 

shell males were being handled throughout fishing seasons, and shell condition data 

collected for legal males in intensely fished areas may not represent what naturally 

occurs. In commercial traps proportions of soft sublegal males and females also increased 

during fishing seasons.  
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In areas managed with a seasonal closure, high abundance/biomass of new hard shelled 

legal males accrues prior to fishery openings. Abundance of legal males increased 5.6 

times in fished areas from previous years’ post fishery (fall) catches five to six months 

into the seasonal commercial closure. However, abundance remained considerably lower 

compared to the permanent closure indicating crab populations in fished areas did not 

recover after the seasonal closure to the abundance achieved in the permanent closure.  

 

I discuss positive and negative consequences of current management measures on 

harvested Dungeness crab populations. Positive consequences include sublegal male and 

female abundances, and female size not being affected by the fishery. In addition, 

sublegal males were injured the least and had low injury-related mortality. Negative 

consequences include lower abundance of large, old males, smaller males, removals of, 

and injuries to, the biggest sublegal males, and higher rates of non-lethal injuries and 

mortality to all crab classes as a result of fishing activities. I believe these underestimated 

fishery impacts to the breeding component of Dungeness crab populations invariably 

lower reproductive success and lifetime egg production; however, the degree of impact 

and subsequent implications to long-term conservation require further evaluation. I 

provide management options to fisheries managers that may help minimize fishery-

related impacts on harvested crab populations that could, over time, jeopardize a 

sustainable fishery. 
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3.1 Introduction 

Conventional fisheries management approaches (CFMAs) are used to control fishing 

effort (Guenette et al. 1998) and prevent recruitment and growth overfishing (Dugan and 

Davis 1993). Recruitment overfishing occurs when fishing reduces the number of fish in 

a population thereby reducing the production of young fish (Clark 2006). It is often a 

direct consequence when the majority of a species’ natural refugia have been exploited. 

Recruitment overfishing can be prevented by protecting reproductive capacity (Dugan 

and Davis 1993); for example, marine reserves can help by mimicking natural refugia. 

Growth overfishing occurs when fishing removes most of the older fish, thus reducing the 

average age and size of remaining fish (Clark 2006). It can be prevented by optimizing 

biomass gains from growth while minimizing losses from mortality (Dugan and Davis 

1993).  

 

The purpose of CFMAs is to sustain and/or increase through time the yield of a fish 

population (Shipp 2004). The basic premise is to harvest “excess” population production 

while leaving the reproductive capacity of the population intact. Surplus production 

fisheries management assumes that harvested individuals are not required for long-term 

population survival or to maintain ecosystem stability (Dugan and Davis 1993). 

Management measures include temporal restrictions (fishing seasons, number of days 

fishing), catch and size restrictions (size restrictions, total allowable catch, vessel catch 

limits, individual vessel quotas), rights/incentive adjusting restrictions (licenses, quotas), 

and gear restrictions (vessel size, gear type; FAO 2009). CFMAs are used in the largest 

marine fisheries and to rebuild overexploited populations (Shipp 2004). 

 

Unfortunately CFMAs might not be appropriate for many sedentary invertebrates (those 

whose movements are short-range when compared to the spatial scale of the fishing 

process and/or pelagic larval dispersal) in terms of their population biology. For example, 

broadcast spawners such as abalone require high-density concentrations to reproduce 

successfully, and these concentrations are targeted by fisheries regulated by catch or 

effort limits (Hilborn et al. 2004). Northern abalone populations in British Columbia 
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(BC) around the Queen Charlotte Islands and in the central and north coasts declined 

precipitously from 1978-84 and still remain low despite being closed to harvesting since 

1990 (Campbell et al. 2000). Stocker and Butler (1990) suggested Dungeness crab 

commercial fishing effort was excessive in six major areas throughout BC and should be 

reduced. Furthermore, they recommended aggressive conservation measures were needed 

to rebuild crab populations in the Burrard Inlet system and Hecate Strait. The lobster 

fishery on the east coast of Canada around Newfoundland collapsed in 1925 resulting in 

the island’s first lobster moratorium (Korneski 2012). The lobster population off 

southwest Nova Scotia was at historic lows in the late 1970s prompting the creation of a 

large fisheries closure in 1979 (O’Boyle 2011). Since the mid-2000s Snow crab have 

been declining around Newfoundland and Labrador (Mullowney et al. 2014).  

 

Dungeness crabs support important fisheries in BC; the landed value of the commercial 

fleet (221 licenses) in 2014 was $47 million (Canadian) (Fisheries and Oceans Canada 

2015). The commercial fishery accounts for 27% of the wholesale value of BC’s wild 

shellfish products. The largest commercial fisheries exist in the north coast in Hecate 

Strait near Prince Rupert and the south coast on the Fraser River delta near Vancouver. 

Crabs are harvested with baited traps by the commercial, recreational, and First Nations 

sectors. Recreational fishers who harvest shellfish species generally target crabs, prawns, 

and shrimp. Although the number of fishing days increased 13% from 2005 to 2010, the 

number of people who own a sport fishing licence and specifically target crabs is 

unknown. First Nations have the constitutionally protected right to fish crabs for food, 

social, and ceremonial (FSC) purposes all year, and have 32 commercial licenses (DFO 

2016). Effort and landings from the recreational and First Nation sectors are generally 

unknown, but are believed to be considerably less than the commercial sector. 

Although the status of Dungeness crab populations in BC is currently not a conservation 

issue, fishery managers are concerned about certain aspects of the crab fisheries. Since 

the mid-1990s fishing effort for Dungeness crabs has increased in all sectors as finfish 

populations declined and invertebrates increased in demand and value. Exploitation rates 

of large male Dungeness crabs can be high in particular areas (over 90% on the Fraser 

River delta; Zhang et al. 2002) which results in discards (females, undersized males, and 
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soft crabs) being repeatedly caught in traps, the fates of which are unknown. Fisheries are 

most intensive during the spring and summer months when crabs are moulting (soft 

shelled) and mating. In addition, illegal harvesting outside fishing seasons in areas closed 

to protect soft males, the use of illegal gear such as modified traps with ineffective escape 

rings or fishing too many traps, lost gear that continue to capture crabs, and the selling of 

illegal product are management issues that harm individual crabs and possibly entire 

populations. The overarching consequence of intense fishing, illegal harvesting, illegal 

trap gear, lost gear, and selling illegal crabs is (unknown) proportions of crab populations 

are being injured and killed. Add to this a changing marine environment from climate 

change (warmer and more acidic marine waters) and other large scale environmental 

processes, and increasing consumer demand from Asia, and there is the real potential for 

the productivity of Dungeness crab populations to decrease over time, putting at risk a 

once sustainable fishery and jeopardizing the fishery’s long-term economic viability. For 

these reasons, fishery managers are interested in understanding better how fishing 

impacts harvested Dungeness crab populations, and whether current management 

measures are adequately protecting crab populations from recruitment and growth 

overfishing.  

3.1.1 Dungeness crab case study 

Crab Management Area I (Fraser River delta) commercial fishery 

The CMA I commercial Dungeness crab fishery is the second largest in BC and exists on 

the Fraser River delta, from Point Roberts and Tsawwassen in the south to Indian Arm in 

the north (Fig. 3-1). CMA I is comprised of PFMAs 28 and 29 excluding Subareas 29-5 

and 29-8. Between 2009 and 2013, 32 to 51 vessels have fished there each year (Table 3-

1). More than one million trap hauls could have potentially occurred during each fishing 

season resulting in landings ranging from 0.49 to 1.2 million kilograms. 
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Figure 3-1. Crab Management Area I fishery (A) on the Fraser River delta between Point Roberts 
in the south to Indian Arm in the north. The Burrard Inlet system near Vancouver (B). Crab 
biological sampling occurred in three general areas: Burrard Inlet, Vancouver Harbour, and 
Indian Arm. Vancouver Harbour is a Dungeness crab fishery closure, Burrard Inlet and Indian 
Arm are fished areas.  

A 
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Table 3-1. Commercial Dungeness crab fishing effort and landings (logbook) in Crab Management Area I, British Columbia, 2009-13. 
Fishing seasons were June 15 to November 30. Traps can only be hauled once per day. 
 

Year No. 
Licences 

Traps per 
licence 

Date Total no. traps 
per day 

Trap hauls per 
fishing season 

Landings (kg) per 
fishing season 

Catch (kg) 
per trap 

2009 42 100 
200 

June 15 to July 5 
July 5 to Nov 30 

4200 
8400 

1,335,600 1,163,129 0.87 

        
2010-12 51 100 

164 
June 15 to Aug 1 
Aug 1 to Nov 30 

5100 
8364 

1,260,108 784,347 
585,396 
549,196 

0.62 
0.46 
0.44 

        
2013 32 100 

200 
June 15 to July 5 
July 5 to Nov 30 

3200 
6400 

1,017,600 489,025 0.48 
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In the CMA I commercial Dungeness crab fishery, similar to the rest of the Province, 

there are management measures in place to:  

• protect crabs (breeding males, females, small individuals, soft shell),  

• control effort,  

• monitor fishing activity,  

• collect crab biological and by-catch data,  

• record landings (Table 3-2). 

 

The main management measures are a minimum size limit (165 mm carapace point width 

or 154 mm carapace notch width (Phillips and Zhang 2004) and sex restriction (non-

retention of females). The fishery therefore targets large male crabs; small males and 

females must be released. These measures help prevent recruitment overfishing by 

protecting the reproductive capacity of populations. The minimum size limit was first 

implemented coast-wide in BC in 1905-07 and was 153 mm (6 inches) carapace point 

width. This size was chosen based on economic or processing conditions at the time. 

Between 1914 and 1926 the size limit was increased to 165 mm (6.5 inches), and has 

remained at this size ever since. The minimum size limit is an important management 

measure because it allows male crabs to breed before they are recruited into the fishery 

around four years of age. Males become sexually mature around 110 mm carapace point 

width (2 years old) and functionally mature around 140 mm (3 years old; Butler 1960). 

The other key management measure is the sex restriction—females cannot be retained no 

matter their size and must be discarded. In 1926 commercial fishers were prohibited from 

retaining ovigerous females. In 1957 this measure was revoked due to redundancy for the 

protection of females because they rarely exceed the size limit. In 1991 and 2007 non-

retention of females was enacted as a management measure in commercial and 

recreational fisheries respectively; however, it is currently only voluntary for First 

Nations.  
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Table 3-2. Select management measures for the commercial Dungeness crab fishery in Crab Management Area I (Fraser River delta), 
2009-13. 
 

Management Measure Description Purpose 
Minimum size limit Can only retain crabs ≥165 mm point-to-point carapace width. Protect some breeding male crabs 

Sex restriction Females must be released. Protect female crabs 
Non-retention soft shell Soft shell crabs must be released. Protect soft shell crabs all classes 

Seasonal closure Commercial fishery is open June 15 to Nov 30 (169 days). Fishery is closed Dec 
1 to June 14 to protect large soft shell males during the major moulting period in 
the spring. 

Protect soft shell males 

Area licensing Fishers can only fish in the CMA they select (for a 3 year period). Control effort 
Trap limits Graduated. Vessels can fish a maximum 200 traps, and only 100 traps when 

fishing seasons start.  
Control effort 

Trap size limit 400 liters 2009-10, then decreased to 348 liters 2011-13. Control effort 
Escape holes Traps must have two escape holes. In 2009-10, both were 100 mm in diameter; 

in 2011, one could be 100, the other 105 mm; after January 1, 2012 both had to 
be 105 mm or larger. 

Protect small crabs 

Biodegradable escape 
mechanism 

Rot cord or rot panel under tension will eventually break over time in lost fishing 
gear and open derelict traps. 

Protect crabs 

Hanging bait prohibited Bait jars must be used; bait scent can escape, but bait cannot be eaten. The 
theory is if crabs cannot feed on bait they will attempt to leave traps. 

Protect small crabs 

Soak time Maximum soak time is 18 days. Protect crabs 
Trap haul restrictions Haul once per day. Daylight fishery only.  

Graduated trap limits when fishing season opens. 
Protect small crabs; control effort 

Electronic monitoring 
program 

A method to monitor vessels’ locations and fishing activities.  Monitor fishing activity 

Biological sampling Contract biologists record crab biological and by-catch data from commercial 
vessels. 

Collect crab biological and by-catch 
data 

Harvest logbooks A log of daily fishing activities. Record of estimated landings (legal 
male crabs) and fishing locations 

Fish slips An accurate written report of all fish caught under the authority of a particular 
licence. Generated when product is sold to buyers.  

Record of landings (legal male crabs) 
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The commercial fishery in CMA I also has a seasonal closure in the winter/spring to 

protect soft shell males. Other important management measures designed to protect crabs 

of all sizes include non-retention of soft shell crabs, a biodegradable escape mechanism 

(rot cord) in traps, and a maximum soak time. Measures to specifically protect small 

crabs by allowing them to escape traps include escape holes in traps, prohibition of 

hanging bait, and trap haul restrictions. Fishing effort is controlled by area licensing, trap 

limits, a trap size limit, and by restricting how often traps can be hauled during the day. 

 

Of the management measures listed above, several, including trap limits, pertain 

specifically to fishing gear, and their role is to protect crabs. Traps have particular 

specifications: a maximum size, escape holes, biodegradable rot cord, and bait must be 

contained and inaccessible to foraging crabs. Trap soak restrictions include a maximum 

soak time and trap haul restrictions. 

 

Even with these management measures in place to protect crabs and control effort, I 

hypothesize the act of fishing (removals, retention in soaking traps, handling) harms 

individual crabs by killing them or causing non-lethal injuries (Fig. 1-1, Table 1-3). 

Further, I hypothesize that injury-induced mortality and injuries to individual crabs will 

translate into measurable changes in exploited populations such as higher mortality rates 

from injuries, an increased prevalence of non-lethal injuries, decreased abundance, a 

smaller range in size/age, and an altered sex ratio (Fig. 1-1, Table 1-4). These changes in 

population characters may ultimately decrease breeding success and cause lifetime egg 

production (LEP) in females to decrease.  

 

An important role of marine reserves is they can be scientific reference areas where 

enhanced populations within their boundaries can serve as proxies for unfished 

populations, which rarely exist today (Babcock and MacCall 2011). My objective is to 

use an effective fisheries closure as a reference area against which to evaluate fishing 

impacts on harvested Dungeness crab populations that are a direct consequence of the 

main management measures used in the fishery, in particular the minimum size limit, sex 

restriction, non-retention of soft crabs, and seasonal soft shell closure. Crab biological 
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data collected throughout the Burrard Inlet system from populations in two fished areas 

(outer Burrard Inlet and Indian Arm) and the crab fishery (navigation) closure in 

Vancouver Harbour were compared. In order to quantify non-lethal injuries to crabs from 

fishing activities (in soaking traps and by handling on vessels), I conducted trap soak 

studies and visited commercial vessels. I provide management options that may help 

minimize fishery-related impacts on harvested crab populations that could, over time, 

ultimately decrease productivity and jeopardize a sustainable fishery. 
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3.2 Methods 

3.2.1 Metrics used to evaluate crab management measures 

Metrics used to evaluate impacts of the main management measures in the Dungeness 

crab commercial fishery on harvested crab populations are outlined in Table 3-3. 

Particular management measures may impact crab populations in several ways. For 

example, the minimum size limit dictates only large crabs (legal males) can be harvested 

and small crabs (sublegal males) must be discarded. Removing most of the large males 

each fishing season from a population will possibly have implications with respect to 

males in general, old males, and reproductively active males, which in turn may influence 

females being bred, and the sex ratio. Discarding (handling) small males may have 

implications regarding the prevalence of non-lethal injuries. 

3.2.2 Study Area 

The Burrard Inlet system (116.4 km2) is located in the southern Strait of Georgia north of 

the Fraser River delta near the coastal city of Vancouver (Fig. 3-1b). The inlet system is 

comprised of two fished areas, outer Burrard Inlet and Indian Arm, and the effective 

fisheries closure, Vancouver Harbour. Dungeness crabs are fished by all three sectors 

(commercial, First Nations, and recreational) in outer Burrard Inlet (PFMAs 28-6, -7, -9; 

48.6 km2) and Indian Arm (PFMAs 28-11, -12, -13, -14; 43.6 km2). Burrard Inlet is more 

heavily fished (about 10 vessels) compared to Indian Arm (2-3 vessels). The total fished 

area in the Burrard Inlet system is 92.3 km2.  

 

Crab fishing is not allowed in Vancouver Harbour (PFMA 28-10) because crab gear 

would interfere with vessel traffic. The harbour is 15.4 km2 and located at the heart of 

downtown Vancouver. Crab harvesting is prohibited all year between First Narrows 

(Lions Gate) and Second Narrows bridges. Vancouver Harbour has been closed to crab 

fishing since May 1992 (originally because of dioxin/furan contamination of crab  
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Table 3-3. Main management measures in the commercial Dungeness crab fishery, resulting fishing actions, and relevant metrics used 
to determine impacts of management measures on harvested crab populations. 
 

Management 
Measure 

Resulting Fishing Action Metrics for Analyses 

Minimum size 
limit 

Harvest large crabs (legal males) • Abundance/size of legal males 
• Abundance/size of males  
• Abundance/size of old males 
• Size of mated males  
• Abundance/size of ovigerous females 
• Sex ratio  

 Discard small crabs (sublegal males) • Abundance/size of sublegal males  
o Proportions of sublegal males near (under) the size limit 

• Injuries to sublegal males 
• Discard ratio 

Sex restriction Discard females • Abundance/size of females and those most fecund 
o Proportions of females larger than the size limit  

• Injuries to females 
• Discard ratio 

Non-retention soft 
crabs 

Discard all crab classes and sizes that are 
soft shelled 

• Injuries to legal males  
 

Seasonal soft shell 
closure to protect  

Harvest only hard shell legal males during 
fishing seasons 

• Shell conditions of legal males, sublegal males, and females  
 

large males Target high biomass of hard shelled legal 
males at start of fishing seasons 

• Pre-fishery (spring) legal male abundance  
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hepatopancreas. This was lifted in 1995, but the harbour remained closed for navigational 

reasons; Levings et al. 2003).  

3.2.3 Fishery independent sampling  

Fishery independent research surveys were conducted using standardized trap gear 

throughout the Burrard Inlet system in two fished areas, outer Burrard Inlet and Indian 

Arm, and an effective crab fisheries closure (Vancouver Harbour) to collect crab 

biological data. Standardized gear was commercial style circular stainless traps 90 cm 

(36 inches) diameter and 26 cm (10 inches) high with two opposing tunnels, each with a 

single set of triggers to retain crabs. Frames were steel, rubber wrapped on the bottom 

ring, and covered by stainless mesh comprised of approximately 6 cm (2 ½ inches) 

squares/diamonds. Escape ports were wired closed. Two large broken herring were 

placed in a 500 ml bait jar with small holes in the lid and sides to prevent consumption 

by crabs and entry of amphipods while allowing the scent to escape. Bait jars were 

suspended off the bottom in the centers of traps. Traps were soaked overnight between 

16 and 28 hours, as close to 24 hours as possible, with most being 18-22 hours. The 

research platform was the Coast Guard vessel Neocaligus, a 22 m converted seiner, and 

an 8 m skiff for near shore sampling in shallow depths. Ten to twelve traps, spaced 40 m 

apart, were fished at each sampling location on a ground line (set). 

 

From 2009-13 the Burrard Inlet system was surveyed two times each year, once in the 

spring (between April and June) before the commercial fishery opened on June 15, and 

again in the fall (in October or November) near the end of the commercial fishing season 

(November 30). Sampling occurred in all areas at essentially the same time (over a ten 

day period).  

 

Sampling locations were determined using a stratified random design. Fished areas were 

stratified by subarea. The fisheries closure was stratified by dividing it into north and 

south shores. In total there were 7 strata and 22 sampling locations (2 to 5 locations per 

stratum; Table 3-4). The same locations were sampled each survey (fixed station design).  
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Table 3-4. Sampling design for Dungeness crab standardized trap surveys in the Burrard Inlet system, 2009-2013. 
 

Harvest 
Opportunity 

Area No. 
Strata 

No.  
Sets 

Strata Rationale Subarea Sampling Location 

Closed Vancouver 2 6 Divided in two 28-10 Sulphur Pile 
 Harbour     Mosquito Creek 
      Saskatchewan Wheat Pool 
      Buoy Seafood 
      BC Sugar 
      Port Authority 

Open Indian 2 8 By subarea 28-11 Dan George 1 
 Arm     Dan George 2 
      Roche Point 
      Trans Mountain 
      Admiralty 
     28-12 Dollarton 
      Deep Cove 
      Bedwell Bay 

 Burrard 3 8 By subarea 28-9 Ferguson Point 
 Inlet     Hollyburn 
     28-6 Dundarave 
      West Bay 
      West Van Lab 
     28-7 Spanish Bank 20 m 
      Spanish Bank 40 m 
      Spanish Bank 60 m 
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During a particular survey, 6 to 8 sets or approximately 70 to 100 traps were fished in 

each area. 

3.2.4 Crab biological data 

The following biological data were collected from Dungeness crabs caught in 

standardized traps (Table 3-5): 

• Sex 

• Shell condition – soft or hard (time since last moult) 

• Mating marks 

• Size – carapace notch width 

• Injuries 

• Age – based on size and shell condition 

• CPUE – catch per trap (index of abundance) 

 

There were three general Dungeness crab classes based on sex and size: legal males, 

sublegal males, and females. These were classified further based on metrics collected in 

the field (Table 3-6). 

3.2.5 Sub-lethal injuries 

All Dungeness crabs caught in traps were examined for injuries (Table 3-7). Only old 

injuries were recorded, not new ones caused by the act of sampling. Old injuries were 

distinguished from new injuries primarily by color; old injuries have black sheaths 

covering them whereas new injuries are white and fleshy (Dunham et al. 2011).
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Table 3-5: Dungeness crab biological data collected from fishery independent standardized trap surveys in Burrard Inlet, 2009-13.  
 

Crab Biological Data Comments 
Sex Male   
 Female Without eggs  
  Eggs extruded  
  Releasing eggs  
Shell Condition Soft  moulted ≤3 months ago 
 Hard New moulted 3-6 months ago 
  Between new and old moulted 6-12 months ago 
  Old moulted 12-24 months ago  
  Very old moulted >24 months ago 
Mating Marks New  few months old; white 

 Old   many months old; yellow 
Size Carapace notch width  identifies legal (≥154 mm) from sublegal males 
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Table 3-6. Dungeness crab classes determined using various biological metrics obtained from fishery independent trap samples 
collected in Burrard Inlet, 2009-13.  
 

Sex Class  Description 
Male Legal  ≥154 mm carapace notch width; Phillips and Zhang 2004. 

  Old1 Large males with old or very old carapaces (shell condition codes 6 or 7). Includes males >185 mm 
notch width with a shell condition code 8. Old males survived above the minimum size limit for 
approximately one year. Probably at least 4.5 years old. 

 Sublegal  <154 mm carapace notch width. 
 Mated  Distinguished by mating marks (abrasions) on inside of claws. 
Female Ovigerous  Females with eggs extruded or releasing eggs. 
 Most fecund2  Large (≥145 mm carapace notch width) and recently moulted (shell condition codes 1 or 8) females. 
 
1 Legal size is attained at 3.5 to 4 years (Butler 1961). Old males were defined as those males that were at least 4.5 years old according to the simple size/age 
model (Table 3-6-1).  
 
Table 3-6b. Estimated ages (in years) of Dungeness crabs at various sizes and shell conditions based on a size/age model. 
 

Carapace Notch 
Width (mm) 

Soft or  
New Shell 

Between New and 
Old Shell 

Old  
Shell 

Very Old  
Shell 

154-180 3.5-4 4-5 4.5-6 5.5-7.5 
181-182 3.5-6 4-7 4.5-8 5.5-7.5 
183-185 3.5-6 4-7 4.5-8 5.5-9.5 
186-206 4-6 4.5-7 5-8 6-9.5 

 
Old males were essentially any (legal) male crab ≥154 mm with old or very old shells, as shells require at least one year since the last moult to be categorized as 
old (Dunham et al. 2011). Old males also included very few crabs >185 mm with shell condition in between new and old as a small proportion of crabs six 
months after moulting to legal size could have moulted again to a size larger than 185 mm. The model predicts Dungeness crabs may live 6-9.5 years; Butler 
(1961) states Dungeness crabs live 6-8 years. 
 
The size/age model used a moult increment 17-21% for crabs <180 mm and 15-17% for crabs ≥180 mm (Smith and Jamieson 1989, Botsford 1984, Mauchline 
1977, Poole 1967, Butler 1961). Three moulting scenarios were used: a) crabs moulted within 6-12 months (when their shells were in between new and old), b) 
crabs moulted between one and two years (when their shells were old), and c) crabs did not moult at all after they recruited into the fishery. Maximum size in the 
model was 206 mm, the largest crab caught in Vancouver Harbour.   
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2Dungeness crab ovaries in California increased to maximum weight as carapaces widened to 145-155 mm notch width. Appears to diminish in larger crabs 
(Orcutt et al. 1976). 
 
Mean size of females in the third maturation is 149 mm, and if new shell or just moulted to this size will brood 839,000 eggs. Crabs undergone fourth maturation: 
if they remain at 149 mm and do not moult and are old shell then their egg production drops to 637,000 eggs. If crabs moult up to 166 mm and have a new shell 
then will brood 1.1 million eggs. Very few females will moult higher into fifth maturation (Butler unpublished, Hankin et al. 1989).   
 
Very little correlation between fecundity and female size. Female moulting history is important. Non-moulting crabs accounted for most of the low fecundity 
estimates among large crabs. Fecundity drops after approximately 142 mm if a crab has not moulted (Hankin et al. 1989). 
 
Most females extrude egg masses each year, but many do so without moulting or mating. Females can retain viable sperm for 2.5 years (Hankin et al. 1989).  
 
Sperm retention for multiple fertilization prevails in females around 140 mm when ovarian size is approaching a maximum (Orcutt et al. 1976). 
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Table 3-7: Dungeness crab injury information collected from individual crabs caught in standardized traps in Burrard Inlet, 2009-13. 
Please refer to Figure 3-2 for a description of crab body parts. 
 
Body Part Injury Description Comments 
Claws/legs 
 

Tip missing On cheliped, hook broken off.  
On leg, at most dactylus missing. 

Added in spring 2011 to separate tip 
from part missing injuries. 

right vs. left side 
walking legs 1-4 or 

pereiopods 2-5 

Part missing On cheliped, portion or all of movable dactylus 
and/or fixed finger of propodus missing.  
On leg, missing propodus.  
Less than half the appendage is missing. 

 

 Missing Missing below merus, normally only ischium or 
coxa remains.  
Greater than half the appendage is missing. 

 

 Regenerating/limb bud Smaller than normal sized limb or limb bud present.  
 Deformed Misshapen in a variety of ways.  
    
Carapace Deformed Often misshapen shell or point rounded. Occurs at time of moult.  
 Crack/hole Healing or healed.  
    
Abdomen Missing/torn flap Often damage to the sixth and seventh (telson) 

somites. 
 

    
Mouth Missing/torn Damage to buccal region, often the third maxilliped. Added in fall 2010. 
    
Appendages Large wounds Larger than 5 mm. Number. Not included when 

determining overall injury rates. 
    
Claws, legs, under 
carapace 

Disease – shell Black spots. Presence. 

    
Musculature Disease - microsporidia Discolored (pink) joints. Presence. 
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Figure 3-2. Ventral view of abdomen, sternum, and thoracic appendages of female (I) and male 
(II) Dungeness crab (adapted from Butler, unpublished). 
 
A. Cheliped (claw). 1, dactylus; 2, propodus; 3, carpus; 4, merus; 5, ischium fused with 

basis; 6, coxa. 
B-E. Second to fifth pereiopods (walking legs 1-4). Podomeres numbered as in A. 
F I. Female abdomen, with somites. 7, seventh (telson); 8, sixth; 9, fifth; 10, fourth; 11, third. 
F II. Male abdomen. 7 and 8, somites as in female; 9-11, fused fifth, fourth, and third somites; 

12, second somite. 
G. Sternum. 13, fused cephalic sternites and first three thoracic sternites; 14-17 (numbered 

from head), fourth to seventh thoracic sternites. Eighth mainly obscured by abdomen. 
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Key analyses of crab population injury data included: 

1. Fishing-related injuries determined by: 

a. comparing post fishery (fall) data in fished areas to the closure and pre-fishery 

(spring) data from the same area,  

b. comparing injuries between the two fished areas which were harvested at different 

effort levels. 

2. Mortality from injuries.   

3. Injuries (amount and category) to different crab classes.  

4. Natural (baseline) injuries obtained from the fisheries closure. 

 

Injury index 

I developed an injury index to provide a quantifiable measure of the extent of injuries in 

individual crabs and populations, and to allow comparisons to be made between populations. The 

foundation of the index is an approach that allows one to add together all injuries inflicting a 

particular crab. Specifically, the injury index considers the proportion of injured crabs and the 

severity of injuries inflicting those crabs.   

 

To develop the injury index, I assigned numerical values to the various kinds of injuries and 

diseases observed from living crabs during surveys. Assigned values are hypothetical energetic 

cost scores or, in other words, the relative impact of a particular injury, compared to others, to 

the crab. The numbers I used are arbitrary, but I tried to make them as biologically relevant as 

possible based on field observations, my knowledge about the biology of Dungeness and other 

crabs, and published literature. 

 

Basic assumptions for my scoring are: 

• The six injury/disease categories were each scored out of 100. An uninjured crab scored 0 

whereas a score of 100 for a particular injury category implies a crab likely will not 

survive or reproduce. 

• A non-linear S-shaped curve models costs associated with missing legs.  

• There was an additional cost to a crab if its legs were missing from the same side of its 

body.   
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• Missing one claw was scored less than half the value of missing two claws based on the 

assumption that a crab missing two claws must endure considerable hardship including 

decreased growth (Brock and Smith 1998). One missing claw was valued the same as 

three missing legs. Similarly, two missing claws were valued the same as eight missing 

legs. 

• The worst case scenario for an appendage is it is missing. Other injuries to appendages 

were calculated as proportions of missing values.  

• There are cumulative negative effects to a crab from multiple injuries which ultimately 

can decrease growth rates (Brock and Smith 1998). Therefore, I incorporated an 

additional cost to a crab if it suffered more than one kind of injury. 

 

Appendage injuries 

Crabs’ appendages (walking legs and claws) are obviously vital to their survival. If a crab is 

missing one or two legs I assumed it can still move relatively normally. For this reason I scored 

missing one or two legs less than what a linear model would predict. However, a crab with three 

to five missing legs will experience impaired mobility and may have a lower probability of 

reproducing or surviving. Multiple autotomy will also negatively impact growth. A crab missing 

most of its legs, regardless whether it is seven or eight legs, probably cannot really move 

effectively so there may not be much difference between these scenarios. For these reasons the 

model chosen for assigning costs to missing legs is somewhat S-shaped (Fig. 3-3).  
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Figure 3-3. Hypothetical relationships between missing legs and energetic cost. An uninjured 
crab scores zero; a crab missing eight legs scores 100. If missing legs are located on the same 
side of a crab, then an additional cost is assigned (black dashed line). 
 
 
Values (scores) for missing legs and claws were determined from Fig. 3-3 and are listed in Table 
3-8. 
 
 
Table 3-8. Scoring rationale for injured appendages (walking legs and claws; from Fig. 3-3). 
 

Injury Walking Legs  Claws 
   Individual Leg   

Missing  1 leg = 6 
2 legs = 18 
3 legs = 38 
4 legs = 60 
5 legs = 77 
6 legs = 89 
7 legs = 97 
8 legs = 100 

6 
12 
20 
22 
17 
12 
8 
3 

  
 

1 claw = 38 
 
 
 
 

2 claws = 100 
      

Regenerating   0.40 × Missing  0.40 × Missing 
Part missing   0.40 × Missing  0.40 × Missing 
Deformed   0.25 × Missing  0.25 × Missing 

Tip missing   0.10 × Missing  0.10 × Missing 
 
 

I considered the position of missing legs important—if they are all missing from the same side of 

the crab’s body then this may affect the crab’ manoeuverability more than if the distribution of 

missing legs is more equitable (for example, consider four missing legs…if two are missing from 
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each side then this will likely be a better scenario for the crab than if all four are missing from 

the same side). I assigned additional costs between 5% and 20% depending on the number of 

legs missing from the same side of the body (two legs +5%, three legs +7.5%, four legs +15%, 

five legs +17.5%, six legs +20%). This effectively shifts the cost curve to the left and increases 

the slope (Fig. 3-3). This increase in cost has been included in Table 3-9a. 

 

Due to the functional importance of claws, I assigned a cost score of 38 for missing one claw (an 

equivalent value to missing three legs). Similarly, I assigned a cost score of 100 for missing two 

claws, the same as missing eight legs (Table 3-8). I assumed a crab missing one claw would be 

quite disadvantaged; missing two claws would likely mean it might grow at a slower rate or may 

not reproduce or survive.   

 

Appendages can be injured in the following manner: they can either be missing entirely, 

regenerating, a portion of the limb or tip missing, or the limb is deformed. Scores for injuries 

other than “missing” were calculated as proportions of missing values (Table 3-8) and are 

reported in Tables 3-9a and 3-9b.   

 

The rationale for scoring regenerating appendages (0.40 × Missing) was based on research 

conducted on Red Rock crab claw autotomy (Brock and Smith 1998). Similar to Red Rock crabs, 

I assumed it takes three moults for a claw to regenerate in Dungeness crabs (Cleaver 1949). 

Since a limb bud is produced before the first moult, I included (and scored) limb buds in the 

regeneration process. After the first moult, a claw may be approximately 66% of its uninjured 

size and not very functional. After the second moult, a claw may be greater than 75% of its 

original size, but its crushing force will still be significantly less (85%) than that of an uninjured 

claw, the reason partly being crushing force correlates with propodus length. Furthermore, the 

uninjured claw may be weaker than claws on similar-sized uninjured crabs. In general, I assumed 

that during the period of regeneration (three moults), a regenerating claw ranges from being not 

functional, to being 85% and then ultimately 100% or the same as an uninjured claw. A mean 

value is approximately 60% indicating overall a regenerating claw has 60% of the functionality 

of an uninjured claw. This is equivalent to an injury score 40% of the value of a missing claw. 

Please note partly missing claws were scored the same as regenerating claws.  
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Table 3-9a. Cost scores for appendage (claws and walking legs) injuries. The table is used as follows…when one appendage is 
damaged, then values in the “first” columns are used depending on whether it is a damaged claw or leg. When more than one 
appendage is damaged, then the most severe injury is scored as “first” followed by the next injury, and so on. For example, a crab 
missing one claw and regenerating the other claw would score 62.8 (the “first” claw is missing (38) and the “second” claw is 
regenerating (24.8)). A crab with a tip missing on one leg and another leg is deformed would score 2.7 (the “first” leg is deformed 
(1.5) and the “second” leg is the one with a tip missing (1.2)). 
 
Injury Claws  Walking Legs 
 First Second  First Second Third Fourth Fifth Sixth Seventh Eighth 
Missing 38 62  6 12 20 22 17 12 8 3 
Missing on same side     12.9 22 28.1 21.5 9.5   
Regenerating / Part missing 15.2 24.8  2.4 4.8 8 8.8 6.8 4.8 3.2 1.2 
Deformed 9.5 15.5  1.5 3 5 5.5 4.3 3 2 0.8 
Tip missing 3.8 6.2  0.6 1.2 2 2.2 1.7 1.2 0.8 0.3 
 
 
 
Table 3-9b. Cost scores for injuries (and diseases) other than those to appendages. 
 
Body Part Injury Sex Cost Score 
Carapace Deformed  25 
 Crack/hole  50 
Abdomen Missing/torn somites Male 75 
  Female 100 
Mouth Missing/torn parts  50 
Claws, legs, under carapace Disease - shell  50 
Musculature Disease - microsporidia  75 
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I arbitrarily assigned a 25% cost for deformed claws as it is unknown how deformities 

impact claw functionality. In the field I observed a considerable range in how deformities 

manifest themselves, with some appearing relatively benign whereas others would have 

prevented the claw from closing properly. I assumed claws with no tips would be 

approximately 90% as functional as uninjured claws, proportional to the amount of claw 

missing (10%). 

 

For simplicity the same scoring rationale developed for claws was assigned to walking 

legs as I believe the assumptions are relevant to both.  

 

Other injuries (Table 3-9b) 

For carapace injuries I assumed a hole or crack may or may not cause swift mortality so a 

score of 50 was assigned. A deformed carapace was scored in the same manner as a 

deformed appendage (25% of the worst case scenario, in this case death).  

 

Injuries to the abdomen involve torn abdominal somites, which may have different 

implications for males and females. In both sexes a torn abdomen would expose the sex 

organs (in males, the paired gonopods; in females, the gonopores) making them 

potentially more susceptible to injury and/or infection. However, a torn abdomen could 

be more serious for females because normally their eggs are attached to setae of the 

innermost limbs of the pleopods which are located on the abdomen. Torn somites could 

make it impossible for a female to hold her eggs when they are extruded. If a female 

cannot successfully produce offspring, then both she and the male who mated with her 

will be impacted unless he successfully mated with another female. For these reasons I 

assigned a cost score of 100 for females and 75 for males to reflect potentially different 

impacts of such an injury to reproductive success.  

 

Injuries to mouth parts, such as the third maxilliped, were scored 50 to reflect the direct 

impact torn parts may have on successful feeding.  
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Diseases 

Diseases that can be observed in living crabs in the field include shell disease and heavy 

microsporidian infections. The degree of mortality from these diseases is unknown. I 

assigned scores of 50 for shell disease and 75 for microsporidian infections, the latter 

being scored higher because infected crabs displaying pink joints already have much of 

their musculature (and possibly other tissues) replaced by spores and this likely does not 

bode well for the crab (Table 3-9b).  

 

Cost associated with multiple injuries 

Similar to the way I assumed there is a cumulative negative fitness cost associated with 

multiple limb autotomy, I also assumed there is a cumulative cost to a crab if it were to 

suffer more than one type of injury. For example, damage to claws and legs is fairly 

common and this cost should be considered, just like the cost of multiple leg or claw 

autotomy. I applied a cost increase of 20%, similar to the cost increase for each 

successive missing leg (Fig. 3-3), when more than one injury category affected a crab. 

(Note there are six injury categories: legs, claws, carapace, abdomen, mouth, disease). 

For example, if a crab was regenerating a claw and missing one leg, then 20% was added 

to its total score. If a crab were missing two legs, had a deformed carapace, and torn 

mouthparts, 40% was added to its total score. An exception is when a tip of a leg or claw 

was missing and this injury was the only one in its category; I believe such an injury is 

relatively minor and therefore did not warrant an additional 20% cost.  

 

Injury index equation 

Injuries for every crab sampled were scored according to values listed in Tables 3-9a and 

3-9b. For each crab, its injury scores for different types of injuries were added to produce 

a total injury score. Uninjured crabs scored zero. For each sampling set, the proportion of 

injured crabs was determined, and all total injury scores for injured crabs were averaged 

to produce a mean measure of injury severity. Higher severity scores are due to: a) more 

severe injuries to limbs (missing vs. regenerating), b) multiple limbs injured, c), more 

claw injuries, and d) injuries across categories.  
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The proportion of injured crabs and the injury severity score were used to create the 

injury index:    

 

Injury index = proportion injured × injury severity score  

3.2.6 Mortality from injuries 

Proportions of injured Dungeness crab classes obtained during post fishery (fall) surveys 

in fished areas often decreased in subsequent pre-fishery (spring) surveys in the same 

areas five or six months later during seasonal closures. This time frame was too short for 

injuries to heal and no longer be observable. Rather, I attributed this decrease in 

proportions of injured crabs to mortality; crabs succumbed to their injuries and did not 

survive the winter. I assumed injured crabs did not move out of the study area at a 

different rate than uninjured, healthy crabs. Using five years of data, I compared post 

fishery mean injury values to pre-fishery (spring) thresholds (upper 95% CIs) in fished 

areas and the closure. If post fishery mean values in fished areas were higher than either 

threshold, then I attributed the difference to be a measure of mortality.  

3.2.7 Removals of males under the minimum size limit 

I compared proportions of sublegal males collected in fished areas and the closure (by 

set) in consecutive two millimeter size categories under the minimum size limit (153-52, 

151-50…141-40) post fishery (fall) and pre-fishery (spring). Lower proportions of 

sublegal males in particular size categories in fished areas compared to the closure may 

have been absent from samples because individuals had been removed from the 

population.  

3.2.8 Trap soak studies 

On four occasions a cluster of soaking traps was studied in Burrard Inlet, two studies 

occurred during the spring (May 8-13, 2011 and May 11-15, 2013) and two during the 

fall (October 18-23, 2012 and October 19-24, 2013). Each soak study lasted 5-6 days 

with 4-5 overnight soak periods.  
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Six commercial circular stainless mesh traps (height=25.5 cm (10 in), diameter=92 cm 

(36 in), stainless mesh=7×7 cm) were fished 100 m apart in a straight line 17 to 25 m 

deep. Each trap was fitted with a mesh bag underneath to catch crab shell fragments. 

Traps were baited with two 500 ml bait jars, one filled with herring, the other with squid. 

Baits were not changed during a particular study. Traps had two 105 mm (diameter) open 

escape ports, a management requirement in 2012. Numbers were displayed on traps and 

floats for easy identification. Floats had a laminated card attached explaining the gear 

was part of an on-going study.   

 

Traps were hauled once a day approximately every 24 hours. They were pulled slowly 

vertically to the surface one at a time. They were rigged to not tip when hauled to the 

surface. On deck each trap was placed in a shallow water bath so captured crabs could 

move freely and spend very little time out of the water. When a crab was to be examined, 

it was gently removed from the trap and placed in a small bucket to prevent movement 

and injuries. 

 

Crabs were examined for sex, shell condition, injuries, mating marks, and size. 

Numbered green T-bar anchor tags were inserted along the posterior suture line using a 

needle gun so individual crabs could be identified. Crabs were gently returned to the trap 

in the water bath. After all crabs had been examined, the trap was gently lowered by hand 

(not dropped or allowed to free-fall) to the seafloor at the same GPS coordinate where it 

had previously been set. Trap recovery and data collection took approximately 10 

minutes and individual crabs were only briefly out of the water for a couple of minutes. 

3.2.9 Quantifying handling injuries aboard commercial vessels 

As a condition of license in CMA I, a service provider (contract biologist) is required to 

sample commercial catches during fishing seasons. I joined the service provider in June 

2011 and 2012 when they visited commercial vessels in Burrard Inlet. As individual traps 

were hauled aboard commercial vessels, fishers placed them on the bulwarks or deck, 

pulled crabs out one at a time and put them in totes, a separate container for each trap. 

Totes were handed to us waiting nearby in a zodiac. I examined and measured the crabs 
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in each tote, recording the standard crab biological data. I recorded new injuries as these 

were assumed to be recently caused by fishing activities (either from soaking traps or 

handling). Although totes and crabs were handled carefully, sometimes appendages were 

severed in totes due to crabs’ antagonistic interactions. I recorded these injuries and 

matched severed limbs to crabs; however, injuries that occurred in totes were not 

included in the analyses of handling injuries since bucketing crabs is not standard 

practice in CMA I (as far as I know). 

3.2.10 Data analyses 

In Burrard Inlet, trap surveys were conducted for five years (2009-13) during the spring 

(pre-fishery) and fall (post fishery). I was primarily interested in differences between the 

two fished areas and the effective closure. I focused on the following metrics for three 

crab classes (legal males, sublegal males, and females): 

• abundance: index of abundance, catches in standardized traps 

• size 

• injuries 

• shell condition (soft) 

• sex ratios  

 

Crab biological data were collected from individual crabs (e.g. size, injuries, shell 

condition) and by trap (e.g. catch per trap). Sometime analyses were conducted at the set 

(ground line) level—the mean of all traps fished in a particular set—to eliminate many 

zeros that would have occurred if data were reported by trap.  

  

Linear regression models were used to model crab abundance (trap CPUE) and size 

because outcomes were continuous and generally fit normality assumptions. For 

abundance analysis, counts of crabs per trap were averaged at the trap level by 

aggregating counts per set and then dividing by the number of traps in the set to more 

closely approximate a normal distribution versus the original skewed count distribution. 

The calculation resulted in the normally distributed response (dependent) variable, mean 

counts per trap. Mean counts per trap were initially modelled adjusting for covariates 
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(set, strata, year, and month of collection), but set and strata were removed due to 

redundancy with the location of collection, which resulted in collinearity in the model. 

Final models were fit using the predictor (independent) variables: location, year, and 

month/season (or fishery status: before the fishery versus the end of the fishery). For 

analysis of crab sizes, all crabs were measured so analysis was conducted at the 

individual crab level and linear regression was performed with crab size as the outcome. 

Interaction terms included in the models are: location × season, location × year, and 

season × year. These models had the best adjusted R2 and AIC values. Summary tables 

highlighting key predictor variables from the fully crossed models (intercept, Burrard 

Inlet, Indian Arm, fall season, Burrard Inlet × season, and Indian Arm × season) are in 

the main body of the document. Model outputs are listed in Appendices. Diagnostic 

plots for the regression models included boxplots, residual plots (residuals were 

normally distributed), fitted values (fitted values had an approximately linear 

relationship with the original outcome values), partial regression (partial relationship of 

a variable in the model with the outcome), and QQplot (residuals were approximately 

normally distributed).  

 

Injuries to crab appendages (proportion data) were analysed using binomial regression 

(Generalized Linear Model with a logit link). The outcome of each type of crab injury 

was the “number of successes” (injured crabs caught per set) and “number of failures” 

(non-injured crabs per set). Binomial regression was performed for 25 outcomes and for 

the three crab classes. Multiple testing was adjusted for and statistical significance was 

considered to be p≤0.002 (0.05/25) so as not to inflate the overall Type I error rate. 

Injury proportions are presented in tables.  

 

Similar to crab injuries, soft shell data (also proportion data) were analysed using 

binomial regression (Generalized Linear Model with a logit link). Soft shell crab 

outcomes were the number of soft shell crabs caught, and the number of non-soft shell 

crabs caught per set. 
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Sizes of mated males (those displaying mating marks) in the closure and fished areas 

were analyzed using a fully-crossed 3-factor (location, year, and season) ANOVA. 

 

Python was used for data analyses, the package statsmodels with methods OLS (ordinary 

least squares regression) and GLM (generalized linear models) for modelling. Descriptive 

statistics were also produced using statistical software Stata 13.1, in particular the Survey 

Data Analysis function that incorporates survey design. 
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3.3 Results 

3.3.1 Management Measure: minimum size limit  

Fishing Action: harvest large crabs (legal males) 

Only large crabs can be harvested because of the minimum size limit. Since females 

cannot be retained (discussed later), only large (legal) males are targeted in the fishery. 

Removing many large males may have population implications related to abundance 

and/or size of males in general, old males, and mated males, and the sex ratio. 

 

Legal males 

Abundance 

Significantly fewer (73.9-92.1%) legal male Dungeness crabs were caught in traps in 

fished areas, Burrard Inlet and Indian Arm, pre-fishery (1.2-2.3 crabs per trap; 95% CI) 

and post fishery (0.14-0.56 crabs per trap) compared to the fisheries closure, Vancouver 

Harbour (6-10.3 crabs per trap; Fig. 3-4a, Table 3-10). Considerably fewer legal males 

were caught post fishery in fished areas whereas often more large crabs were caught in 

the closure in the fall.  

 

Size 

Pre-fishery, legal males were, on average, 2.5 mm (1.5%) smaller in fished areas (1.8 mm 

in Burrard Inlet, 3.1 mm in Indian Arm) compared to the fisheries closure, Vancouver 

Harbour, and these differences are significant (Fig. 3-5a, Table 3-11). Post fishery, legal 

males were 6.5 mm (3.9%) smaller in fished areas (7.1 mm in Burrard Inlet, 5.9 mm in 

Indian Arm). In fished areas, legal males decreased in size in the fall compared to the 

spring (-4.2 mm in Burrard Inlet; -1.7 mm in Indian Arm). In contrast, legal males 

increased slightly in size (1.1 mm) in Vancouver Harbour in the fall. 
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Figure 3-4. Catch per standardized trap of various Dungeness crab classes in two fished 
areas, Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, pre- 
(spring) and post (fall) fishery, 2009-13. Mean ± SE. A=legal males, B=males, C=old 
males, D=sublegal males, E=females, F=most fecund females. 
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Table 3-10. Select OLS model parameters and statistical results for analyses of standardized trap 
catch per unit effort (CPUE) of various Dungeness crab classes. Fished areas (Burrard Inlet and 
Indian Arm) were compared to the fisheries closure, Vancouver Harbour. Statistical significance 
is p<0.05. Full model outputs are displayed in Appendix 4. 
 

Response Variable Predictor Adjusted R2 F Coefficient t-value p-value 
Legal male CPUE  0.79 40.19    

 Intercept   8.17 15.21 0.00 
 Burrard Inlet   -6.97 -10.67 0.00 
 Indian Arm   -7.08 -10.83 0.00 
 Fall season   3.03 5.19 0.00 
 BI × season   -2.91 -5.43 0.00 
 IA × season   -2.40 -4.46 0.00 
       

Male CPUE  0.66 21.27    
 Intercept   9.03 11.83 0.00 
 Burrard Inlet   -6.76 -7.27 0.00 
 Indian Arm   -6.19 -6.65 0.00 
 Fall season   5.44 6.54 0.00 
 BI × season   -3.43 -4.51 0.00 
 IA × season   -3.02 -3.95 0.00 
       

Old male CPUE  0.83 50.68    
 Intercept   3.37 19.23 0.00 
 Burrard Inlet   -3.06 -14.31 0.00 
 Indian Arm   -3.15 -14.74 0.00 
 Fall season   -2.02 -10.59 0.00 
 BI × season   1.71 9.78 0.00 
 IA × season   1.80 10.24 0.00 
       

Sublegal male CPUE  0.17 3.12    
 Intercept   0.87 1.90 0.06 
 Burrard Inlet   0.21 0.38 0.70 
 Indian Arm   0.90 1.61 0.11 
 Fall season   2.41 4.85 0.00 
 BI × season   -0.53 -1.15 0.25 
 IA × season   -0.62 -1.36 0.17 
       

Female CPUE  0.54 13.26    
 Intercept   1.77 4.69 0.00 
 Burrard Inlet   -1.23 -2.70 0.01 
 Indian Arm   -0.34 -0.75 0.45 
 Fall season   -1.61 -3.93 0.00 
 BI × season   1.16 3.08 0.00 
 IA × season   0.61 1.62 0.11 
       

Fecund female CPUE  0.24 4.17    
 Intercept   0.13 1.97 0.05 
 Burrard Inlet   -0.11 -1.40 0.16 
 Indian Arm   -0.04 -0.50 0.62 
 Fall season   -0.06 -0.91 0.36 
 BI × season   0.07 1.05 0.30 
 IA × season   0.02 0.23 0.82 
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Figure 3-5. Sizes (mm carapace notch width) of various Dungeness crab classes in two 
fished areas, Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 
pre- (spring) and post (fall) fishery, 2009-13. Mean ± SE. A=legal males, B=males, 
C=old males, D=sublegal males, E=females, F=most fecund females. 
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Table 3-11. Select OLS model parameters and statistical results for analyses of Dungeness crab 
size (carapace notch width) from standardized trap catches. Fished areas (Burrard Inlet and Indian 
Arm) were compared to the fisheries closure, Vancouver Harbour. Statistical significance is 
p<0.05. Full model outputs are displayed in Appendix 5. 
 

Response Variable Predictor Adjusted R2 F Coefficient t-value p-value 
Legal male size  0.07 26.93    

 Intercept   165.5 472.98 0.00 
 Burrard Inlet   -1.2 -1.98 0.05 
 Indian Arm   -3.5 -5.54 0.00 
 Fall season   3.1 7.59 0.00 
 BI × season   -5.0 -5.50 0.00 
 IA × season   -3.4 -5.11 0.00 
       

Male size  0.31 286.4    
 Intercept   164.6 334.22 0.00 
 Burrard Inlet   -9.7 -13.76 0.00 
 Indian Arm   -10.3 -15.21 0.00 
 Fall season   -1.4 -2.63 0.01 
 BI × season   -11.7 -21.04 0.00 
 IA × season   -7.2 -12.89 0.00 
       

Old male size  0.04 5.74    
 Intercept   164.8 335.02 0.00 
 Burrard Inlet   -0.6 -0.56 0.58 
 Indian Arm   -3.2 -3.13 0.00 
 Fall season   2.6 2.65 0.01 
 BI × season   -12.0 -2.82 0.01 
 IA × season   -3.6 -1.82 0.07 
       

Sublegal male size  0.11 35.39    
 Intercept   149.3 172.06 0.00 
 Burrard Inlet   -5.3 -5.68 0.00 
 Indian Arm   -3.9 -4.42 0.00 
 Fall season   -5.6 -7.08 0.00 
 BI × season   -1.0 -1.48 0.14 
 IA × season   1.5 2.20 0.03 
       

Female size  0.07 14.48    
 Intercept   132.7 152.37 0.00 
 Burrard Inlet   1.9 1.13 0.26 
 Indian Arm   -0.1 -0.09 0.93 
 Fall season   3.5 1.90 0.06 
 BI × season   1.5 1.10 0.27 
 IA × season   -6.6 -5.03 0.00 
       

Fecund female size  0.02 1.36    
 Intercept   147.6 129.79 0.00 
 Burrard Inlet   -0.6 -0.25 0.80 
 Indian Arm   2.3 1.26 0.21 
 Fall season   0.6 0.33 0.74 
 BI × season   -4.5 -2.94 0.00 
 IA × season   -4.2 -2.61 0.01 
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Males 

Abundance 

Significantly fewer (63.7%) male Dungeness crabs were caught in traps in fished areas, 

Burrard Inlet and Indian Arm, pre- and post fishery (2.4-4.8 crabs per trap; 95% CI) 

compared to the fisheries closure, Vancouver Harbour (8-14 crabs per trap; Fig. 3-4b, 

Table 3-10). Fewer males were caught in fished areas, post fishery; in contrast, more 

males were caught in the closure in the fall compared to the spring.  

 

Size 

Pre-fishery, males were, on average, 9.3 mm (5.8%) smaller in fished areas (8.3 mm in 

Burrard Inlet, 10.3 mm in Indian Arm) compared to the fisheries closure, Vancouver 

Harbour (Fig. 3-5b, Table 3-11). Post fishery, males were 19.6 mm (12.2%) smaller in 

fished areas (20.8 mm in Burrard Inlet, 18.4 mm in Indian Arm) compared to the closure. 

Males decreased in size in the fall, considerably more in fished areas, compared to the 

spring (-14.1 mm in Burrard Inlet; -9.7 mm in Indian Arm; -1.6 mm in Vancouver 

Harbour). 

 

Old males 

Abundance 

Significantly fewer (94.7-97.1%) old male Dungeness crabs were caught in traps in 

fished areas, Burrard Inlet and Indian Arm, where there were virtually none (0-0.3 crabs 

per trap), especially post fishery, compared to the fisheries closure, Vancouver Harbour 

(spring pre-fishery = 2.4-3.6 crabs per trap; fall post fishery = 0.7-1.4 crabs per trap; Fig. 

3-4c, Table 3-10). Catches of old males decreased post fishery (fall) in all areas. 

 

Size 

Pre-fishery, old males were similar in size in the fished area, Burrard Inlet, and the 

fisheries closure, Vancouver Harbour (166.1-166.6 mm; Fig. 3-5c; Table 3-11). Old 

males were smaller in Indian Arm (by 2.9 mm or 1.7%). Post fishery, very few old males 

remained in Burrard Inlet and these were at the size limit (154-155 mm; 7.9% smaller). 

Old males were 6.7 mm or 4% smaller in Indian Arm compared to the closure. In general, 
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old male size increased in the fall in the closure, but decreased post fishery in fished 

areas. 

 

Proportion at the minimum size limit 

Pre-fishery, the proportion of old males barely legal size (154-155 mm carapace notch 

width) was 16.5% in Burrard Inlet and 11.3% in Indian Arm compared to 7% in the 

fisheries closure, Vancouver Harbour (Fig. 3-6).  

 
 
 
 

 
 
Figure 3-6. Proportion (%; mean ± SE) of old male Dungeness crabs barely legal size 
(154-155 mm carapace notch width) in two fished areas, Burrard Inlet and Indian Arm, 
and the fisheries closure, Vancouver Harbour, 2009-13. 
 

The proportion of old males at the size limit increased considerably post fishery in fished 

areas. In Burrard Inlet, the few old crabs remaining were all at the threshold of the size 

limit. High variability was observed in Indian Arm. In contrast, the proportion of old 

males at the size limit remained consistently low in the closure in the spring and fall. 

Note post fishery, no old males were collected in fished areas in two of five years; in 

contrast old males were collected every year in Vancouver Harbour.  
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Mated males  

Size 

Males displaying mating marks were significantly smaller in fished areas (by 13.5 mm or 

8.4%; F2,170 = 52.04, p<0.001; Table 3-12).  

 
Table 3-12. Size (mm carapace notch width) of males exhibiting mating marks in two 
fished areas, Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 
2009-2013. 
 

Location Mean (mm) SE 95% CI (mm) Range (mm) n 
Vancouver Harbour 160.3 1.02 158.3 - 162.3 140 - 178 61 

Burrard Inlet 145.4 0.56 144.3 - 146.5 130 - 158 87 
Indian Arm 148.3 0.78 146.7 - 149.8 134 - 166 52 

 

 

Some males mating in fished areas were as small as 130 mm, whereas mated males in the 

closure were at least 140 mm. In fished areas, 2.3% (Burrard Inlet) and 15.4% (Indian 

Arm) of males with mating marks were legal size compared to 77% in the closure.  

 

Ovigerous females 

Size 

Only 38 ovigerous (berried or releasing eggs) females were caught in traps from all areas. 

Ovigerous females were larger in fished areas, Burrard Inlet (134 ± 2.22 mm carapace 

notch width, mean ± SE, n=12 or 7.2%) and Indian Arm (140 ± 1.42 mm, n=21 or 12%), 

compared to the fisheries closure, Vancouver Harbour (125 ± 5.51 mm, n=5). Mean sizes 

of females in all areas were similar (Burrard Inlet = 134.1 ± 0.98 mm, Indian Arm = 

132.1 ± 1.13 mm, Vancouver Harbour = 133.9 ± 0.73 mm). In Burrard Inlet ovigerous 

females were similar in size to the general female population sampled whereas in Indian 

Arm ovigerous females were larger than the general female population. Ovigerous 

females in the closure were smaller than the mean size of the general female population 

sampled. 
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Sex ratio 

Pre-fishery, similar higher ratios of males to females were captured in Burrard Inlet (2.8-

10.6 males per female; 95% CI) and the fisheries closure, Vancouver Harbour, (3.9-8.4 

males per female) compared to Indian Arm (1.6-3.3 males per female; Table 3-13).   

 

Table 3-13. Dungeness crab sex ratios determined from the number of males caught in 
standardized traps for every female, 2009-13. Mean ± SE. 
 

Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

Spring Pre 6.2 ± 1.06 6.7 ± 1.84 2.4 ± 0.41 
Fall Post 69.2 ± 16.67 9.7 ± 1.50 8.4 ± 2.45 

 

 

Post fishery, in fished areas a ratio less than 14:1 males per female, normally 8-10 males 

per female, was caught in traps. In contrast, a very high number of males per female were 

captured in traps in the closure (>33:1).  In summary, the ratio of males to females caught 

in traps in the two fished areas were generally similar pre- and post fishery whereas very 

high numbers of males and few females were caught during the fall in the closure. Please 

note in 2009 during the fall unusually high catches of males to females were observed 

(Burrard Inlet = 29.4:1; Indian Arm = 15.3:1; Vancouver Harbour = 148:1). 

3.3.2 Management Measure: minimum size limit  

Fishing Action: discard small crabs (sublegal males) 

A consequence of the minimum size limit is small crabs cannot be retained and must be 

discarded. Discarded (sublegal) males will be recruited into the fishery after they moult to 

legal size.   

 

Discard ratio: sublegal to legal males 

Standardized research traps 

Pre-fishery, the number of sublegal males caught for one legal male was higher in fished 

areas (Burrard Inlet = 1.2 ± 0.14 (mean ± SE); Indian Arm = 1.6 ± 0.28) compared to the 

fisheries closure, Vancouver Harbour (0.3 ± 0.01; Fig. 3-7a). Discards of sublegal males 

were 4.6-5.9 times higher in fished areas compared to the closure. 
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Figure 3-7. Discards of sublegal males (SLM; A, B) and females (FEM; C, D) per legal 
male (LM) in standardized research traps (A, C) and commercial traps (B, D). For 
standardized traps, “pre” is pre-fishery (spring) and “post” is post fishery (fall). Mean ± 
SE. For commercial traps, crab biological data were collected by the service provider in 
Burrard Inlet during fishing seasons between June 15 and November 30. Data were 
collected from 2009 to 2013. 
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Post fishery, discard ratios in fished areas increased considerably (20:1 in Burrard Inlet, 

11:1 in Indian Arm; Fig. 3-7a). Discards of sublegal to legal males were 40 times higher 

in Burrard Inlet and 22 times in Indian Arm compared to the closure. The number of 

sublegal males caught for one legal male did not change in Vancouver Harbour between 

spring and fall seasons (0.5 ± 0.14). 

 

Commercial traps 

Sampling of commercial catches by the service provider during fishing seasons was 

generally infrequent and sporadic in Burrard Inlet. Best sample sizes were collected 

2010-12 at the start of fishing seasons (Table 3-14).   

 

Table 3-14. Service provider sampling effort in Burrard Inlet to collect Dungeness crab 
biological information from commercial vessels during fishing seasons, 2009-13. 
 

Year Date Vessels Sets Traps Crabs 
2009 July 16-31 

Aug 1-15 
2 
1 

2 
2 

13 
14 

102 
52 

2010 July 1-15 
July 16-31 

13 
1 

20 
1 

129 
8 

823 
60 

2011 June 15-30 10 13 84 657 
2012 June 15-30 

Oct 1-15 
5 
2 

6 
2 

32 
19 

305 
64 

2013 Aug 16-31 
Sept 16-30 

2 
1 

3 
1 

21 
13 

93 
55 

Total 5 years June to Oct 37 50 333 2,211 
 
 
 

Small sample sizes were obtained from August onward (none in November), probably 

due to low fishing effort in Burrard Inlet later in the seasons. 

 

Discards of sublegal males to one legal male in the commercial fleet were approximately 

0.7:1 at the start of fishing seasons until mid-August, and then increased, peaking (at 

3.6:1 in 2013) in September (Fig. 3-7b). 
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Abundance 

Trap catches of sublegal male Dungeness crabs were similar in fished areas, Burrard Inlet 

and Indian Arm, and the fisheries closure, Vancouver Harbour. Catches were higher in 

the fall (post fishery: 1.6-4.7 crabs per trap; 95% CI) compared to spring (pre-fishery: 

1.7-2.7 crabs per trap; Fig. 3-4d, Table 3-10) in all areas.  

 

Size 

Pre-fishery, sublegal males were, on average, 3.6 mm (2.5%) smaller in fished areas (3.3 

mm in Burrard Inlet; 3.9 mm in Indian Arm) compared to the fisheries closure, 

Vancouver Harbour (Fig. 3-5d, Table 3-11). Post fishery, sublegal males were 4.2 mm 

(3%) smaller (4.5 mm in Burrard Inlet; 3.9 mm in Indian Arm). Mean size decreased post 

fishery in all areas (Burrard Inlet: 5.2 mm or 3.6%; Indian Arm: 4 mm or 2.8%; 

Vancouver Harbour: 2.7%). 

 

Injuries  

Post fishery, the proportion of injured sublegal males was significantly higher in Burrard 

Inlet (32.5%) compared to Indian Arm (24.7%) and the fisheries closure, Vancouver 

Harbour (23.0%; Tables 3-15, 3-21).  

 

Table 3-15. Overall mean injury rates to Dungeness crab classes in two fished areas, 
Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, pre-fishery 
(spring) and post fishery (fall), 2009-13. 
 

Sex Size Van Harbour  Burrard Inlet  Indian Arm 
  Pre Post  Pre Post  Pre Post 

Male Sublegal 28.3 23.0  33.5 32.5  27.5 24.7 
 Legal 25.0 21.5  23.3 40.7  21.4 34.8 
Female  25.5 26.6  31.8 38.7  28.4 27.2 

 
 

An additional 9.5% of sublegal males in Burrard Inlet were injured compared to the 

closure. In other words, the injury rate to sublegal males was 41% higher in Burrard Inlet 

compared to the closure. 
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Proportions (%) of injured sublegal male Dungeness crabs in Burrard Inlet, Indian Arm, 

and the closure are listed in the following tables: Table 3-16 (claw injuries), Table 3-17 

(leg injuries), Table 3-18 (appendage injuries), Table 3-19 (body part injuries/diseases). 

Results from statistical analyses are detailed in Table 3-10. 

 

Proportions of sublegal males with claw injuries were similar in fished and closed areas. 

Only an additional 2.6% had injuries to one or two claws in the fished area, Burrard Inlet, 

compared to the closure (Table 3-21). An additional 9.3% of sublegal males in Burrard 

Inlet suffered leg injuries, post fishery. Generally one leg was either missing or 

regenerating; the rate in Burrard Inlet was 101% higher than in the closure. An additional 

5.8% of sublegal males in Burrard Inlet experienced injuries to one appendage (primarily 

missing) compared to crabs in the closure. This likely reflects the higher rate of injury to 

one leg rather than claws. Only an additional 3.7% of sublegal males had injuries to more 

than one appendage. The prevalence of crabs with cracked or punctured carapaces was 

eight times higher in Burrard Inlet (still less than 1%) post fishery compared to the 

closure (Table 21). Large wounds were more prevalent in fished areas (5-6%) compared 

to the closure (approximately 2%). 

 

Injury index values for sublegal males were higher (by 63%) in Burrard Inlet (6.4, 6.5) 

and lower in Indian Arm (4.7, 3.6) compared to the closure (5.8, 4.3; Table 3-22a). Post 

fishery, the proportion of injured sublegal males, more so than severity of injuries, 

resulted in higher injury index values in Burrard Inlet compared to Indian Arm, especially 

in 2012 and 2013 (Fig. 3-8a). Injury index values remained the same in Burrard Inlet and 

decreased in Indian Arm, post fishery (Table 3-22a). The level of injury to sublegal males 

(1.0×) remained essentially the same compared to pre-fishery and closure levels. 

 

Post fishery, proportions of injured sublegal males were generally below pre-fishery 

thresholds derived from fished areas and the closure (Fig. 3-9). Overall there was a slight 

increase in injuries in all areas during the spring; these results indicate injuries obtained 

during the fishery probably did not cause excessive mortality in sublegal males.  
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Table 3-16. Sublegal male Dungeness crab claw injuries (mean %) in two fished areas, 
Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 2009-13. 
Shaded bold cells in fished areas signify values that are significantly different (p≤0.002) 
from the same category in the closure. Shaded cells signify values that are close to being 
significantly different (p<0.01). Bold values signify differences that are discussed in the 
text. 
 

Claws Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard  
Inlet 

Indian 
Arm 

Two Missing / Regenerating Spring Pre 0.7 1.1 0.6 
  Fall Post 0.9 1.2 0.2 
 All Spring Pre 1.2 1.3 1.3 
  Fall Post 1.3 1.7 0.4 

One Missing Spring Pre 4.1 4.2 3.9 
  Fall Post 3.1 4.4 3.0 
 Regenerating Spring Pre 10.4 8.0 6.5 
  Fall Post 7.9 7.3 6.3 
 Missing / Regenerating Spring Pre 14.6 12.2 10.4 
  Fall Post 11.0 11.7 9.3 
 Part Missing Spring Pre 1.8 2.4 2.8 
  Fall Post 1.6 2.2 2.0 
 Tip Missing1 Spring Pre 1.8 1.3 1.7 
  Fall Post 0.6 2.2 1.7 
 Deformed Spring Pre 0.4 1.0  1.7 
  Fall Post 0.7 0.6 0.5 
 All Spring Pre 17.8 16.4 15.8 
  Fall Post 13.7 15.9 12.8 

Overall  Spring Pre 19.0 17.8 17.1 
  Fall Post 15.0 17.6 13.2 
1Based on data collected 2011-13 only 
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Table 3-17. Sublegal male Dungeness crab leg injuries (mean %) in two fished areas, 
Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 2009-13. 
Shaded bold cells in fished areas signify values that are significantly different (p≤0.002) 
from the same category in the closure. Shaded cells signify values that are close to being 
significantly different (p<0.01). Bold values signify differences that are discussed in the 
text. 
 

Legs Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

Three All Spring Pre 0.4 0.3 0.6 
  Fall Post 0.5 1.0 0.4 

Two Missing or Regenerating Spring Pre 2.9 2.8 1.2 
  Fall Post 2.0 3.0 1.5 
 All Spring Pre 2.9 3.4 1.3 
  Fall Post 2.5 3.0 2.1 

One Missing Spring Pre 5.2 8.0 7.6 
  Fall Post 4.0 8.8 5.4 
 Regenerating Spring Pre 3.7 6.2 4.4 
  Fall Post 3.5 6.3 4.2 
 Missing or Regenerating Spring Pre 8.9 14.2 12.0 
  Fall Post 7.5 15.1 9.6 
 Part Missing Spring Pre 0.9 1.4 0.1 
  Fall Post 0.3 0.6 0.9 
 Tip Missing1 Spring Pre 0.7 0.4 0.5 
  Fall Post 0.2 0.9 0.7 
 Deformed Spring Pre 0 0 0 
  Fall Post 0 0 0 
 All Spring Pre 10.3 15.9 12.4 
  Fall Post 8.0 16.2 11.0 

Overall  Spring Pre 13.9 19.5 14.4 
  Fall Post 11.0 20.3 13.4 

1Based on data collected 2011-13 only 
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Table 3-18. Sublegal male Dungeness crab appendage (claw and leg) injuries (mean %) 
in two fished areas, Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver 
Harbour, 2009-13. Shaded bold cells in fished areas signify values that are significantly 
different (p≤0.002) from the same category in the closure. Shaded cells signify values 
that are close to being significantly different (p<0.01). Bold values signify differences 
that are discussed in the text. 

 

Appendage Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

>Two Missing / Regenerating / Spring Pre 1.3 2.1 1.2 
 Part Missing Fall Post 1.0 1.6 0.8 
 All Spring Pre 1.7 2.2 1.4 
  Fall Post 1.2 1.9 1.0 

≥Two All Spring Pre 8.0 7.6 6.7 
  Fall Post 6.4 10.1 4.2 

Two Missing or Regenerating Spring Pre 5.3 4.3 3.8 
  Fall Post 4.3 6.5 2.4 
 Part Missing / Spring Pre 0.6 0.9 0.8 
 Missing or Regenerating Fall Post 0.6 0.7 0.5 
 All Spring Pre 6.3 5.4 5.2 
  Fall Post 5.2 8.3 3.2 

One Missing Spring Pre 6.2 10.0 7.6 
  Fall Post 5.0 8.3 7.0 
 Regenerating Spring Pre 9.8 10.4 8.0 
  Fall Post 8.7 10.1 9.0 
 Part Missing Spring Pre 2.3 2.7 2.5 
  Fall Post 1.4 2.2 2.6 
 Tip Missing1 Spring Pre 2.2 1.5 1.4 
  Fall Post 0.9 1.8 1.8 
 Deformed Spring Pre 0.2 0.9 1.5 
  Fall Post 0.7 0.4 0.5 
 All Spring Pre 19.9 24.9 20.4 
  Fall Post 16.3 22.1 20.1 

1Based on data collected 2011-13 only 
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Table 3-19. Injuries to sublegal male Dungeness crab carapaces and select body parts, 
and the prevalence of particular diseases, (mean %) in two fished areas, Burrard Inlet 
and Indian Arm, and the fisheries closure, Vancouver Harbour, 2009-13. Shaded bold 
cells in fished areas signify values that are significantly different (p≤0.002) from the 
same category in the closure. Shaded cells signify values that are close to being 
significantly different (p<0.01). Bold values signify differences that are discussed in the 
text. 
 

Body Part Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

Carapace Deformed Spring Pre 0 0.03 0 
  Fall Post 0.21 0 0 
 Crack / Hole Spring Pre 0.92 1.1 0.77 
  Fall Post 0.07 0.56 0.37 

Abdomen Torn/Missing Spring Pre 0 0 0.1 
  Fall Post 0 0 0.06 

Mouth parts1 Torn/Missing Spring Pre 0 0.26 0 
  Fall Post 0.17 0.37 0 

Appendages Large wounds Spring Pre 1.5 5.5 5.0 
  Fall Post 2.1 6.1 4.9 

Claws, legs, underside Shell Disease Spring Pre 0 0.07 0.05 
  Fall Post 0 0 0 

Musculature Microsporidia Spring Pre 0 0 0 
  Fall Post 0 0 0 
1Based on data collected 2011-13 only 
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Table 3-20. Binomial generalized linear model parameters and statistical results for sublegal male Dungeness crab injury data. Fished 
areas (Burrard Inlet and Indian Arm) were compared to the fisheries closure, Vancouver Harbour. Post fishery (fall season) was 
compared to pre-fishery (spring season). Statistical significance is p≤0.002. 
 

Injury n df Log- Deviance Pearson Fished Area Post Fishery 
   likelihood  chi2 Burrard Inlet Indian Arm Fall Season 
      z p z p z p 

% injured 217 7 -518.69 330.91 325 5.100 0.000 0.428 0.668 -3.208 0.001 
Leg (1) missing 217 7 -364.94 343.23 337 3.720 0.000 2.143 0.032 -2.230 0.026 

Leg (1) missing/regen 217 7 -410.31 297.24 271 4.360 0.000 1.799 0.072 -2.417 0.016 
Leg (1) all injuries 217 7 -418.43 291.26 273 4.705 0.000 1.868 0.062 -2.382 0.017 

Legs overall injuries 217 7 -451.75 305.16 304 5.105 0.000 1.323 0.186 -2.161 0.031 
Appendage (1) missing 217 7 -353.95 278.63 255 3.660 0.000 2.395 0.017 -2.399 0.016 
Appendage (1) regen 217 7 -356.67 219.87 191 2.072 0.038 -0.587 0.557 0.078 0.938 

Appendage (1) all injuries 217 7 -464.57 272.49 263 4.451 0.000 1.581 0.114 -2.037 0.042 
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Table 3-21. Comparisons of post fishery proportions (%) of sublegal male Dungeness crabs with select injuries in two fished areas, 
Burrard Inlet and Indian Arm, to pre-fishery and closure baseline rates, 2009-13. Proportions listed are amounts above baseline rates. 
For example, post fishery in Burrard Inlet, an additional 9.5% of sublegal males was injured compared to the fisheries closure. 

Body Part Burrard Inlet  Indian Arm  Mean for Table 
Injured Pre-fish Closure Mean  Pre-fish Closure Mean  Two Fished 

Areas 
Reference 

Overall -1.0 9.5 4.3  -2.8 1.7 -0.6  1.9 3-15 
Claws -0.2 2.6 1.2  -3.9 -1.8 -2.9  -0.9 3-16 
Legs 0.8 9.3 5.1  -1.0 2.4 0.7  2.9 3-17 
One leg 0.3 8.2 4.3       3-17 
One leg missing/regen 0.9 7.6 4.3       3-17 
One appendage -2.8 5.8 1.5  -0.3 3.8 1.8  1.7 3-18 
One appendage missing -1.7 3.3 0.8       3-18 
More than one appendage 2.5 3.7 3.1       3-18 
Carapace cracked -0.5 0.5 0  -0.4 0.3 -0.05  -0.03 3-19 
Appendages large wounds 0.6 4.0 2.3  -0.1 2.8 1.4  1.9 3-19 
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Table 3-22a. Injury index values for sublegal male Dungeness crabs in two fished areas, Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver 
Harbour, pre-fishery (May) and post fishery (October), 2011-13. 
 

Month Location % Injured Severity Index Post vs. 
Pre- 

Fished vs. 
Closure 

Mean  
Fished/Closed 

Overall Mean 
Fished 

May  Van Harbour 27.7 23.8 5.8     
Pre-fish Burrard Inlet 33.1 19.0 6.4     

 Indian Arm 24.9 18.4 4.7     
         

October Van Harbour 21.8 17.4 4.3 0.7×    
Post fish Burrard Inlet 31.9 18.8 6.5 1.0× 1.5× 1.3× 1.0× 

 Indian Arm 22.9 15.8 3.6 0.8× 0.8× 0.8×  
 
 
Table 3-22b. Injury index values for female Dungeness crabs.  
 

Season Location % Injured Severity Index Post vs. 
Pre- 

Fished vs. 
Closure 

Mean  
Fished/Closed 

Overall Mean 
Fished 

May  Van Harbour 22.6 17.2 4.2     
Pre-fish Burrard Inlet 28.3 17.0 5.3     

 Indian Arm 29.4 18.8 5.4     
         

October Van Harbour 28.3 12.8 4.5 1.1×    
Post fish Burrard Inlet 36.8 21.0 10.2 1.9× 2.3× 2.1× 1.9× 

 Indian Arm 31.2 21.4 8.5 1.6× 1.9× 1.7×  
 
Table 3-22c. Injury index values for legal male Dungeness crabs. 
 

Season Location % Injured Severity Index Post vs. 
Pre- 

Fished vs. 
Closure 

Mean  
Fished/Closed 

Overall Mean 
Fished 

May  Van Harbour 25.8 17.3 4.5     
Pre-fish Burrard Inlet 18.1 15.3 3.2     

 Indian Arm 21.7 14.0 3.2     
         

October Van Harbour 21.3 16.2 3.4 0.8×    
Post fish Burrard Inlet 38.6 21.2 10.5 3.3× 3.1× 3.2× 2.8× 

 Indian Arm 36.5 16.5 7.7 2.4× 2.3× 2.3×  
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Figure 3-8. Injury index values for sublegal male (A), female (B), and legal male (C) 
Dungeness crabs in two fished areas, Burrard Inlet (BI) and Indian Arm (IA), and the 
fisheries closure, Vancouver Harbour (VH), pre- (spring) and post fishery (fall), 2011-13.  
 

C 

B 
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Figure 3-9. Levels of injury for three crab classes. Mortality was assumed to have 
occurred when crabs injured post fishery (fall) were absent in traps the following spring. 
Lines are thresholds, pre-fishery (spring) upper 95% CI; points are post fishery (fall) 
mean values based on five years (2009-13) of data. 
 

Baseline injury rates obtained from the closure 

The overall proportion of injured sublegal males in the fisheries closure was 28% (spring) 

and 23% (fall; Table 3-15). The proportion with claw injuries was 19% (spring) and 15% 

(fall; Table 3-16). Injuries to one claw were most common (14-18%), most of which were 

regenerating or missing. Injuries to two claws occurred very infrequently (1.3%). The 

proportion with leg injuries was 14% (spring) and 11% (fall; Table 3-17). Injuries to one 

leg were most common (8-10%), with the majority being missing or regenerating.  

Injuries to two legs occurred less often (<3%) and to three legs very infrequently (0.5%). 

The proportion with injuries to one appendage was approximately 16-20%; Table 3-18). 

Injuries to single appendages were mostly regenerating or missing. The proportion with 

injuries to two appendages was approximately 5-6%, and more than two appendages 

<2%. Generally proportions of sublegal males with injuries to carapaces, abdomens, and 

mouth parts, and suffering from particular diseases, were very low; however, carapaces 

with cracks or holes was the most common, but still less than 1%.(Table 3-19). Large 

wounds occurred in approximately 2% of crabs. Injury index values for sublegal males in 
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the closure was 5.8 (spring) and 4.3 (fall; Table 3-22a). The trend was fairly flat from 

2011 to 2013 (Fig. 3-8a). 

 

Removals 

Pre-fishery in Burrard Inlet, 41.3% of sublegal males one or two millimeters under the 

minimum size limit (size category 152-153 mm carapace notch width) were absent 

compared to the closure (Fig. 3-10a). In Indian Arm, a similar proportion (41.7%) was 

absent; furthermore, 29.6% of sublegal males three or four millimeters under the size 

limit (size category 150-151 mm) were also absent. 

 

Post fishery in Burrard Inlet, 71.7% of sublegal males one or two millimeters under the 

size limit were absent (Fig. 3-10b). In addition 48.8% of those individuals three or four 

millimeters under the size limit were also absent. Indian Arm was similar to Burrard Inlet 

whereby 69.7% of sublegal males one or two millimeters under the size limit were absent 

as well as 36.9% of those three or four millimeters under the limit. 

 

In summary, pre-fishery in fished areas, approximately 42% of sublegal males one or two 

millimeters under the size limit were absent from trap catches compared to the closure. 

Post fishery, the missing proportion increased to 71%. Moreover, 43% of sublegal males 

three or four millimeters under the size limit were also absent in fished areas.  
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Figure 3-10. Proportions of sublegal males in various size categories under the minimum 
size limit (154 mm carapace notch width), pre-fishery (spring; A) and post-fishery (fall; 
B), 2009-13. Mean ± SE. The two fished areas are Burrard Inlet (BI) and Indian Arm 
(IA). The fisheries closure is Vancouver Harbour (VH). 
 
 

B 

A 
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3.3.3 Management Measure: sex restriction  

Fishing Action: non-retention females 

A consequence of the sex restriction is female crabs cannot be retained and must be 

discarded. 

 

Discard ratio: females to legal males 

Standardized research traps 

Pre-fishery in fished areas the number of females caught for one legal male was 1.1 ± 

0.11 (mean ± SE) in Burrard Inlet and 2.0 ± 0.29 in Indian Arm compared to 0.4 ± 0.08 in 

the Vancouver Harbour fisheries closure. Discards of females were 2.7-4.9 times higher 

in fished areas compared to the closure (Fig. 3-7c). 

 

Post fishery in Burrard Inlet the discard ratio increased to 3.7:1 (Fig. 3-7c). The discard 

ratio remained similar in Indian Arm, pre- and post fishery (2.8:1). In contrast, the 

discard ratio decreased in the closure between spring and fall (0.04 ± 0.01) seasons. 

Discards of females to legal males were 92 times higher in Burrard Inlet and 68 times 

higher in Indian Arm post fishery compared to the closure.  

 
  

Commercial traps 

Discards of females to one legal male in the commercial fleet were similar to sublegal 

males at the start of fishing seasons (approximately 0.7:1) and gradually increased to 2:1 

(in 2013) by the second half of August (Fig. 3-7d). 

 

Abundance 

Trap catches of female Dungeness crabs were similar in the fished area, Indian Arm and 

the fisheries closure, Vancouver Harbour, and lower in Burrard Inlet. In all areas, catches 

were higher pre-fishery (1.4-3.5 crabs per trap; 95% CI) and declined post fishery, 

especially in the closure (0.1-0.4 crabs per trap; Fig. 3-4e, Table 3-10). Catches in fished 

areas were slightly higher (0.3-1.1 crabs per trap). 
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Trap catches of the most fecund female Dungeness crabs were similar in fished areas and 

the closure. Catches were similar in the spring (pre-fishery: 0.1-0.3 crabs per trap; 95% 

CI) compared to fall (post fishery: 0-0.17 crabs per trap; Fig. 3-4f, Table 3-10).  

 

Size 

Females were similar in size in fished and closed areas. Pre-fishery, female size was 

similar in fished areas and the closure (133-134 mm carapace notch width; Fig. 3-5e, 

Table 3-11). Post fishery, females were 8.3 mm (6.1%) smaller in Indian Arm compared 

to the closure. Females in Burrard Inlet and the closure were similar in size (136-137 

mm). Overall size did not change between seasons. 

 

The proportion of females larger than the minimum size limit (154 mm carapace notch 

width) was similarly low in all areas (Burrard Inlet = 2.4%, Indian Arm = 1.1%, 

Vancouver Harbour = 1.1%). Combining all areas, only 1.5% of females were larger than 

154 mm.  

 

Pre-fishery, sizes of fecund females were similar in fished areas (Burrard Inlet = 149.3 ± 

0.48 mm, n=131; Indian Arm = 148.8 ± 0.24 mm, n=117) and the closure (148 ± 0.23 

mm, n=77; Fig. 3-5f, Table 3-11). Post fishery, fecund females were similar in size in all 

areas. Post fishery, fecund females tended to be smaller in fished areas. 

 

Injuries 

Post fishery, the proportion of injured females was significantly higher in Burrard Inlet 

(38.7%) compared to Indian Arm (27.2%) and the fisheries closure, Vancouver Harbour 

(26.6%; Tables 3-15, 3-28). An additional 12.1% of females in Burrard Inlet was injured 

compared to the closure. In other words, the injury rate to females was 45.5% higher in 

Burrard Inlet compared to the closure. Females seemed to have fared better in Indian 

Arm as post fishery injury rates there were similar to pre-fishery and closure baseline 

rates. 

Proportions (%) of injured female Dungeness crabs in Burrard Inlet and Indian Arm, and 

the fisheries closure, Vancouver Harbour, are listed in the following tables: Table 3-23 
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(claw injuries), Table 3-24 (leg injuries), Table 3-25 (appendage injuries), Table 3-26 

(body part injuries/diseases). Results from statistical analyses are detailed in Table 3-27. 

An additional 8% of females in Burrard Inlet post fishery had injured claws compared to 

the closure (6% two claws, 7% missing or regenerating one claw; Table 3-28). An 

additional 7% of females in Burrard Inlet post fishery suffered from a variety of injuries 

to one, two, or three legs. Missing a dactylus (tip) on one leg was a common type of leg 

injury. An additional 10.5% of females experienced injuries to more than one appendage, 

a rate five times higher than in the closure. The prevalence of torn mouthparts increased 

post fishery in fished areas, but remained relatively low (<3%; Table 3-26). Females had 

fewer large wounds in fished areas (<2.1%) compared to Vancouver Harbour (7%).  

 

Female injury index values were similar in fished areas, pre-fishery (5.3 and 5.4; Table 3-

22b). Values increased considerably post fishery in both fished areas (10.2 and 8.5), and 

were 24% higher in Burrard Inlet compared to Indian Arm. In Burrard Inlet the increase 

in the index was mostly a consequence of a higher proportion of injured females. The 

severity of injuries to females was similar in fished areas, and considerably higher than in 

the closure. In Burrard Inlet, the proportion of injured females and injury severity 

increased in two of three years; however, this trend was not apparent in 2012 when 

injuries to females were lower post fishery compared to the other two years (Fig. 3-8b). A 

similar, but less severe, trend was observed in Indian Arm. In fished areas, post fishery, 

the level of injury to females (1.9×) was nearly twice as high as pre-fishery and closure 

levels (Table 3-22b). 

 

In Burrard Inlet, injuries to females were the same at the end of fishing seasons compared 

to the baseline level obtained from the inlet, and 1.23 times higher than the closure 

baseline level (Fig. 3-9). Approximately 0-7% of females may have succumbed to their 

injuries and not survived winters in Burrard Inlet as evident by their absence in traps the 

following spring seasons. In Indian Arm, post fishery values were similar to the closure 

and below both closure and Indian Arm pre-fishery thresholds suggesting lower mortality 

of females there.  
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Table 3-23. Female Dungeness crab claw injuries (mean %) in two fished areas, Burrard 
Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 2009-13. Shaded 
bold cells in fished areas signify values that are significantly different (p≤0.002) from 
the same category in the closure. Shaded cells signify values that are close to being 
significantly different (p<0.01). Bold values signify differences that are discussed in the 
text. 
 

Claws Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard  
Inlet 

Indian 
Arm 

Two Missing / Regenerating Spring Pre 0.3 0.4 0.4 
  Fall Post 0  4.9 1.1 
 All Spring Pre 1.4 1.5 3.4 
  Fall Post 0 6.9 1.8 

One Missing Spring Pre 2.5 3.4 2.4 
  Fall Post 2.4 8.1 4.4 
 Regenerating Spring Pre 3.5 4.4 3.3 
  Fall Post 5.6 6.8 3.5 
 Missing / Regenerating Spring Pre 6.1 7.8 5.8 
  Fall Post 8.1 14.9 7.9 
 Part Missing Spring Pre 5.6 5.3 4.9 
  Fall Post 2.4 2.2 4.8 
 Tip Missing1 Spring Pre 2.4 2.2 2.5 
  Fall Post 2.5 0.4 3.0 
 Deformed Spring Pre 0.4 1.9 0.8 
  Fall Post 3.3 0.4 0 
 All Spring Pre 13.6 16.5 13.0 
  Fall Post 15.4 17.8 14.6 

Overall  Spring Pre 15.0 18.0 16.4 
  Fall Post 15.4 24.7 16.4 

1Based on data collected 2011-13 only 
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Table 3-24. Female Dungeness crab leg injuries (mean %) in two fished areas, Burrard 
Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 2009-13. Shaded 
bold cells in fished areas signify values that are significantly different (p≤0.002) from 
the same category in the closure. Shaded cells signify values that are close to being 
significantly different (p<0.01). Bold values signify differences that are discussed in the 
text. 
 

Legs Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

Three All Spring Pre 0.8 0.6 0.2 
  Fall Post 0 1.1 0 

Two Missing or Regenerating Spring Pre 2.9 1.7 1.8 
  Fall Post 0 1.7  2.1 
 All Spring Pre 3.0 2.0 2.2 
  Fall Post 1.5 2.4 2.4 

One Missing Spring Pre 6.6 8.3 6.6 
  Fall Post 9.8 11.2 8.4 
 Regenerating Spring Pre 1.6 4.3 4.2 
  Fall Post 2.2 2.9 1.3 
 Missing or Regenerating Spring Pre 8.2 12.6 10.8 
  Fall Post 12.0 14.0 9.7 
 Part Missing Spring Pre 0.1 0.5 0.8 
  Fall Post 0 0 0.4 
 Tip Missing1 Spring Pre 1.3 0.4 1.0 
  Fall Post 0 4.4 0.2 
 Deformed Spring Pre 0 0 0.6 
  Fall Post 0 0 0 
 All Spring Pre 9.1 13.4 12.8 
  Fall Post 12.0 17.5 10.2 

Overall  Spring Pre 12.9 16.1 15.2 
  Fall Post 13.6 21.7 12.6 

1Based on data collected 2011-13 only 
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Table 3-25. Female Dungeness crab appendage (claw and leg) injuries (mean %) in two 
fished areas, Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver 
Harbour, 2009-13. Shaded bold cells in fished areas signify values that are significantly 
different (p≤0.002) from the same category in the closure. Shaded cells signify values 
that are close to being significantly different (p<0.01). Bold values signify differences 
that are discussed in the text. 

 

Appendage Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

>Two Missing / Regenerating / Spring Pre 1.1 0.8 0.7 
 Part Missing Fall Post 0 4.0 1.0 
 All Spring Pre 1.4 0.9 1.2 
  Fall Post 1.1 4.8 1.5 

≥Two All Spring Pre 6.3 6.3 7.3 
  Fall Post 2.8 15.0 6.8 

Two Missing or Regenerating Spring Pre 3.4 3.0 2.7 
  Fall Post 0.8 6.1 2.9 
 Part Missing / Spring Pre 0.7 1.9 2.2 
 Missing or Regenerating Fall Post 0 1.5 2.2 
 All Spring Pre 4.9 5.4 6.1 
  Fall Post 1.7 10.2 5.2 

One Missing Spring Pre 7.2 9.3 7.5 
  Fall Post 9.9 10.8 9.3 
 Regenerating Spring Pre 4.2 7.5 5.6 
  Fall Post 7.0 8.1 3.3 
 Part Missing Spring Pre 4.7 4.7 5.1 
  Fall Post 2.4 1.6 3.2 
 Tip Missing1 Spring Pre 3.1 2.4 3.1 
  Fall Post 1.9 3.7 2.7 
 Deformed Spring Pre 0.4 1.9 0.8 
  Fall Post 3.3 0.4 0 
 All Spring Pre 18.4 25.0 20.9 
  Fall Post 23.8 23.7 17.5 

1Based on data collected 2011-13 only 
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Table 3-26. Injuries to female Dungeness crab carapaces and select body parts, and the 
prevalence of particular diseases, (mean %) in two fished areas, Burrard Inlet and Indian 
Arm, and the fisheries closure, Vancouver Harbour, 2009-13. Shaded bold cells in 
fished areas signify values that are significantly different (p≤0.002) from the same 
category in the closure. Shaded cells signify values that are close to being significantly 
different (p<0.01). Bold values signify differences that are discussed in the text. 

 

Body Part Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

Carapace Deformed Spring Pre 0 0 0 
  Fall Post 0 0 0 
 Crack / Hole Spring Pre 0.12 0.48 0.28 
  Fall Post 0  0 0.66 

Abdomen Torn/Missing Spring Pre 0.10 0 0 
  Fall Post 0 0 0 

Mouth parts1 Torn/Missing Spring Pre 0 0 0.16 
  Fall Post 0 2.6 1.7 

Appendages Large wounds Spring Pre 2.1 1.2 1.4 
  Fall Post 7.2 2.1 0.15 

Claws, legs, underside Shell Disease Spring Pre 0 0 0 
  Fall Post 0 0 0 

Musculature Microsporidia Spring Pre 0 0.50 0.10 
  Fall Post 0 0 1.4 
1Based on data collected 2011-13 only 
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Table 3-27. Binomial generalized linear model parameters and statistical results for female Dungeness crab injury data. Fished areas 
(Burrard Inlet and Indian Arm) were compared to the fisheries closure, Vancouver Harbour. Post fishery (fall season) was compared 
to pre-fishery (spring season). Statistical significance is p≤0.002. 
 

Injury n df Log- Deviance Pearson Fished Area Post Fishery 
   likelihood  chi2 Burrard Inlet Indian Arm Fall Season 

      z p z p z p 
% injured 184 7 -368.42 269.71 246 3.190 0.001 1.190 0.234 -0.064 0.949 

Claws (2) all injuries 184 7 -133.0 148.17 214 2.915 0.004 3.227 0.001 1.478 0.139 
Leg (1) missing/regen 184 7 -272.79 238.88 219 2.157 0.031 0.585 0.559 0.093 0.926 

Leg (1) all injuries 184 7 -281.33 238.09 220 2.160 0.031 0.876 0.381 -0.303 0.762 
Legs overall injuries 184 7 -296.54 226.10 206 2.642 0.008 0.901 0.368 0.066 0.948 

Appendage (more than 
one) all injuries 

184 7 -225.80 193.83 184 2.455 0.014 1.603 0.109 2.374 0.018 

Appendage (2) all injuries 184 7 -201.95 175.70 170 2.482 0.013 1.692 0.091 1.841 0.066 
Appendage (1) regen 184 7 -197.98 157.52 139 2.321 0.020 0.795 0.427 0.169 0.866 
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Table 3-28. Comparisons of post fishery proportions (%) of female Dungeness crabs with select injuries in two fished areas, Burrard 
Inlet and Indian Arm, to pre-fishery and closure baseline rates, 2009-13. Proportions listed are amounts above baseline rates. For 
example, post fishery in Burrard Inlet, an additional 12.1% of females was injured compared to the fisheries closure. 

Body Part Burrard Inlet  Indian Arm  Mean for Table 
Injured Pre-fish Closure Mean  Pre-fish Closure Mean  Two Fished 

Areas 
Reference 

Overall 6.9 12.1 9.5  -1.2 0.6 -0.3  4.6 3-15 
Claws 6.7 9.3 8.0  0 1.0 0.5  4.3 3-23 
Two claws  5.4 6.9 6.2  -1.6 1.8 0.1  3.2 3-23 
One claw missing/regen 7.1 6.8 7.0       3-23 
Legs 5.6 8.1 6.9  -2.6 -1.0 -1.8  2.6 3-24 
One leg 4.1 5.5 4.8       3-24 
One leg tip missing 4.0 4.4 4.2       3-24 
One appendage -1.3 -0.1 -0.7  -3.4 -6.3 -4.9  -2.8 3-25 
Two appendages 4.8 8.5 6.7       3-25 
More than one appendage 8.7 12.2 10.5  0.5 4.0 2.3  6.4 3-25 
Mouth parts 2.6 2.6 2.6       3-26 
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Baseline injury rates obtained from the closure 

The overall proportion of injured females in the closure was 25.5% (spring) and 27% 

(fall; Table 3-15). The proportion with claw injuries was 15% (Table 3-23). Injuries to 

one claw were most common (14-15%), most of which were regenerating or missing a 

portion. Missing the entire claw or only tips were also relevant injuries. Injuries to two 

claws occurred very infrequently (<1.5%). The proportion with leg injuries was 13% 

(spring) and 14% (fall). Injuries to one leg were most common (9-12%), with the 

majority being missing (Table 3-24). Injuries to two legs occurred less often (1.5-3%) 

and to three legs very infrequently (<1%). The proportion of females with injuries to one 

appendage was approximately 18-24% (Table 3-25). Single appendages were injured in a 

variety of ways (missing, regenerating, part missing, tips missing, and deformed). The 

proportion with injuries to two appendages was approximately 2-5%, and those with 

more than two injured appendages were approximately 1%. Generally proportions of 

females with injuries to carapaces, abdomens, and mouth parts, and suffering from 

particular diseases were low (Table 3-26). Injury index values for females in the closure 

ranged between 4.2 and 4.5 (Table 3-22b). Index values were similar in 2011 and 2012 

and decreased in 2013 (Fig. 3-8b). 

3.3.4 Management Measure: non-retention of soft crab  

Fishing Action: discard all crab classes and sizes that are soft shelled 

The fate of soft crab may be best represented by the status of legal size males as they will 

only be discarded when soft-shelled. Fishers tend to keep all hard shelled legal males, 

including injured animals, even though they receive a lower price for individuals with 

missing appendages (W. Buitendyk pers. comm. 2016). In contrast, sublegal males and 

females must be discarded no matter what their shell condition; consequently, injuries 

observed in the population will be a result of handling both hard and soft shelled 

individuals. In intensely fished areas, near the end of fishing seasons, hard shelled legal 

males sampled in traps represent either recently moulted crabs that have found a trap for 

the first time or crabs that had previously been captured and released because they were 

soft-shelled.  
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Injuries to legal males (proxy for soft crabs) 

Post fishery, the proportion of injured legal males was higher in Burrard Inlet (40.7%) 

compared to Indian Arm (34.8%) and the fisheries closure, Vancouver Harbour (21.5%; 

Tables 3-15, 3-34). An additional 19.2% and 13.3% of legal males in Burrard Inlet and 

Indian Arm, respectively, were injured compared to crabs in the closure. In other words, 

the injury rate to legal males was 89.3% higher in Burrard Inlet and 61.9% higher in 

Indian Arm compared to the closure. 

 

Proportions (%) of injured legal male Dungeness crabs in Burrard Inlet and Indian Arm, 

and the fisheries closure, Vancouver Harbour, are listed in the following tables: Table 3-

29 (claw injuries), Table 3-30 (leg injuries), Table 3-31 (appendage injuries), Table 3-32 

(body part injuries/diseases). Results from statistical analyses are detailed in Table 3-33. 

 

Although the overall injury rate to legal males was higher in Burrard Inlet compared to 

Indian Arm, in both fished areas similar proportions of crabs had claw injuries (an 

additional 12%; Table 3-34). Legal males were more likely to be missing or regenerating 

one claw (a 182% [significantly] higher rate than in the closure). As well, in Indian Arm, 

there were slightly more crabs missing tips on one claw. An additional 12% and 7% of 

legal males in Burrard Inlet and Indian Arm, respectively, suffered leg injuries compared 

to the closure population. There were 8.4 times more legal males missing or regenerating 

two legs in Burrard Inlet. An additional 9-11% of legal males in the two fished areas 

experienced injuries (missing entirely or only the tip) to one appendage. Crabs missing or 

regenerating two appendages were 4.1 times more prevalent in Burrard Inlet compared to 

the closure. An additional 5-7% of legal males suffered injuries (primarily missing, 

regenerating, or missing dactyli) to more than one appendage post fishery in fished areas 

compared to baseline levels. Generally the proportion of legal males with injuries to the 

carapace, abdomen, and mouth parts, and displaying signs of disease, was low in all areas 

(Table 3-32).  
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Table 3-29. Legal male Dungeness crab claw injuries (mean %) in two fished areas, 
Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 2009-13. 
Shaded bold cells in fished areas signify values that are significantly different (p≤0.002) 
from the same category in the closure. Shaded cells signify values that are close to being 
significantly different (p<0.01). Bold values signify differences that are discussed in the 
text. 
 

Claws Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard  
Inlet 

Indian 
Arm 

Two Missing / Regenerating Spring Pre 0.5 0.5 0.2 
  Fall Post 0.1 0 0.4 
 All Spring Pre 0.8 1.0 0.3 
  Fall Post 0.6 2.6 0.9 

One Missing Spring Pre 2.9 3.4 1.9 
  Fall Post 3.2 7.6 8.9 
 Regenerating Spring Pre 4.8 5.5 6.2 
  Fall Post 3.5 10.9 10.4 
 Missing / Regenerating Spring Pre 7.8 8.8 8.1 
  Fall Post 6.7 18.5 19.3 
 Part Missing Spring Pre 3.2 1.1 1.5 
  Fall Post 3.2 1.8 1.3 
 Tip Missing1 Spring Pre 1.7 0.6 0.2 
  Fall Post 0.9 0 3.4 
 Deformed Spring Pre 1.2 0.5 1.2 
  Fall Post 0.5 1.1 0 
 All Spring Pre 13.1 10.8 10.9 
  Fall Post 10.9 21.3 22.4 

Overall  Spring Pre 13.9 11.7 11.2 
  Fall Post 11.6 23.9 23.4 
1Based on data collected 2011-13 only 
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Table 3-30. Legal male Dungeness crab leg injuries (mean %) in two fished areas, 
Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 2009-
2013. Shaded bold cells in fished areas signify values that are significantly different 
(p≤0.002) from the same category in the closure. Shaded cells signify values that are 
close to being significantly different (p<0.01). Bold values signify differences that are 
discussed in the text. 

 

Legs Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

Three All Spring Pre 0.3 0.2 0.2 
  Fall Post 0.3 0 0.5 

Two Missing or Regenerating Spring Pre 1.7 2.3 1.0 
  Fall Post 0.8 6.7 1.8 
 All Spring Pre 1.8 2.7 1.0 
  Fall Post 1.0 6.7 1.8 

One Missing Spring Pre 6.8 5.3 6.0 
  Fall Post 7.0 10.5 7.8 
 Regenerating Spring Pre 3.5 4.4 3.8 
  Fall Post 2.2 2.6 3.9 
 Missing or Regenerating Spring Pre 10.2 9.7 9.7 
  Fall Post 9.3 13.2 11.7 
 Part Missing Spring Pre 0.8 0.9 0.2 
  Fall Post 0.4 1.3 2.4 
 Tip Missing1 Spring Pre 0.8 0.9 0.3 
  Fall Post 1.0 5.6 3.5 
 Deformed Spring Pre 0.03 0 0 
  Fall Post 0 0 0 
 All Spring Pre 11.5 11.2 10.1 
  Fall Post 10.3 18.0 16.0 

Overall  Spring Pre 13.5 14.0 11.4 
  Fall Post 11.6 24.6 18.3 
1Based on data collected 2011-13 only 
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Table 3-31. Legal male Dungeness crab appendage (claw and leg) injuries (mean %) in 
two fished areas, Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver 
Harbour, 2009-2013. Shaded bold cells in fished areas signify values that are 
significantly different (p≤0.002) from the same category in the closure. Shaded cells 
signify values that are close to being significantly different (p<0.01). Bold values 
signify differences that are discussed in the text. 

 

Appendage Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

>Two Missing / Regenerating / Spring Pre 0.7 0.6 0.4 
 Part Missing Fall Post 0.5 5.3 2.5 
 All Spring Pre 0.7 0.8 0.4 
  Fall Post 0.7 5.3 2.5 

≥Two All Spring Pre 5.1 5.7 2.8 
  Fall Post 3.3 11.9 7.9 

Two Missing or Regenerating Spring Pre 3.1 3.9 2.1 
  Fall Post 1.2 4.9 4.1 
 Part Missing / Spring Pre 0.8 0.4 0.3 
 Missing or Regenerating Fall Post 0.7 1.8 0.3 
 All Spring Pre 4.4 4.9 2.4 
  Fall Post 2.6 6.7 5.4 

One Missing Spring Pre 7.2 6.1 6.3 
  Fall Post 8.8 15.5 13.9 
 Regenerating Spring Pre 6.9 8.3 8.8 
  Fall Post 5.2 7.4 7.9 
 Part Missing Spring Pre 3.1 1.8 1.4 
  Fall Post 2.7 1.3 2.4 
 Tip Missing1 Spring Pre 2.1 1.0 0.6 
  Fall Post 1.6 5.6 5.1 
 Deformed Spring Pre 1.1 0.4 1.2 
  Fall Post 0.4 1.1 0 
 All Spring Pre 19.6 17.3 18.1 

  Fall Post 18.1 28.8 26.9 
1Based on data collected 2011-13 only 
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Table 3-32. Injuries to legal male Dungeness crab carapaces and select body parts, and 
the prevalence of particular diseases, (mean %) in two fished areas, Burrard Inlet and 
Indian Arm, and the fisheries closure, Vancouver Harbour, 2009-13. Shaded bold cells 
in fished areas signify values that are significantly different (p≤0.002) from the same 
category in the closure. Shaded cells signify values that are close to being significantly 
different (p<0.01). Bold values signify differences that are discussed in the text. 

 

Body Part Injury Season Fishing 
Season 

Vancouver 
Harbour 

Burrard 
Inlet 

Indian 
Arm 

Carapace Deformed Spring Pre 0 0 0.08 
  Fall Post 0 0 0 
 Crack / Hole Spring Pre 0.20 0.35 0.39 
  Fall Post 0.18 0 0 

Abdomen Torn/Missing Spring Pre 0.06 0 0 
  Fall Post 0.04 0 0 

Mouth parts1 Torn/Missing Spring Pre 0 0 0 
  Fall Post 0 0 0 

Appendages Large wounds Spring Pre 3.1 2.2 1.4 
  Fall Post 5.0 5.3 3.6 

Claws, legs, underside Shell Disease Spring Pre 0.09 0 0 
  Fall Post 0 0 0 

Musculature Microsporidia Spring Pre 0 0 0 
  Fall Post 0 0 0 
1Based on data collected 2011-13 only 
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Table 3-33. Binomial generalized linear model parameters and statistical results for legal male Dungeness crab injury data. Fished 
areas (Burrard Inlet and Indian Arm) were compared to the fisheries closure, Vancouver Harbour. Post fishery (fall season) was 
compared to pre-fishery (spring season). Statistical significance is p≤0.002. 
 

Injury n df Log- Deviance Pearson Fished Area Post fishery 
   likelihood  chi2 Burrard Inlet Indian Arm Fall Season 

      z p z p z p 
Claw (1) missing 191 7 224.66 204.99 215 2.066 0.039 2.545 0.011 1.773 0.076 

Claw (1) missing/regen 191 7 -340.23 292.38 284 3.198 0.001 2.625 0.009 -0.076 0.939 
Leg (2) missing/regen 191 7 -148.49 168.92 314 2.909 0.004 -1.368 0.171 -1.647 0.100 

Leg (2) all injuries 191 7 -155.12 172.28 300 3.007 0.003 -1.521 0.128 -1.211 0.226 
Legs overall 191 7 -345.83 225.21 219 1.733 0.083 0.283 0.777 -0.961 0.337 

Appendage (more than 
one) all injuries 

191 7 -254.36 230.88 285 2.956 0.003 -0.086 0.931 -1.620 0.105 

Appendage (2) 
missing/regen 

191 7 -196.25 185.88 246 3.069 0.002 0.204 0.838 -2.595 0.009 

Appendage (2) all injuries 191 7 -226.31 201.32 247 2.577 0.010 -0.453 0.651 -2.214 0.027 
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Table 3-34. Comparisons of post fishery proportions (%) of legal male Dungeness crabs with select injuries in two fished areas, 
Burrard Inlet and Indian Arm, to pre-fishery and closure baseline rates, 2009-13. Proportions listed are amounts above baseline rates. 
For example, post fishery in Burrard Inlet, an additional 19.2% of legal males was injured compared to the fisheries closure. 

Body Part Burrard Inlet  Indian Arm  Mean for Table 
Injured Pre-fish Closure Mean  Pre-fish Closure Mean  Two Fished 

Areas 
Reference 

Overall 17.4 19.2 18.3  13.4 13.4 13.4  15.9 3-15 
Claws 12.2 12.3 12.3  12.2 11.8 12.0  12.2 3-29 
One claw 10.5 10.4 10.5  11.5 11.5 11.5  11.0 3-29 
One claw missing/regen 9.7 11.8 10.8  11.2 12.6 11.9  11.4 3-29 
One claw tips missing     3.2 2.5 2.9   3-29 
Legs 10.6 13.0 11.8  6.9 6.7 6.8  9.3 3-30 
One leg tip missing 4.7 4.6 4.7  3.2 2.5 2.9  3.8 3-30 
Two legs missing/regen 4.4 5.9 5.2       3-30 
One appendage 11.5 10.7 11.1  8.8 8.8 8.8  10.0 3-31 
Two appendages missing/regen 1.0 3.7 2.4       3-31 
More than one appendage 6.2 8.6 7.4  5.1 4.6 4.9  6.2 3-31 
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Injury index values for legal males were similarly low pre-fishery in the two fished areas 

(3.2), but increased considerably post fishery (10.5, 7.7), especially in 2011 and 2013 

(Table 3-22c, Fig. 3-8c). Injuries to legal males were 39% higher in Burrard inlet 

compared to Indian Arm. The proportion of injured crabs increased post fishery in fished 

areas, and severity of injuries too, especially in Burrard Inlet, yet both measures 

decreased during the same time in the closure. In fished areas, post fishery, the level of 

injury to legal males (2.8×) was nearly three times as high as pre-fishery and closure 

levels (Table 3-22c). 

 

Proportions of injured legal males always decreased in fished areas the following spring. 

Injuries to legal males were 1.28-1.50 times higher at the end of fishing seasons 

compared to baseline levels of injuries obtained during spring seasons in the closure and 

fished areas (Fig. 3-9). Approximately 8-14% of legal males in fished areas injured at the 

end of fishing seasons were absent from traps the following spring seasons suggesting 

they may not have survived the winter.  

 

Baseline injury rates obtained from the closure 

The overall proportion of injured legal males in the fisheries closure was 25% (spring) 

and 21.5% (fall; Table 3-15). The proportion of legal males with claw injuries was 

slightly lower than for sublegal males, 14% (spring) and 12% (fall; Table 3-29). Injuries 

to one claw were most common (11-13%), many of which were regenerating or missing. 

Injuries to two claws occurred very infrequently (0.7%). The proportion of crabs with leg 

injuries was similar to claw injuries, 14% (spring) and 12% (fall; Table 3-30). Injuries to 

one leg were most common (10-12%), with the majority being missing or regenerating. 

Injuries to two (<2%) and three legs (0.3%) occurred very infrequently. Eighteen percent 

of legal males suffered injuries to one appendage, most missing or regenerating (Table 3-

31). Only 3.3% had injuries to more than one appendage. Generally proportions of legal 

males with injuries to carapaces, abdomens, and mouth parts, and suffering from 

particular diseases were low (Table 3-32). The proportion with large wounds was 3.1-5%. 

Legal male injury index values were 4.5 and 3.4 in the spring and fall, respectively (Table 
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3-22c). Generally the proportion of injured legal males increased slightly the following 

springs after fishing seasons ended. Index values trended flat from 2011-13 (Fig. 3-9c). 

3.3.5 Management Measure: seasonal soft shell closure  

Fishing Action: harvest only hard shell legal males during fishing seasons 

Legal males 

Counts of soft shell legal males were significantly different in fished areas compared to 

the fisheries closure, Vancouver Harbour (Table 3-35). Pre-fishery (April or May), there 

were similar (although slightly higher in Indian Arm) proportions of soft shell legal males 

collected in standardized trap gear in all areas (10-33%; Fig. 3-11a). Post fishery 

(October or November), considerably higher proportions of soft shell legal males were 

collected in fished areas compared to the closure. The proportion of soft crabs increased 

in Burrard Inlet (40%) whereas it remained relatively the same in Indian Arm (21%). In 

contrast, the proportion of soft legal males decreased in the closure where virtually no 

soft crab were collected (<1.2%).  
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Table 3-35. Binomial generalized linear model parameters and results for Dungeness crab shell condition (soft shell) data. Fished 
areas (Burrard Inlet and Indian Arm) were compared to the fisheries closure, Vancouver Harbour. Post fishery (fall season) was 
compared to pre-fishery (spring season). Statistical significance is p<0.05. 
 

Crab Class n df Log- Deviance Fished Area Post Fishery 
   likelihood  Burrard Inlet Indian Arm Fall Season 
     z p z p z p 

Legal Male 207 7 -628.08 861.52 5.220 0.000 8.130 0.000 -11.870 0.000 
Sublegal Male 218 7 -578.04 670.93 2.169 0.030 3.024 0.002 -9.836 0.000 

Female 205 7 -115.19 153.73 0.542 0.588 1.386 0.166 8.501 0.000 
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Figure 3-11. Proportions of soft shell legal males (A), sublegal males (B), and females 
(C) captured in standardized research traps, pre- (spring) and post fishery (fall) in two 
fished areas, Burrard Inlet and Indian Arm, and the fisheries closure, Vancouver Harbour, 
2009-13.

C 

B 

A 
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The proportion of soft legal males caught in commercial gear in Burrard Inlet steadily 

increased throughout fishing seasons from approximately 17% when the fishery opened 

mid-June to as high as 63% (Fig. 3-12). 

 
 

 
Figure 3-12. Proportions of soft shell crab classes caught in commercial traps in Burrard 
Inlet throughout fishing seasons. Data from five years, 2009-13, were plotted as sampling 
by the service provider was sporadic in the study area within and between years. Time 
during fishing seasons are two week intervals. LM = legal males, SLM = sublegal males, 
and FEM = females. 
 
 

Sublegal males 

Counts of soft shell sublegal males were significantly different in fished areas compared 

to the fisheries closure, Vancouver Harbour (Table 3-35). Pre-fishery, there were similar 

(although slightly higher in Indian Arm) proportions (10-32%) of soft shell sublegal 

males collected in standardized trap gear in all areas (Fig. 3-11b). Post fishery, 

proportions of soft shell sublegal males decreased in all areas, although they remained 

higher in fished areas (6-14%) compared to the closure (Fig. 3-11b). 

 

The proportion of soft sublegal males caught in commercial gear in Burrard Inlet at the 

start of fishing seasons (mid-June) was approximately 17% and remained around this 
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level until mid-August, after which the proportion increased to slightly more than 50% by 

the end of fishing seasons (Fig. 3-12). 

 
 
Females 

Counts of soft shell females were similar between fished areas and the fisheries closure 

(Table 3-35). Pre-fishery, virtually no soft shell females were collected in standardized 

trap gear in all areas (Fig. 3-11c). Post fishery, similarly higher proportions of soft crabs 

were collected in all areas (0-20%).  

 

The proportion of soft females caught in commercial gear in Burrard Inlet was low at the 

start of fishing seasons (mid-June), gradually increased to a peak mid-August around 

25%, and then declined (Fig. 3-12). The highest proportion of soft females in a 

commercial sample was 47%. 

3.3.6 Management Measure: seasonal soft shell closure 

Fishing Action: target high biomass of hard shelled legal males at start of 

fishing seasons 

Pre-fishery trap catches of legal males in fished areas, Burrard Inlet (1.9 ± 0.15 crabs per 

trap; mean ± SE) and Indian Arm (1.7 ± 0.27 crabs per trap), had increased 5.6× from 

previous years’ post fishery catches (0.32 crabs per trap, mean both areas) five to six 

months into the seasonal commercial closure. However, pre-fishery trap catches of legal 

males were significantly lower (Table 3-10) in fished areas compared to the fisheries 

closure, Vancouver Harbour (6.9 ± 0.34 legal males per trap). At the start of fishing 

seasons, one could catch 1.2-2.3 legal males per trap in fished areas compared to 6-8 

crabs per trap in the closure, a catch rate lower by 73.9%.   

3.3.7 Injuries to crab classes 

Post fishery in the fished area, Burrard Inlet, the proportion of injured legal males 

(40.7%) was similar to females (38.7%), and both were higher than sublegal males 

(32.5%; Table 3-15). In Indian Arm, the proportion of injured legal males (34.8%) was 

higher than females (27.2%) and sublegal males (24.7%), which were similar. Post 
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fishery injury index values in fished areas indicate legal males (10.5, 7.7; Table 3-22c) 

were similarly injured to females (10.2, 8.5; Table 3-22b); in contrast sublegal males (6.5, 

3.6; Table 3-22a) were less injured than the two other crab classes. Proportions of injured 

crab classes were generally similar post fishery in the closure—legal males (21.5%) were 

similar to sublegal males (23%), and slightly lower than females (26.6%). 

 

Statistical analyses of injury data for the three crab classes revealed the following injuries 

were considerably different in fished areas compared to the closure and therefore were 

likely caused by fishing activities.  

 

Legal males:  

• One claw missing or regenerating—an additional 12% in the two fished areas. 

• Two legs missing or regenerating—an additional 6% in Burrard Inlet.  

• More than one appendage injured—an additional 9% in Burrard Inlet. 

 

Sublegal males: 

• One leg missing or regenerating—an additional 8% in Burrard Inlet. 

 

Females:  

• Two claws injured—an additional 7% in Burrard Inlet. 

• Legs injured—an additional 8% in Burrard Inlet. 

 

All crab classes experienced injuries to legs, most of which were missing or regenerating. 

Legal males and females had claw injuries, more often one claw for legal males and two 

claws for females. Both legal males (an additional 9%) and females (an additional 12%) 

had higher injury rates to more than one appendage than sublegal males (an additional 

4%). Males (an additional 11% of legal males and an additional 6% of sublegal males) 

tended to have more injuries to one appendage compared to females. Legal males 

generally had injuries to one claw or two legs; females had injuries to two claws or one 

leg; sublegal males more often had one leg missing or regenerating. 
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3.3.8 Quantifying injuries related to fishing activity 

Dungeness crabs can be injured from fishing activities in two ways: 1) being retained in 

traps soaking on the seafloor, and 2) being removed from traps at the surface (handled) 

and discarded.  

 

Trap soak studies 

Injuries to crabs retained in soaking traps (Table 3-36) 

• 3.1% of crabs captured were injured while confined in traps on the seafloor. 

• Injuries occurred mostly during the spring rather than the fall. 

• The most common injury was missing one leg followed by missing one claw. 

• During the spring a similar proportion of each crab class was injured (4.4 to 

5.9%). 

• Overall, legal males were injured the most (4.2%), followed by females (3.5%). 

Sublegal males were injured the least (1%). 

• 67% of injured crabs were hard shelled, 33% were soft shelled. 

 

The occurrence of injuries changed over time: 3.1% of females were injured on the first 

soak day, 4.9% of legal males were injured on the second soak day, and all crab classes 

were injured by the third soak day (Table 3-37).  

 

Sizes of crabs retained in traps 

Experimental traps were commercial style with two open escape ports 105 mm in 

diameter. The smallest crabs retained in traps until the end of soak studies (2-5 days) 

ranged in size from 146 to 151 mm carapace notch width. Three crabs physically stuck in 

escape ports ranged in size from 147 to 150 mm. The largest crabs that escaped traps 

proved to be a less reliable metric. A number of crabs ranging in size from 146 to 173 

mm, including seven crabs larger than the minimum size limit, successfully escaped. The 

only way these large crabs could have escaped would have been through the doors when 

other crabs entered and raised the triggers. Therefore, based on sizes of crabs retained in 

traps, including those wedged in escape ports, those crabs 146 to 150 mm cannot easily
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Table 3-36. Injuries incurred to Dungeness crabs while caught in experimental commercial style traps with 105 mm diameter escape 
ports. Traps were soaked for five days in Burrard Inlet in May and October, 2011-13. Results presented are a summary of four trap 
soak studies. 
 

Crab Class  No. 
Captured 

No. 
Injured 

% 
Injured 

Injuries Shell 
Condition 

Legal male Spring 61 3 4.9 Missing claw and leg1 
Missing leg 

Missing tip (leg) 

67% soft 
33 % hard 

 Fall 11 0 0   
 Total 72 3 4.2   

Sublegal male Spring 17 1 5.9 Missing leg hard 
 Fall 82 0 0   
 Total 99 1 1.0   

Female Spring 45 2 4.4 Missing leg hard 
 Fall 12 0 0   
 Total 57 2 3.5   

Unknown Spring 0 0 0   
 Fall 1 1 100 Missing claw unknown 
 Total 1 1 100   

Total Spring 
 

 
 

Fall 
 

Total 

123 
 

 
 

106 
 

229 

6 
 

 
 
1 
 
7 

4.9 
 

 
 

0.9 
 

3.1 

One missing claw, leg 
Four missing one leg 
One missing tip (leg) 

 
Missing claw 

 
One missing one claw, leg 

Four missing one leg 
One missing one claw 
One missing tip (leg) 

 
 
 
 
 
 

67% hard 
33% soft 

1 Four of 7 missing appendages were found in the mesh attached to trap bottoms and matched to wounded crabs 
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Table 3-37. Time (trap soak hours) when Dungeness crabs were first injured in experimental commercial style traps with 105 mm diameter escape 
ports. Traps were soaked for five days in Burrard Inlet in May and October, 2011-13. Italics are crabs that were already identified and remained in 
traps. 
 
Soak Time Crab Class Injury Proportion (%) Injured 

(hours)   Spring Fall 
24 Legal male  0 0 
 Sublegal male  0 0 
 Female Missing leg 3.1 0 

48 Legal male Missing claw + leg 
Missing tip (leg) 

4.9 0 

 Sublegal male  0 0 
 Female  0 0 

72 Legal male Missing leg 
Missing claw + leg 
Missing tip (leg) 

6.5 0 

 Sublegal male Missing leg 11.1 0 
 Female Missing leg 5.9 0 
 Unknowna Missing claw 0 5.9 (sublegal)  

25.0 (female) 
96 Legal male Missing claw + leg 

Missing tip (leg) 
Missing leg 

5.8 0 

 Sublegal male Missing leg 10 0 
 Female Missing leg 7.7 0 

120 Legal male Missing claw + leg 
Missing tip (leg) 

Missing leg 

10.3 0 

 Sublegal male  0 0 
 Female  0b 0 

aunknown crab was likely small evident by the small claw left behind, the fact that the crab was able to leave the trap, and few legal males were being caught 
bsoak study with the injured female ended at 96 hours. Considering her size (156 mm), she likely would have still been present at 120 hours should the study 
have continued. 
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escape through 105 mm ports, and those 151 mm or larger will essentially remain in traps 

unless they can find an alternative way out, either through the doors, a hole in the mesh, 

or an open lid. Consequently, crabs 146-153 mm were more likely to remain longer in 

traps and be handled by fishers aboard vessels, and have a higher probability of being 

caught more than once. For these reasons “large” discards (sublegal males and females) 

are more susceptible to fishery-related injuries compared to their smaller counterparts. In 

2012, management regulations required both escape ports in commercial traps to be 105 

mm in diameter.  

 

Injury index values determined post fishery (fall) in 2012 and 2013 for large discards 

were higher in the fished area, Burrard Inlet (8.5), compared to the closure (3.4; Fig. 3-

13).  

 

 
 
Figure 3-13. Mean injury index values for large (146-153 mm carapace notch width) and 
small (<146 mm) discards (males and females) post fishery (fall) in the fished area, 
Burrard Inlet, and the fisheries closure, Vancouver Harbour, 2012-13. 
 

 

The proportion of large discards injured in Burrard Inlet (39%) was approximately twice 

as high as the proportion in the closure (19%). The severity of injuries was approximately 

five points higher in the fished area (21.3) compared to the closure (16.3); however, 

injury severity was similar between the two sizes of discards in the same area. In Burrard 
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Inlet, large discards had only a slightly higher injury index value compared to small 

discards; the opposite occurred in the closure whereby small discards were more injured. 

 

Handling injuries aboard commercial vessels 

In June 2011 and 2012, we sampled 12 vessels, 92 traps, and 738 crabs to quantify 

injuries caused by handling (Table 3-38). Injuries reported were new ones not caused 

from placing crabs in totes (i.e., there was no evidence of severed appendages in totes). 

Instead they were likely caused when crabs were removed from traps or prior when they 

were confined in soaking traps.  

 

The proportion of crabs injured from handling was 1.9% (Table 3-39). Hard-shelled 

females were injured twice as much as males (3.1% vs. 1.45%). Most injuries to females 

involved some form of claw damage, either broken tips or part missing. Some had legs 

either missing entirely or only the tips. Leg injuries (missing tips, part missing, and 

missing two limbs) were observed on legal males. Sublegal males had cracked carapaces 

and broken claw tips.   

 

The proportion of crabs that suffered fishery-related injuries (from being retained in 

soaking traps and/or handled aboard vessels) during the spring/early summer was 6.8% 

(Table 3-40). The proportion of injured legal males was 6.5%, sublegal males ranged 

from 1.3 to 7.2%, and females was 6.2 to 7.5%. The proportion of injured crabs was 

higher from retention in traps than handling. Fishery-related injuries included missing 

tips, legs, and claws, as well as missing portions of limbs and cracked carapaces. 
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Table 3-38. Sampling effort to quantify handling injuries to Dungeness crabs caused by the commercial fleet in Burrard Inlet, June 
2011-12. Trap gear were hauled in 24 hours. 
 
Year Day Vessels 

Sampled 
Traps 

Sampled 
Crabs 

Sampled 
Legal 
Males 

Sublegal 
Males 

Females Old 
Injuries 

New  
Injuries  

Not 
Injured 

2011 June 23, 24 7 60 433 174 126 133 139 10 284 
2012 June 21, 22 5 32 305 131 113 61 84 4 217 
Total  12 92 738 305 239 194 223 14 501 
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Table 3-39. New (handling) injuries recorded for Dungeness crabs sampled from commercial traps hauled by the fleet in Burrard Inlet, 
June 2011-12. 
 
Year Day New % New  Trap % New Injuries 

  Injuries Injuries CPUE Legal Males Sublegal Males Females 
2011 June 23, 24 10 2.3 0.17 2.3 1.6 3.0 

     Missing 2 legs; hard shell 
Missing tip (claw); hard 

shell 
Missing tip (leg); hard 

shell 
Missing tip (leg); soft 

shell 

Crack/hole in carapace; 
hard shell 

Crack/hole in carapace; 
hard shell 

Missing leg;  
hard old shell 

Missing tip (leg); hard 
shell 

Missing tip (claw); hard 
old shell 

Missing tip (claw); hard 
shell 

2012 June 21, 22 4 1.3 0.13 0.8 0.9 3.3 
     Part missing leg; hard 

shell 
Missing tip (claw);  

soft shell 
Part missing claw; hard 

shell 
Missing tip (claw); hard 

shell 
Total  14 1.9 0.15 1.6 

60% missing tip  
20% missing 2 legs 
20% part missing leg 
80% hard shell 
20% soft shell 

1.3 
67% crack/hole carapace 
33% missing tip (claw) 
67% hard shell 
33% soft shell 

3.1 
66% missing tip 
17% missing leg 
17% part missing claw 
100% hard shell 
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Table 3-40. Proportion (%) of Dungeness crabs injured by fishing activities (i.e., retained in soaking traps and handled on vessels) 
during spring/summer months in Burrard Inlet, June 2011-12.  
 
 Retained in  

Soaking Traps 
 Handled Aboard 

Vessels 
 Fishery-Related Injuries 

(Retention + Handling) 
 1-2 day soak 5 day soak    1-2 day soak 5 day soak 
Total  4.9  1.9   6.8 
Legal males 4.9 4.9  1.6  6.5 6.5 
Sublegal males  5.9  1.3  1.3 7.2 
Females 3.1 4.4  3.1  6.2 7.5 
Injuries Missing 1 leg 

Missing 1 claw 
Missing tip (leg) 

 Missing tip (more 
often claws) 

Missing leg 
Part missing limbs 
Cracked carapace 

 Missing tips (claws, legs) 
Missing legs 
Missing claws 
Part missing limbs 
Cracked carapace 
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If the proportion of crabs injured from fishing activities was approximately 7% in Burrard 

Inlet, then it logically follows the proportion of injuries observed post fishery in the inlet 

in the broader crab population should be similarly higher, and the types of injuries 

similar, compared to closure baseline levels. Regarding legal males, an additional 9-13% 

in Burrard Inlet suffered injuries to appendages (claws and legs) compared to crabs in the 

closure (Table 3-41). 

 

Table 3-41. Additional injured proportions (%) above baseline levels obtained in the 
fisheries closure, Vancouver Harbour, of the three crab classes observed post fishery in 
the intensely fished population in Burrard Inlet. Injury rates in fished areas above 
baseline are assumed to be a result of fishing activities. 
 

Injured Body Part Legal Males Sublegal Males Females 
Claws 12.3 2.6 9.3 
Legs 13.0 9.3 8.1 

Appendages ≥ 2 8.6 3.7 12.2 
Appendages = 1 10.7 5.8  

Carapace  0.5  
Mouth parts   2.6 

  
 

These values are slightly higher than what was predicted from the trap soak studies and 

sampling commercial vessels. Regarding sublegal males, an additional 3-9% in Burrard 

Inlet experienced injuries to appendages including claws and legs. This is slightly higher 

than the range determined for fishing-related injuries. Although a very low proportion of 

sublegal males had cracked carapaces, the proportion in Burrard Inlet was eight times 

higher than in the closure. Cracked carapaces were observed on sublegal crabs sampled 

from commercial vessels. Similar to legal males, an additional 8-12% of females in 

Burrard Inlet suffered injuries to appendages (claws and legs), a slightly higher rate than 

determined for fishing-related injuries.   

3.3.9 Summary 

Hypotheses of potential changes to Dungeness crab population parameters as a result of 

current management measures and fishing activities are listed in Table 1-4. Key results 

have been added to this table to assess the hypotheses and determine whether breeding 

success in the fished crab population has been compromised (Table 3-42).
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Table 3-42. Impacts to Dungeness crab populations in fished areas where males are managed by a minimum size limit, females and soft crabs cannot 
be retained, and fishing is prohibited when large males are moulting and soft-shelled. Legal males are ≥165 mm carapace width point-to-point. 
Exploited populations were compared to an unfished population in a fisheries closure. For original/pre-study hypotheses please refer to Table 1-4.  
 
Population 
Parameter 

Hypothesized 
Change 

Crab Classes 
Affected 

Results 

Injury 
Mortality 

Rate 

Increase Legal Males 
Sublegal Males 
Females 

8-14% higher 
same 
up to 7% higher 

Prevalence 
Non-lethal 

Injuries 

Increase Legal Males 
 
 
Sublegal Males 
 
Females 
 
Discards (large) 

19% higher in one area, 13% in another. Claw injuries 12% higher; injuries to one claw 11% higher. 
Injuries to more than one appendage 9% higher in one area, 5% in another. Level of injury 2.8× higher, 
post fishery 
9.5% higher in one area, 2% in another. Claw injuries 3% higher in one area. Level of injury similar, 
post fishery. 
12% higher in one area, similar in another. Claw injuries 9% higher; injuries to two claws 7% higher. 
Injures to more than one appendage 12% higher. Level of injury 1.9× higher, post fishery 
20% (2×) higher, level of injury 2.5× higher in one area for discards ≥146 mm 

Abundance Decrease 
 

Legal Males 
Males  
Old Males  
Sublegal Males 
Females 
Most Fecund Females 

74-92% lower 
64% lower 
96% lower 
same 
same in one area, 27% lower in another 
same 

Size/Age 
Structure 

Skewed 
toward 
smaller, 
younger 

individuals 

Legal Males 
Males 
Old Males 
Mated Males 
Sublegal Males 
Females  
 
Ovigerous Females 
Most Fecund Females 

1.5-4% smaller 
6-12% smaller  
Same in one area, 2% smaller in another, pre-fishery; 4-8% smaller, post fishery 
8% smaller 
2.5-3% smaller. 71% and 43% absent from size categories 152-153 and 150-151 mm, respectively 
same, tend to be smaller in one area, post fishery. Only 1.1-2.4% of females are larger than the size 
limit. 
7-12% larger (low sample size) 
same 

Sex Ratio Skewed 
toward more 

females 

Females more males caught in traps than females. 
pre-fishery, similar in one area, lower in another  
post fishery, fewer males caught per female in fished areas (<14:1 vs. >33:1)   
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3.4 Discussion 

3.4.1 Minimum size limit 

The minimum size limit ensures only large crabs can be harvested and small crabs must be 

discarded. Because females cannot be harvested, the fishery targets large (legal) males and 

discards small (sublegal) males, and females. Some areas are intensely fished and most legal 

males are removed; the Area I Dungeness crab fishery has an exploitation rate over 90% (Zhang 

et al. 2002). Between 2009 and 2013, 32 to 51 commercial vessels conducted more than one 

million trap hauls each fishing season and harvested, on average, approximately 714,000 

kilograms of legal male crabs. Fishing is most intense during the first month of the season (mid-

June to mid-July) before other areas open and flood the market with Dungeness crab causing the 

price to decrease. In Burrard Inlet, at the beginning of fishing seasons, approximately eight 

vessels (20% of the fleet) might haul as many as 800 traps daily. Generally only two vessels fish 

crabs in Indian Arm as this area is believed to be less productive then Burrard Inlet (P. May pers. 

comm. 2009).  

 

Intensive fishing rapidly removes most of the large, old males from the population. Old males 

were virtually absent in fished areas, especially post fishery. The size of old males decreased 

post fishery, especially in Burrard Inlet, the more intensely fished area of the two. The proportion 

of old males at the size limit was higher in fished areas; in Burrard Inlet the only old males 

remaining post fishery were those at the size limit. One concern regarding size-selective 

exploitation of the largest and oldest individuals is it may induce changes toward earlier sexual 

maturation (de Roos et al. 2006). 

 

A second concern with size selective fisheries is they remove those big animals that grow more 

quickly which ultimately may genetically select for smaller individuals. Males, including mated 

males (identified in this study as those displaying mating marks), were smaller in fished areas, 

few being legal size, compared to the closure. Motz Carver et al. (2005) found smaller male Blue 

crabs (Callinectes sapidus) in subpopulations that were subjected to heavier fishing pressure.  
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A third concern with fisheries that remove large males from populations is all eligible females 

may no longer be successfully mated because males are too small to mate with the largest 

females, and there is an insufficient number of males. Male Dungeness crabs are polygamous 

(will mate with more than one female) and sublegal males successfully participate in mating 

(Hankin et al. 1997, Smith and Jamieson 1991, Butler 1960). The mating behavior of Dungeness 

crabs involves a premating embrace during which the male holds the female for several days 

before she moults. Close contact during the pre-mating embrace may produce abrasions on the 

inner surfaces (propodus, carpus, and merus) of the male’s claws (Butler 1960). When the female 

moults, the male holds her in the true mating embrace and deposits seminal secretions inside her 

two reproductive tracts (Dunn and Shanks 2012). In order for a male to embrace a female, 

Hankin et al. (1997) concluded a male must have a minimum carapace width that is 

approximately the same as the female’s post moult carapace width. Butler (1960) stated male 

carapace width almost always exceeded predicted female post moult size. Hankin et al. (1997) 

used the relationship whereby males 159 mm can successfully mate with females whose post 

moult size is 155 mm. Also important is the fact that larger male crabs do not necessarily prefer 

larger females as mates. Female spiny lobsters preferentially mate with large males, and clutch 

size is more strongly correlated with male size than female size (MacDiarmid and Butler 1999). 

Bertelsen and Cox (2001) postulated that the low percentage of female egg bearers in the 

exploited areas of Florida Keys National Marine Sanctuary may be due to the relative rarity of 

large males. 

 

In the Burrard Inlet system only 1.5% of females were larger than the minimum size limit (154 

mm carapace notch width) suggesting sublegal males probably can mate with most of the large 

females. In Burrard Inlet almost all males exhibiting mating marks were sublegal males, with 

only 2.3% being legal size. Many males that moulted up to legal size in the spring would not 

have had a chance to mate during the summer because many would have been harvested by the 

end of July before females moulted (in July and August). If essentially all breeding is being done 

by sublegal males then, according to Hankin et al. (1997), sublegal males can mate with females 

whose post moult size is <151 mm notch width. The mean size of the most fecund females (149 

mm) was slightly larger than the mean size of mating males (145 mm) suggesting not all of the 

most fecund females might be mated. I estimate in Burrard Inlet approximately 5% of females 
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and 33% of the most fecund females are too large for successful mating. This is in contrast to the 

closure where the mean size of males with marks (160.3 mm) was significantly larger than in 

fished areas; males there would be large enough to successfully mate with females of all sizes. 

Large, fecund females produce the largest brood sizes. In general, the concern is populations that 

shift to reproduction at smaller sizes and earlier ages likely face adverse consequences around 

viability, recruitment, and production since smaller individuals generally produce less and lower 

quality offspring than their larger conspecifics (Conover and Munch 2002).  

 

It is important to note that not all mature females extrude eggs annually for reasons not related to 

male size or abundance; they may simply not have enough time to hatch eggs and then develop 

mature gonads so they skip at least one reproductive season (Swiney et al. 2003). Dunn and 

Shanks (2012; in Oregon) and Hankin et al. (1997; in northern California) examined female 

crabs’ reproductive tracts for the presence of sperm plugs and sperm as this is a very good 

indicator of mating activity (Jensen et al. 1996). The authors concluded moulting female 

Dungeness crabs in American waters were, fortunately, generally finding mates successfully 

irrespective of size. However, the minimum size limit is higher in American waters by 5 and 11 

mm (159 mm notch width in California, Oregon, Washington, and 165 mm notch width in 

Alaska) compared to BC. This might be an important difference that no doubt leaves more large 

males on the grounds available for reproduction. In this study only females with extruded eggs 

were considered as evidence of successful breeding. Unfortunately very few animals were 

collected. I suggest research similar to what has been done in Oregon and California be 

conducted in Canadian waters in order to resolve the concern whether large females are being 

successfully bred.  

 

Even if most females are being mated, however, as they seem to be in American waters, fewer 

males in general such as large old males, and a decrease in male breeding size may have 

implications to the mating dynamics of a population. Many crab and lobster fisheries 

preferentially harvest the larger males in the population, resulting in female-biased sex ratios 

(Smith and Jamieson 1991, Sato and Goshima 2006). Male Dungeness crabs can mate with 

multiple females; fewer males in a population might mean males mate more often, which may 

not be optimal as they could be mating before they sufficiently replenish their seminal resources. 
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Male Metacarcinus edwardsii from intensely fished areas in the Chilean crab fishery showed 

little capacity to recover sperm reserves (Pardo et al. 2015). Motz Carver et al. (2005) found 

some Blue crab males in precopulatory pairs were as sperm depleted as males that had just 

completed copulation. The most sperm-depleted males were not even pairing or attempting to 

mate. Females whose mates had mated recently received only about 33% as much ejaculate as 

those whose mates had full sperm stores (Wolcott et al. 2005). Large male Blue crabs required 9-

20 days to fully recover (sperm count and vas deferens weight; Kendall et al. 2001). Large male 

Blue crabs delivered 21 times as much seminal fluid and 2.25 times as much sperm as small 

males (Kendall et al. 2001). Similarly, male-only fishing for Spiny King crab (Paralithodes 

brevipes) has likely impaired the reproductive success of populations by decreasing the 

availability of sperm and\or male mates (Sato et al. 2007). In Norway, sperm limitation may 

become an issue when the largest breeding males of Red King crabs (Paralithodes 

camtschaticus) are removed. Moreover, the removal of high numbers of large males can lead to a 

reduction in the size of ovigerous females, either due to decreased post-molt protection from 

large males or increased rates of capture in the fishery (Hjelset 2013). Sperm depletion has also 

been shown in Snow crabs (Rondeau and Sainte-Marie 2001) and the Hermit crab (Birgus latro; 

Sato 2011). All these crab species which experience sperm depletion in males are managed using 

the 3-S management strategy (size, sex, and season). Since Dungeness crabs are managed in a 

similar manner it is reasonable to expect that sperm depletion may also be occurring in males in 

intensely fished areas. Sperm depletion in males is the first step to sperm limitation in females in 

exploited populations (Pardo et al. 2015). 

 

Another consequence of the minimum size limit is small (sublegal) males must be discarded. The 

discard ratio of sublegal to legal males was higher in fished areas and increased as fishing 

seasons progressed. Moreover, although the proportion of soft sublegal males in standardized 

traps decreased post fishery, it remained higher in fished areas compared to the closure. In 

commercial traps the proportion of soft sublegal males increased in August and was higher at the 

end of fishing seasons. Increases in the number of discards and the proportion of soft crabs in 

commercial gear throughout fishing seasons will likely result in higher rates of fishery induced 

injuries and mortality. Injury rates to sublegal males were 9.5% higher in Burrard Inlet 

suggesting fishing intensity influences the proportion of injured crabs. However, injury rates and 
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injury index values were generally lower, and mortality from injuries too, for sublegal males 

compared to other crab classes. Sublegal males often had one leg either missing or regenerating. 

Claw damage was not different in fished and closed areas. Handling caused cracked carapaces 

and broken claw tips. The prevalence of cracked carapaces was low in all areas, but 

comparatively higher in fished areas. It is possible crabs die from broken carapaces so these 

injuries will not be readily observed in the population. 

 

Sublegal males were 2.5-3% smaller in fished areas compared to the closure. Size decreased post 

fishery in all areas, but more in fished areas indicating removals may have occurred. Slightly 

more than half (56%) of sublegal males up to four millimeters under the size limit (between 150 

and 153 mm notch width) were absent from samples collected post fishery in fished areas 

compared to the closure. These missing crabs did not completely return in the spring when 33% 

were still absent. Male crabs just under the size limit may have been absent from fished areas 

because of inadvertent (variability in measuring equipment, errors made in measuring and 

judging size) and/or deliberate (fishers knowingly harvesting crabs under the size limit) actions 

of fishers. In support of the possibility that fishers might have been removing sublegal males is 

the observed increase in the proportion of soft shell sublegal males in fished areas as fishing 

seasons progressed. In a note to fishery management, the Head of the Shellfish Section (DFO) at 

the time, Dr. Jamieson, stated, “the present size limit appears to be at an acceptable balance to 

ensure sufficient reproduction while ensuring an acceptable yield from an age-class. However, 

the balance can apparently be easily tipped either way by only a slight change in the size at 

which crab are harvested, and particular caution should be exercised here. Until further data is 

available, it is recommended that the current minimum legal size limit of 165 mm CW be strictly 

enforced” (Jamieson 1987). Large (≥146 mm carapace notch width) discards were more likely to 

be retained in traps because they cannot physically fit through escape ports. They were twice as 

injured in Burrard Inlet, and their injuries were more severe. There could be negative 

implications regarding sublegal male breeding success in exploited populations if a portion of 

“large” sublegal males—arguably the most important breeders—are being removed and 

injured/killed from fishing activities.  
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Catch rates of sublegal males were not significantly different in fished and closed areas 

suggesting the fishery was not killing a significant portion of them. Similarly, Taggart et al. 

(2004) did not observe an increase in abundance (or size) of sublegal males in Glacier Bay, 

Alaska following the closure of the commercial fishery. Frid et al. (2016) also reported no 

temporal changes in relative abundance of sublegal males at locations with low fishing pressure. 

Freeman et al. (2012) recorded significant increases in the abundance of juvenile spiny lobsters 

which are not targeted by the fishery. Spiny lobsters are social animals and the presence of 

conspecifics may encourage an individual to settle or move into and remain in a reserve where 

the density of adults is higher. In this study, catches of sublegal males increased in the fall (post 

fishery). Similarly, Taggart et al. (2004a) observed higher catches of males in traps in the fall 

compared to the spring and suggested seasonal factors, not temperature, may be implicated; 

males are more active in the fall and therefore more likely to enter traps.  

3.4.2 Sex restriction 

In this study the discard ratio of females to legal males was higher in fished areas, especially 

during the fall. Discards increased in commercial traps as fishing seasons progressed, peaking in 

August. Although there was generally a low proportion of soft shelled females caught in 

commercial traps, it increased during fishing seasons, peaking in August before declining. There 

is likely a biological explanation as to why female catches increased in August. After the female 

moult, their shells harden and females feed more vigorously (and therefore enter traps more) 

before extruding their eggs in the fall and burying in sediment for the winter. Female discards 

and the proportion of soft crabs were generally lower compared to sublegal males. Female 

abundance decreased in all areas in the fall. Similar catch rates observed in fished and closed 

areas suggest the decrease in females observed post fishery (fall) was likely not related to the 

fishery, but rather to changes in catchability, or biology. Taggart et al. (2004a) also observed 

more nonovigerous females in the fall in traps, but fewer ovigerous females, the likely 

explanation being ovigerous females feed less often and consequently do not enter traps as 

frequently.  

 

Female injury rates and injury index values suggest females experienced more injuries compared 

to sublegal males. Females often had injured claws (sometimes two), and damage to more than 
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one appendage (12% more than in the closure, highest of the crab classes); multiple injuries are 

serious and may have important implications for survival and breeding success. Females were 

injured from fishing activities; they had a higher injury rate (to claws and legs) in soaking traps, 

and experienced more handling injuries compared to males. Although few females had torn 

mouth parts, the prevalence of this type of injury was higher in fished areas. Similar to cracked 

carapaces, damage to mouth parts might normally be lethal and, therefore, would rarely be 

observed in foraging females caught in traps. Females generally suffered more severe injuries in 

fished areas. Mortality from injuries seemed to be higher than sublegal males (possibly 7%), but 

lower than legal males. Swiney et al. (2003) and Shirley and Shirley (1988) observed in the 

spring that ovigerous females had more damaged appendages compared to nonovigerous females 

and concluded injuries to females were probably the result of damage sustained during moulting, 

mating, and from the commercial fishery.  

 

Female catch rates were similar in one fished area, and lower in the other, compared to the 

closure. Taggart et al. (2004) did not observe an increase in abundance (or size) of females in 

Glacier Bay, Alaska following the closure of the commercial fishery. Frid et al. (2016) also 

reported no temporal changes in relative abundance of females at locations with low fishing 

pressure. Female size was similar in all my study areas, although they tended to be smaller in 

Indian Arm in the fall. It was unlikely large females were being harvested because only 1.5% 

were larger than the male minimum size limit in both fished areas and the closure.  

3.4.3 Non-retention of soft shell crabs 

Soft shell crabs are protected by two key management measures: non-retention of soft crabs and 

seasonal soft shell closures. A consequence of non-retention of soft crabs is all crab classes and 

sizes that are soft shelled cannot be retained and must be discarded. This management measure 

was in effect between 1926 and 1956, and then once again more recently since 2001.  

 

The status of surviving legal males may best represent the fate of soft shell crabs because legal 

males would only be discarded if they are soft shelled. Fishers generally retain all hard-shell 

legal males, even injured ones, accepting a lower price for them (W. Buitendyk pers. comm. 

2016). Trap catches of legal males decreased throughout fishing seasons as they were removed 
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from the population. In contrast, the proportion of soft shell legal males steadily increased in 

fished areas as hard shelled animals were removed. Unfortunately many soft legal male crabs 

were probably repeatedly caught and discarded. In this study legal males were injured, similar to 

females, in soaking traps. Fishers handling and discarding legal males caused leg injuries.  

 

Soft shell crabs are especially vulnerable and are more easily injured or killed by fishing 

activities. Kruse et al. (1994) reported soft shell crabs in Alaska experienced a 45% higher 

mortality than hard shell crabs, and the authors believe this to be an underestimate. Tegelberg 

(1972) reported the mortality of soft crab from cannibalism in traps or having their carapace 

pinched was 7%, from being thrown off a boat 9%, from having one appendage broken 42%, and 

from being dropped on deck 57%. Waldron (1958) reported 20% fewer soft crabs recovered in 

their tagging study. 

 

Legal males were more injured than females and sublegal males, likely a consequence of them 

being handled while soft shelled. Post fishery, the level of injury for legal males was nearly three 

times as high compared to pre-fishery and closure levels. Thirteen to nineteen percent more legal 

males were injured in fished areas compared to the closure. Twelve percent more legal males in 

fished areas experienced claw injuries, often one claw was either missing or regenerating. There 

were 6% more legal males missing or regenerating two legs. Similar to females, higher injury 

rates to claws and more than one appendage (the latter being 9% higher than in the closure) 

likely have serious implications for survival. Both the proportion of injured animals, and injury 

severity, increased post fishery. Eight to fourteen percent of legal males may have died from 

their injuries.   

3.4.4 Seasonal soft shell closures 

In addition to non-retention, soft shell large male crabs are also protected during their moulting 

period by winter/spring seasonal closures to the commercial fleet in three CMAs (Areas A, I, and 

J). One CMA (B) has a short seasonal winter commercial closure for reasons not related to crab 

shell condition. Three CMAs (E, G, and H) are open all year to commercial fishing and have 

other management measures in place during the spring soft shell period to control fishing effort 

and limit handling of soft crab. American Dungeness crab fisheries along the Pacific coast all 
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have seasonal closures to protect males when they are soft shelled and their meat content is 

below a threshold value. 

 

A seasonal soft shell commercial closure was first implemented on the Fraser River delta in 

1983. Since then the length of time of the closure has generally increased; in 1987 it was 3.5 

months long (spring/early summer), in 1990 it was increased to six months (January to June), in 

1998 the closure was extended to include December, in 2008 the fishing season closed earlier at 

the end of October instead of November, and in 2009 the season was extended again to the end 

of November. Currently CMA I has a seasonal soft shell commercial closure from December 1 to 

June 14, approximately 6.5 months in duration. Recreation and First Nation food, social, and 

ceremonial (FSC) fisheries remain open year-round.  

 

Ideally when the commercial fishery opens mid-June, legal males should generally be hard 

shelled with high meat content. During this study, approximately 10-33% of legal males were 

soft shelled in April and May before the commercial fishery opened. The proportion of soft crabs 

in commercial traps steadily increased throughout fishing seasons to as high as 63%. In contrast, 

the proportion of soft legal males decreased in the closure in the fall when very few soft crabs 

were collected (in standardized traps). Throughout fishing seasons in intensely fished areas, the 

commercial fleet removes most hard shelled legal males and discards soft crabs, the result being 

the proportion of soft shell legal males in the population increases later in the year. Implications 

of this are: 1) it is incorrect to assume only hard shelled legal males are being handled in 

fisheries managed with a seasonal closure, and 2) shell condition data collected for legal males in 

intensely fished areas may not be representative of what naturally occurs.     

 

Similarly, females may also be vulnerable to handling injuries and mortality because the 

commercial fishery in CMA I is most intense during the summer when females are moulting and 

soft shelled. Injury index values indicate females were similarly injured to legal males (or 

slightly less), but more injured than sublegal males. Virtually no soft shell females were 

collected pre-fishery in all areas in standardized traps. The proportion increased slightly in all 

areas post fishery. Commercial traps caught very few soft females at the start of fishing seasons; 
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however, the proportion increased somewhat during the moulting period until mid-August, and 

then decreased, probably as female carapaces hardened by late summer.  

 

The level and severity of injuries to legal males and females increased post fishery, but not for 

sublegal males, which is probably a consequence of fishing when these crab classes were soft 

shelled. Females were less abundant in traps than males, yet were injured more than sublegal 

males, suggesting something other than handling was injuring them. Often when a population 

scored higher for injury severity there were more claw injuries, similar to what I observed for 

legal males and females; this is a concern because claws are functionally important and damage 

to them likely has serious consequences to individual crabs.  

 

Approximately 9% of sublegal males may have been injured due to fishing activities; however, 

mortality from injuries seemed to be lower compared to legal males and females. This may 

reflect sublegal males are often handled when hard shelled. The proportion of soft sublegal males 

was similar in all areas pre-fishery, and decreased in all areas post fishery, the biggest decrease 

occurred in the closure. Commercial traps caught increasing numbers of soft sublegal males 

starting mid-August until the end of fishing seasons. Higher proportions of soft crabs observed in 

fished areas may reflect that some hard shell sublegal males were being removed as legal crabs 

became scarcer.    

 

The foundation of a successful Dungeness crab fishery managed with a seasonal closure during 

the synchronous spring male moulting period is the rapid increase in fishable biomass that is 

exploited soon after the fishery opens. Fishing effort is intense and the new biomass of legal-

sized hard shelled male crabs is quickly removed, often long before the fishing season ends. In 

this study, pre-fishery (spring) trap catches of legal males in fished areas increased 5.6 times 

from previous years’ post fishery (fall) catches five to six months into the seasonal commercial 

closure after the male moult had occurred. Similarly, Frid et al. (2016) reported the body size and 

trap catch-per-unit effort of legal-sized male Dungeness crabs increased a statistically significant 

amount within ten months at locations in the central coast of BC where fishing effort was low. 

Taggart et al. (2004) reported a dramatic increase in the number and size of legal male 

Dungeness crabs two years after the commercial closure of Glacier Bay, Alaska. It appears 
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Dungeness crab populations are capable of responding rapidly when fishing pressure is severely 

curtailed. However, seasonal closures are not as effective as permanent closures in terms of 

potential recovery of large male abundance. Pre-fishery abundance of legal males in fished areas 

was 74% lower than in the permanent fisheries closure. Since fishing mortality and selection are 

typically far greater than natural mortality and selection, the recovery of harvested populations to 

an undisturbed state is generally slow, even after fishing is halted (de Roos et al. 2006). Seasonal 

closures, in addition to protecting vulnerable soft shell males, can be used as a management tool 

for allocating crabs whereby particular sectors have a harvesting opportunity before the 

commercial sector. However, the abundance of legal males available for allocation using 

seasonal closures might be considerably lower compared to the abundance that might be 

achieved in a permanent no-take closure. Jones et al. (2017) found a seasonal no-take MPA in 

southern Thailand did not protect swimming crabs from fishing pressure and suggested the 

limited time for species recovery might be one of several reasons why the MPA was not 

effective. Agardy et al. (2011) also reported seasonal no-take zones were less effective than 

permanent protection. 

 

It is important to note that a potential reason for lower pre-fishery (spring) abundance of legal 

males in fished areas in the Burrard Inlet system might be due to fishing effort by other sectors 

(First Nation and recreation) during the commercial seasonal closure. Effort by these sectors is 

unknown (a recognized issue); however, there are anecdotal reports that First Nations effort has 

been increasing in recent years. It is possible many newly moulted crabs had already been 

removed by April and May when the research surveys occurred. If this is the case, then there 

could have been more recovery of legal male biomass during the seasonal closure than what has 

been reported here.   

 

As mentioned, four of seven CMAs in BC are not managed around a seasonal closure, but 

instead are open to commercial fishing for most or all of the year. In these areas there would be 

no major spring build-up of legal male biomass as large crabs are constantly being removed 

throughout the year. This management approach results in fishing being less intense temporally 

because it can occur throughout the year, likely primarily for nine months during the spring and 

summer, and perhaps in December. In contrast, the other management approach (seasonal 



216 
 

closures) results in fishing being very intense for several months only (three months, June to 

September, in CMA I). It is unknown whether these two management approaches impact crab 

populations differently in terms of fishery-related injuries and mortality. I suggest this is an 

important area of research to explore. 

  

The commercial Dungeness crab fishery in the Burrard Inlet system arguably is one of the best 

managed crab fishing grounds in BC because there is a lengthy seasonal commercial closure to 

protect soft shell males, and there is a permanent (and effective) fishing refuge covering 13% of 

the inlet’s area that separates the two fishing grounds. I am not aware of any other large crab 

fisheries closures in BC that effectively protect a Dungeness crab population from harvesting 

pressure. Consequently, the management situation in the Burrard Inlet system is likely unique on 

the coast and conclusions derived from this study about the status of crab populations may or 

may not be directly applicable to other areas. 

3.4.5 Non-lethal injuries 

A crab’s ability to forage successfully, fight, escape predators, grow, and reproduce is directly 

and indirectly affected by injuries and diseases which can kill the crab, impair its ability to move, 

make it lethargic, sick or more vulnerable to infection (Stewart 1993), reduce its growth rate, or 

decrease its competitive advantage during mating seasons. The magnitude of these effects 

depends on the type and number of appendages lost (Juanes and Smith 1995). Types of non-

lethal injuries recorded included damage to chelipeds (claws), walking legs, the carapace, 

abdomen, mouth parts, and deformities. Diseases identified in the field included shell disease and 

heavy microsporidian infections.  

 

I observed injury rates ranging from 21-41%. Twelve studies on Dungeness crab injuries in 

Juanes and Smith (1995) review reported an average 22% of crabs were injured (range 8-66%). 

Lindsay (2010) reported from 23 studies that decapods suffered, on average, 19-32% limb or 

appendage damage/regeneration. Comparing observed injury rates to published results was 

challenging because researchers often define injured animals in different ways making results not 

always directly comparable. 
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Natural (baseline) injury rates (21-28%) and categories obtained from the closure for the various 

crab classes were similar. Injured males usually were partially/totally missing, or regenerating, 

one claw or leg. Injured females often had damage to one claw or leg as well. Ten to eighteen 

percent of the crabs (all classes) had injuries to single claws, and 8-13% had injuries to single 

legs. Injuries to more than one appendage were observed infrequently. Single limb loss (more 

often claws) is the most common injury to decapod crustaceans (Juanes and Smith 1995). Shirley 

and Shirley (1988) found claws and the first and forth walking legs were most commonly 

injured. Similar to this study, they did not report a big difference in appendage injury between 

males and females. Juanes and Smith (1995) reported that generally with decapod crustaceans 

there was no correlation between injury frequency and body size, and frequency of injury was 

independent of sex and moult stage. Reasons injuries may occur in an unfished population 

include: males are aggressive when competing for females, females are soft shelled during the 

mating period and therefore more vulnerable to injury, males hold females for several days 

during the mating embrace, cannibalism (Shirley and Shirley 1988), antagonistic interactions 

between crabs, predatory attacks, and claw breakage from foraging activities. 

 

Claw injuries 

Claws are functionally important. They are used for feeding, to locate and capture food, tear off 

manageable pieces, and move them to mouth parts for ingestion. Crabs with missing or damaged 

claws do not forage as successfully as crabs with intact claws (Smith and Hines 1991, Juanes and 

Hartwick 1990). Deterioration in food quality and quantity may lengthen the time between 

moults causing a crab to grow more slowly (Hartnoll 1982). Slower growth can impact 

reproductive success in both males and females. For males, it can impact their fighting ability 

and access to females. Injured males may not be as visually attractive to females (Parsons and 

Eggleston 2005, Atema 1986) or may struggle to hold females during the mating embrace 

(amplexus; Hazlett 1986). For females, smaller individuals produce smaller brood sizes (Mayer 

1973). Although Swiney et al. (2003) reported damaged, missing, and regeneration of 

appendages did not appear to inhibit female egg extrusion, it is probable females with claw 

damage may not be able to clean and aerate their eggs as efficiently which may affect the 

survivability of eggs. In general, losing one or two claws will impact a crab’s ability to feed, 

fight, and reproduce, and the inevitable consequence may be death. Using data obtained from tag 
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recoveries from the Dungeness crab fishery, Cleaver (1949) estimated crabs missing one claw 

suffered 20-30% higher mortality than normal crabs. Stone crabs in South Florida are harvested 

for their claws and then returned (without claws) to the water. Davis et al. (1978) estimated 

mortality rates were 23-51% following claw removal. 

 

Due to the functional importance of claws, it is advantageous for crabs to regenerate lost claws 

as quickly as possible. Unfortunately the regeneration process is by no means perfect. Brock and 

Smith (1998) found Red Rock crabs regenerating claws were disadvantaged because 

regenerating claws were much less powerful than normal claws, and normal claws were also 

weaker on injured crabs. Such claw injuries impacted the size and type of food a crab could 

ingest. Red Rock crabs that had lost both claws grew more slowly, another considerable cost 

associated with this type of injury. Regeneration may also produce new limbs that are malformed 

(Juanes and Hartwick 1990); fortunately this occurred very infrequently in the study area.  

 

It takes three moults for a Red Rock crab to recover a full length claw (Brock and Smith 1998) 

and two or three moults for Dungeness crabs (Cleaver 1949). This has implications for injured 

large crabs because they might only moult once a year or even skip moult (moult every two 

years). Consequently, large crabs will require several years to regenerate a missing appendage 

and likely will never do so in their lifetime. Often, too, missing appendages are never fully 

replaced anyway; more than half the length of a normal claw might be regenerated in the first 

moult and then the task is never completed as energy is redirected elsewhere (Brock and Smith 

1998). Perhaps a precautionary assumption is older, larger crabs will probably never fully 

recover from claw injuries and therefore will experience some form of decreased fitness.  

 

In fished areas in Burrard Inlet, legal males and females were more likely to have claw injuries 

compared to sublegal males. In contrast to the closure, 12% more large males had claw injuries, 

mostly to one claw. Similarly, 10% more females had claw injuries, mostly to two claws. These 

injured individuals will have been disadvantaged compared to uninjured crabs in the unfished 

population. A similar proportion of sublegal males experienced claw injuries in fished areas 

(18%) and the closure (15%) suggesting small males were not further disadvantaged in fished 

areas with this particular kind of injury. Nevertheless, considering only those sublegal males 
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missing or regenerating one or two claws, then 10-13% of these potential breeders might struggle 

to successfully reproduce.  

 

I observed few crabs missing or regenerating two claws. Post fishery in fished areas, 5% of 

females were missing or regenerating two claws compared to 1.2% sublegal males and 0% for 

legal males. In the closure, the natural rate was <1% for all crab classes. Brock and Smith (1998) 

reported less than 4% of Red Rock crabs were missing or regenerating two claws. Nevertheless, 

5% of females in an exploited population may not have been able to successfully reproduce due 

to their extensive claw injuries.  

 

Uncommon injuries 

Injuries to multiple appendages occurred infrequently, especially in the closure. For all crab 

classes, proportions of the unfished population suffering injuries to more than one appendage 

were as follows: two claws <1.5%, two legs ≤3%, three legs <1%, two appendages ≤6%, more 

than two appendages <2%. Post fishery in fished areas, there were 9% more legal males and 12% 

more females with injuries to more than one appendage compared to the closure.  

 

Injuries to the carapace, abdomen, mouth parts, and the prevalence of diseases observable in the 

field, were also not common in fished and closed areas. Deformed carapaces occur at the time of 

the moult, sometimes when soft crabs are stuck in traps against the mesh. Alexander et al. (2004) 

reported 2-6% of Dungeness crabs (males and females) in the Nass River estuary had deformed 

carapaces. Cracked carapaces can occur when crabs are dropped on deck which I observed when 

sampling commercial vessels. Few sublegal males and females had cracked carapaces in fished 

areas, and virtually none in the closure. Alexander et al. (2004) observed 7-13% of crabs with 

holes in their carapaces, a higher proportion than what I observed. Torn abdomens usually 

indicate rough handling of ovigerous females when their abdominal flaps protrude through trap 

mesh. Alexander et al. (2004) reported only 1% of males, and no females, with torn abdomens. 

Similarly, torn mouth parts likely reflect rough handling in traps. I observed only a few 

incidences of this type of injury, mostly in females. Microsporidian infections were observed in 

less than 1.3% of females on the Fraser River delta (Small et al. 2014). I did not find any crabs 
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with shell disease, but Alexander et al. (2004) reported up to 13% of females in the Nass River 

had some form of shell disease. Uncommon, too, were deformed appendages in my study area.  

 

Infrequent observations of particular injuries either reflect the fact that they occur infrequently, 

or they do occur more often but normally prove to be sufficiently debilitating or fatal so crabs 

with such injuries are rarely observed in traps. Using data obtained from tag recoveries from the 

Dungeness crab fishery, Cleaver (1949) estimated crabs missing one claw and walking leg 

experienced 40-50% greater mortality than uninjured crabs. The spanner crab, Ranina runina, 

showed very high mortality (60-100%) after losing one or more limbs and moderate mortality 

(50%) after losing one or more dactyli (Kennelly et al. 1990). 

 

Fishery-related injuries 

Fishery-related injuries to Dungeness crabs may occur when crabs are: confined in soaking traps, 

handled on boats by fishers who remove them from traps, tossed overboard and, descending 

through the water column to the seafloor. I indirectly estimated proportions of fishery-related 

injuries by comparing crab populations in fished areas: 1) to a natural baseline determined from a 

fisheries closure, and 2) post fishery (fall) to pre-fishery (spring) in the same area. I directly 

measured fishery related injuries by: 1) conducting trap soak studies, and 2) visiting commercial 

vessels that were actively fishing. Injuries sustained by crabs after they were discarded overboard 

were not assessed. 

 

Results from the trap soak studies indicated 3% of captured crabs were injured in soaking traps 

(spring and fall data combined). Common injuries to both hard and soft shelled crabs were 

missing one leg or claw. Legal males (4.2%) and females (3.5%) were injured the most, sublegal 

males (1%) the least. Barber and Cobb (2007) stated the most common injuries to Dungeness 

crabs in soaking traps were large, open wounds to the exoskeleton, or missing appendage tips. I 

observed post fishery in fished areas in the broader population 5-6% of sublegal males with large 

wounds (compared to 2% in the closure). In contrast though, there was a higher proportion of 

females in the closure with large wounds (7.2%) compared to fished areas (≤2.1%), but this 

likely reflected shell condition status as many old shell females were collected in the closure. 

Four to 6% of legal males and females were missing tips on legs in fished areas compared to 
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≤1% in the closure. Fewer (0-3%) were missing claw tips, not much higher than in the closure. 

Damage or loss of appendage tips may seem to be a minor injury, but it should not be overlooked 

as it could impede a crab’s foraging ability. Crabs search for bivalves by prodding their dactyl 

tips into the substratum to receive tactile stimuli, and then recover the bivalve by digging with 

legs and chelae (Pearson et al. 1981).  

 

The trap soak studies did not run as long (maximum 5 days) as Barber and Cobb’s (2007) 

experiment (5 vs. 20 days) which might explain differences observed in crab injuries. The 

duration of the trap soak studies reflected soak times most commonly used by commercial 

vessels in Area 28. Although the maximum commercial soak time in BC is 18 days, soak times 

in the study area since 1990 have ranged from 1 to 8 days; however, soak times ranging from one 

to five days constitute 97% of the soak times used in the commercial fishery. When the 

commercial fishery opens mid-June, fishers haul their gear once a day to maximize catches. 

However, after about six weeks when most legal crabs have been caught, trap gear is soaked for 

longer (two, maybe three, days). By the end of fishing seasons gear may be soaked 3 to 5 days as 

catches are low and the weather less cooperative.  

 

Barber and Cobb (2007) reported injuries to Dungeness crabs increased with soak time, were 

density independent, and traps with more legal males had fewer injured crabs. They concluded 

injuries likely resulted from antagonistic interactions between crabs over bait. I interpret their 

work to suggest injuries to crabs in soaking traps will be higher in fished areas where there are 

fewer legal and more sublegal males, and injuries will likely increase as fishing seasons progress 

as legal males are removed and trap soak times increase. 

 

I estimated 2% of crabs were injured from handling on commercial vessels. More females (3.1%) 

were injured than males (1.5%). Females suffered claw and leg injuries, legal males had leg 

injuries, and sublegal males had cracked carapaces and broken claw tips. Separating out injuries 

caused by handling and those that occurred prior in soaking traps is not always possible; 

however, handling injuries seemed to be somewhat different compared to those caused in 

soaking traps. Handling more often broke tips on claws, tore off parts or all of legs, and cracked 

carapaces, whereas injuries in soaking trap were essentially missing limbs (and some leg tips).  
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Considering the early summer season only, overall approximately 7% of Dungeness crabs were 

injured by fishing activities (from soaking traps and by handling), and such injuries included 

damage to claws and legs (missing tips, part missing, completely missing), and cracked 

carapaces. Higher proportions of injured crabs, and sometimes injury severity, resulted in higher 

injury index values in Burrard Inlet compared to Indian Arm, likely reflecting the different 

fishing effort and intensity in the two areas.  

 

As fishing seasons progressed, the numbers of sublegal males and females caught in traps 

increased, and this would have resulted in increased handling of discards. Discards larger than 

145 mm carapace notch width would have been more likely to be retained in traps because they 

could not fit through escape ports. (Please note the size of escape ports changed during the 

course of this study. Prior to 2009, escape ports were 100 mm in diameter. In 2009, one of two 

ports had to be 105 mm, and by 2012 both ports had to be 105 mm). These large discards 

therefore would have remained for longer periods in traps and likely been handled by fishers. 

Not surprising, a higher proportion of these crabs were injured, and more severely, in the fished 

area compared to the closure. In intensely fished areas an unknown number of crabs (discards 

and soft legal males) will be repeatedly caught, which will increase the probability of them being 

injured for the first time or suffer multiple injuries. T. Shirley (unpublished in Zhou and Shirley 

1995) found increased handling of Dungeness crab with techniques simulating those used in the 

commercial fishery resulted in higher mortality, culminating in 100% mortality after crabs were 

handled four times. Survival can be affected by partial breakage as well as limb loss. Fishery 

managers in Alaska have assumed fixed values of 20%, 50%, and 20%, respectively, for the 

discard mortality rates of Chionoecetes bairdi (southern Tanner crab), C. opilio (snow crab) and 

P. camtschaticus in pot fisheries (Siddeek, 2003). 

 

Estimating discard-related mortality is challenging. A useful predictor for discard mortality may 

be crab condition such as injuries to the exoskeleton, as reported for Chionoecetes spp. 

(Rosenkranz, 2002) and Red King crabs (Zhou and Shirley, 1995). I recorded a variety of 

injuries to the exoskeleton and compared proportions of injured crabs in the population pre-

fishery (spring) to previous year post fishery (fall) data assuming a lower proportion of injured 
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crabs the following spring after the fishery had closed represented mortality of injured crabs. An 

experimental approach can also be used whereby individuals captured in different fishing 

operations or under different conditions are monitored for subsequent survival. Mortality can be 

evaluated through tag recovery studies or by holding crabs in tanks or cages, but there are 

limitations to these methods (Stoner et al. 2008).  

 

More insidious, however, are mortalities that are not due to acute injuries, but rather occur over 

several months following handling. Internal injuries and bleeding that result in mortality can 

occur without apparent external injuries. Behavioral impairments may help reflect consequences 

of internal injuries. Stevens (1990) considered both external injuries and an index of vitality as 

possible correlates with delayed mortality in Red King crabs and Tanner crabs. Stoner et al. 

(2008) identified a suite of reflexes useful for assessing stress in Chionoecetes spp. that reflect 

both physical and physiological injury. As far as I know, a suite of reflexes has not yet been 

developed for Dungeness crabs, but this might be a useful area of research in order to gain a 

better understanding of discard-related mortality in this species. 

 

Injury data collected for this research reflect the impact of fishing practises in one crab 

management area only and I question how applicable results here might be to other areas. I 

observed fishers haul traps up on the bulwarks of their vessels and remove/sort crabs one at a 

time—legal males were dropped in a container on deck filled with seawater, and discards were 

dropped overboard. In my opinion, fishers handled crabs relatively carefully; therefore, my 

conclusions may reflect a best case scenario. Elsewhere gear may be soaked for longer periods of 

time and/or hauled more aggressively. Handling practises might be different when biologists are 

not present observing fishing operations and recording data. Crabs might be dumped on deck or 

placed in totes before being discarded. Such fishing practices will injure and kill more crabs. I 

suggest some form of standardized injury data should be collected in different areas in order to 

assess impacts from different fishing practices and/or management measures. 
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Underestimated injuries 

The sampling tool I used to collect injured crabs was baited traps which have their limitations 

because they select only crabs that have the ability to forage and feed; consequently, any injuries 

observed could not have been sufficiently severe to prevent a crab from moving about. Crabs too 

injured or sick to forage would not have been assessed using traps; therefore, estimates of the 

proportion and severity of injuries (combined to form the injury index) in the general population 

will be lower (by an unknown amount) than what naturally exists.   

 

My estimates of fishery related injuries will underestimate the true injury rate in the crab 

population for several reasons. First, during the trap soak studies I checked the experimental 

traps only once a day and therefore did not witness the fate of many small crabs that entered and 

left traps throughout the day, some of which would have been injured. Second, commercial 

fishers normally use more bait and replace it every set. I did not change the bait throughout the 

course of a particular study in order to mimic a five day soak period. The result is the 

effectiveness of bait would gradually diminish. Fresh bait added to traps may increase 

antagonistic interactions between crabs confined inside. Third, I sampled commercial vessels in 

June at the start of the fishery when females were hard shelled and before soft legal males would 

have been recaptured several times. Sampling vessels in July or August may have shown higher 

injury rates due to increased handling of soft females and males.  

 

Crabs will be injured and killed in ways not measured in this study: while descending to the 

seafloor after they have been discarded overboard, crushed by traps landing on them (Stevens 

2014), killed by predators or by starvation after being caught in lost (ghost) traps, and they might 

suffer from problems related to decompression and air bubble disease when they are hauled to 

the surface in traps. Dungeness crab mortality in ghost traps has been estimated to be 23% after 

12 days (High 1976), 19% after 28 days (Muir et al. 1984), and 52% after one year (Breen 1987). 

It is believed juveniles and females die sooner than large males (Antonelis et al. 2011). Blue 

crabs suffered 45% mortality within two weeks (Guillory 1993). Mortality for Red King crabs in 

traps was 2-10% (High and Worlund 1979). Hauling snow (C. opilio) and Tanner crabs (C. 

bairdi) from the seafloor to the surface too frequently (≤3 days) may cause gas embolisms and 

deform gill lamellae, which affect crab vitality (Moiseev et al. 2013). 
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Injuries not recorded 

Chelae tooth wear was not included in the injury assessment, the reason being I associated this 

injury more with shell condition. Generally crabs classified as having old or very old carapaces 

always had worn claw teeth. Juanes and Smith (1995) stated crabs with worn chelae teeth had 

significantly longer handling times than “uninjured” individuals feeding on similar-sized prey. 

Researchers collecting injury data may wish to include claw wear since such an injury may affect 

the foraging success of individual crabs.  

 

Although I did record the number of large wounds on individual crabs, I did not include these 

data when reporting the overall proportion of injured crabs or injury index. At some point during 

the study I was concerned how accurately I was recording the number of large wounds as they 

can easily be missed when processing large numbers of crabs. Furthermore, I began to speculate 

about the biological significance of this type of injury compared to others such as missing claws, 

and did not want to overstate the proportion of injured crabs in the population. However, Barber 

and Cobb (2007) reported an increase in large and small wounds to crabs confined in soaking 

traps so this kind of injury may be influenced by fishing activities. Such wounds could, in theory, 

lead to bacterial infections and compromise the health of individual crabs; therefore, similar to 

claw teeth wear, researchers may wish to include large wounds when collecting injury data.  

 

Standardized injury data collection 

My method for collecting Dungeness crab injury data worked well in the field after some 

practise and repetition. I collected more detail than the method currently recommended by DFO 

(Dunham et al. 2011) and used by various groups (service providers and First Nations) collecting 

crab biological data in BC. If desired, my method could be made even more comprehensive by 

including claw wear and large wounds. Ultimately, however, the level of detail collected will 

depend on research questions being asked. For those who may want to conduct simpler, yet 

effective, injury assessments based on the method I used, perhaps collect injury data (missing, 

part missing, tip missing, regenerating, deformed) for only appendages (claws and legs). 

Diseases are likely not caused by fishing. If the objective is to quantify fishery-related injuries, 

then it might not be necessary to collect information related to the prevalence of diseases. For 
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legal males, the focus would be on whether one claw is missing or regenerating, and all injuries 

to two or more appendages. For sublegal males, the focus would be on whether one leg is 

missing or regenerating. For females, the focus would be on all injuries to two claws and two or 

more appendages. 

3.4.6 Sampling caveats 

Obtaining good sample sizes of the various Dungeness crab classes was sometimes challenging. 

In general, I had good sample sizes in all areas for sublegal males, but not legal males and 

females. This was problematic when analysing injury data, for example, when few crabs were 

caught in particular sets, and most were not injured. The result was few statistically significant 

outcomes because the model could not tell whether there was a difference between locations. I 

experienced difficulty getting good sample sizes of legal males at the end of fishing seasons 

(fall) in fished areas because most large males at that point in time had already been removed by 

the fishery. I had good sample sizes of legal males in the closure as large males were abundant 

there in the spring and fall.  

 

Fewer females were collected in the fall (post fishery) in all areas, especially in the closure. 

Generally 2-10 males per female were caught in all areas, except in the fall in the closure where 

a very high number of males per female were caught. Taggart et al. (2004a) reported trap 

sampling is significantly biased against ovigerous females in April and September. In the fall 

females are more likely to have extruded their eggs and be buried in the sediment, and therefore 

will not be foraging and entering traps.  

 

Taggart et al. (2004a) suggested trap sampling in late summer and early fall is the best time of 

year to collect male crabs. The optimal time to collect females is after they have hatched their 

eggs and before they have extrude a new clutch (i.e., when they are nonovigerous). In BC this 

would likely be June through September. Since females moult during the summer (July and 

August), and there may be catchability issues for soft crabs during this time period, I suggest 

sampling females in August or September. In this study, crabs were sampled in the spring 

(April/May) and fall (October/November), before and at the end of fishing seasons. However, I 

suggest Dungeness crab trap sampling programs should also consider sampling in late 
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summer/early fall (August or September) to increase sample sizes of legal males and females in 

order to obtain better measurements of abundance, injury rates, and the sex ratio. 

3.4.7 Managing Dungeness crab populations  

Conservation objectives for the BC Dungeness crab fishery include:  

• Protecting female crab (non-retention) and only harvesting male crab after they have had 

an opportunity to breed (minimum size limit).  

• Protecting females, undersized males, and soft-shell crabs from effects (injuries and 

mortality) of handling.  

• Ensuring subpopulations over broad geographic and ecological ranges do not become 

biologically threatened.  

• Conserving and protecting habitats. 

• Ensuring healthy and productive ecosystems. 

• Providing sustainable harvesting opportunities and long-term economic viability. 

 

Long-term conservation of Dungeness crab populations depends on whether some threshold 

portion of sexually mature males and females survive and remain sufficiently healthy to 

successfully reproduce. Positive consequences of current management measures are sublegal 

male and female abundances, and female size, not being affected by the fishery as there were 

similarities in fished and closed areas (Table 3-42). In addition, sublegal males were injured the 

least and had low injury-related mortality. 

 

Unfortunately, there are several negative consequences to crab populations from existing 

management measures (Table 3-42). Male abundance was considerably lower in fished areas 

because of fewer legal, including old, males. The absence of large, old breeding males in 

exploited populations may induce changes toward earlier sexual maturation and/or lead to sperm 

limitation since fewer males could mate too often. Males (all classes) were smaller, likely a 

consequence of smaller breeding males and the fishery removing males genetically predisposed 

for faster growth. Small (sublegal) males were probably doing the majority of breeding, likely 

resulting in a proportion (5% in the study area) of females being too large for successful mating. 

Large females are generally the most fecund and 33% of these individuals might have been too 
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large for successful mating. Small males may also have poorer sperm quality. Many of the 

biggest sublegal males (i.e., those larger than 145 mm notch width) might not have successfully 

mated because a large proportion in the 150-153 mm size range (just under the minimum size 

limit) were absent from fished areas, and those crabs larger than 145 mm experienced higher 

injury rates because they were more likely to be retained in traps. All crab classes experienced 

injuries, naturally and from fishing activities, legal males being the most injured. Mortality from 

injuries was highest in legal males, perhaps, arguably, an economic consideration only. 

However, this higher rate may also reflect impacts from injuries to soft shell crabs in general. 

Female mortality ranged from low to high(er) depending on fishing intensity. Higher levels of 

injuries incurred post fishery to legal males and females were likely a direct result of these crab 

classes being soft shelled during fishing seasons. Certain non-lethal injuries, such as those to 

claws and to more than one appendage, would have affected crabs’ (more often legal males and 

females) abilities to grow and reproduce. Proportions of soft crabs (all classes), especially legal 

males, as well as the prevalence of discards (sublegal males and females), increased in traps 

throughout fishing seasons which would have exacerbated fishing related injuries. It is important 

to note injuries and mortality will always be underestimated as there are many additional 

unaccounted reasons for injuries and mortality.  

 

I assert these underestimated fishery impacts to the breeding component of Dungeness crab 

populations invariably lower reproductive success and lifetime egg production. Unfortunately, 

the degree of impact and subsequent implications to the long-term conservation of crab 

populations require further evaluation, especially in a changing marine environment (warmer 

water conditions and lower pH; Environment and Climate Change Canada 2016). My concern is 

these cumulative fishery impacts are gradually eroding the resiliency of crab populations over 

time and will ultimately make the fishery unsustainable.  

 

To help conserve Dungeness crab populations long-term, fishery managers should consider the 

following changes to existing management measures in order to protect:  

• large old males:  

o restrict fishing activity during the winter/spring soft shell period,  

o lower exploitation rates (to ~70%; Zhang et al. 2002, Stocker and Butler 1990), 



229 
 

o introduce a maximum size limit. 

• small males:  

o increase enforcement of the minimum size limit,  

o increase the minimum size limit to that used in American waters (159 mm 

carapace notch width). 

• females:  

o ensure females are released by all sectors. 

o restrict fishing activity during the summer soft shell period (July/August). Instead 

fishing could occur during the fall when most females are ovigerous and less 

likely to enter traps. 

• discards (small males and females):  

o ensure traps used by all sectors have escape ports. 

o increase escape port diameter to 110 mm (or larger),  

o ban hanging bait and introduce a minimum soak time (2-3 days). 

• breeding individuals:  

o restrict fishing activity during the summer mating season (May/June). This would 

also give recently moulted legal males a chance to harden and breed in the 

summer. 

• all crab classes:  

o implement spatial closures where fishing by all sectors is prohibited. 

 

The most precautionary approach to manage the Dungeness crab fishery would involve lowering 

the exploitation rate, introducing a maximum size limit, increasing the minimum size limit and 

improving enforcement, ensuring all traps have larger escape ports, allowing crab fishing to 

occur for five months only in the fall and early winter (October to February), and implementing 

fisheries closures. A different approach might be to focus only on protecting the breeding 

component—females and small males—in exploited populations. In this scenario, management 

changes would involve ensuring females are released by all sectors, restricting fishing activity 

during the summer female soft shell period, ensuring all traps have larger escape ports, and 

increasing the minimum size limit and improving enforcement. One way to make a restriction of 

fishing activity in the summer more palatable to industry would be to allow fishing during the 
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winter/spring months when large males are moulting. The price for crab is normally higher in the 

spring, but there will be an economic cost associated with killing an unknown proportion of soft 

legal males. The focus of management has traditionally been to protect large males, the target of 

the fishery, but more emphasis should be placed on protecting females since fishing activities 

injure and kill them. Management changes that would significantly help protect small males 

would be increasing the minimum size limit and escape port size. Management changes that 

would affect fishers the least include increasing escape port size, banning hanging bait, and 

improving enforcement of the current minimum size limit.  
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Chapter 4 

A shifted baseline and redefining Dungeness crab stock status 

Abstract 

Fishing causes considerable damage to marine environments. It is difficult to comprehend the 

staggering losses of biomass and abundance that have occurred (shifting baseline syndrome). 

Invertebrate fisheries are often not well managed and recruitment overfishing is common 

resulting in some fisheries being over-exploited. Marine reserves are a fisheries management tool 

that mimic natural refuges, which rarely exist in modern times. Marine reserves can serve as 

scientific reference areas where unfished populations can be studied.  

 

Various metrics (abundance, size, proportion of soft shell, discard ratio, proportions of old crabs 

and sublegal males near the minimum size limit, injuries) from exploited Dungeness crab 

populations in the Burrard Inlet system were compared to an unfished population in a fisheries 

closure (Vancouver Harbour) located in the same inlet. Notable differences in fished compared 

to unfished Dungeness crab populations include fewer old large males, smaller males in general 

including breeding individuals, fewer sublegal males just under the size limit, and higher injury 

rates and mortality for all crab classes. The unfished population provides context to the shifting 

baseline syndrome and a new perspective regarding the definition of stock status. 

 

The unfished crab population provided: 

1) insights into crab population dynamics not influenced by fishing pressure,  

2) insights into crab population dynamics influenced by fishing pressure and context around 

the magnitude of changes that have occurred: 

a. persistent, long-term changes that have occurred to the target species in exploited 

populations. 

b. short-term changes that occur to the target species in exploited populations.  

c. similarities between exploited and unfished populations.   

d. unnatural stability/consistency in exploited populations. 
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e. metrics that are challenging to measure or interpret when data are collected only 

in exploited populations. 

3) a means whereby biological and/or environmental influences can be separated from 

fishery impacts,  

4) the foundation for challenging the accepted definition of ‘healthy’ Dungeness crab 

populations as currently used in the precautionary approach (PA) policy and ecosystem-

based fisheries management (EBFM). 

 

Unfished invertebrate populations should be formally incorporated into fisheries management by 

redefining the Healthy Zone to include two population states, exploited and unfished. I 

developed indices based on abundance, size, sex and discard ratios, shell condition, and injuries 

with threshold values that may help determine whether Dungeness crab populations are exploited 

or unfished (i.e., whether a fishery impact has occurred).  
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4.1 Introduction 

Fishing is not a benign activity and can alter and degrade marine ecosystems through both direct 

and indirect effects, especially in coastal regions where fishing is more intense (Jennings and 

Kaiser 1998, Botsford et al. 1997). Harvesting in an unfished system leads to lower abundance 

and genetic diversity of target populations (Conover and Munch 2002, Ludwig et al. 1993) and 

changes in growth, production, and recruitment (loss of spawning biomass; Pauly 1986). Key 

species occupying high trophic levels maintain species diversity and stable community structures 

through effects on dominant competitor species (Paine 1966). Fishing of key species can 

destabilize and alter community structure and trophic relationships and lead to habitat damage 

(Roberts and Polunin 1991). Where ‘bottom-up’ instead of ‘top-down’ processes govern, 

fisheries may influence populations and communities (Hunter and Price 1992) because they 

remove the results of eight percent of the global primary production in the sea and require 24 to 

35 percent of upwelling and continental shelf production (Pauly and Christensen 1995).  

 

Even where population abundances remain high, size selective fishing gear threatens future 

resiliency and sustainability by reducing the average age and size at age. Analyses of global 

fisheries data have shown decreases in the mean size of individual fish (Gell and Roberts 2003) 

and in the value of catches. As it becomes harder to catch large valuable fish, fishers switch their 

targets and gear to catch smaller and less valuable species. Fishing down the food web 

(concentrating on fishes at lower trophic levels) is happening in coastal and coral reef systems 

(Pauly 1986).  

 

Large-scale removals of invertebrates from marine ecosystems through fishing have negative 

impacts on targeted populations and can lead to trophic cascades (domino effects through 

ecosystems; Eddy et al. 2016), similar to what occurs when forage fish are removed (Smith et al. 

2011). Even moderate exploitation of invertebrates can cause biomass changes (decreases or 

increases) in other trophic groups resulting in either positive or negative ecosystem effects (Eddy 

et al. 2016). However, the consequences when invertebrates are removed, and how such 

removals change the structure and function of ecosystems, are poorly understood (Smith et al. 

2011, Pikitch et al. 2004). 
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When fish and invertebrate populations are overexploited their ability to recover from human 

pressure or from natural disturbances, such as adverse climate conditions, pollution, and disease 

outbreaks, is compromised because loss of diversity among locally adapted populations impairs 

resilience (Worm and Myers 2004). Ultimately, severe reductions in fish abundance threaten 

livelihoods (FAO 2009) and endanger food security and efforts towards reducing global hunger 

(Pauly et al. 2005). 

 

Indirect effects of fishing can be even more consequential for marine ecosystem structure and 

dynamics than removals of the target organism (Botsford et al. 1997). A high proportion of 

invertebrates are caught by benthic trawling (crustaceans and cephalopods) and dredging 

(bivalves) gear (Anderson et al. 2011) which destroys three-dimensional structure and 

subsequently negatively impacts benthic habitats, communities, and spawning/nursery grounds 

by physically removing emergent sessile organisms that provide critical structural habitat, 

important in recruitment and prey protection (Jennings and Kaiser 1998). Altered benthic 

community composition often leads to reduced future biomass, production, and species richness 

(Hiddink et al. 2006, Kaiser et al. 2006, Tillin et al. 2006). These types of fishing gear also catch 

considerable by-catch (Kelleher 2005).  

 

Unfortunately, globally, invertebrate fisheries are often not managed effectively. Little is known 

about the biology of many invertebrate species, their population status/trends, responses to 

exploitation, their proportion in by-catch, and how fishing impacts their habitats. The reason why 

is population assessment surveys are expensive and rarely done, even for newer fisheries (the 

exception being developed nations in north temperate regions, especially in America; Ricard et 

al. 2011, Anderson et al. 2008, Berkes et al. 2006, Andrew et al. 2002). When population 

assessments are done they are heavily biased toward finfish (especially Orders Gadiformes and 

Clupeiformes) rather than invertebrates (Ricard et al. 2011). Moreover, invertebrates are rarely 

monitored in research trawl surveys (Worm et al. 2009). Existing fisheries databases have poor 

taxonomic resolution for many fisheries in developing countries, and landings data are often 

misleading when used as a proxy for population size. Few fisheries provide catch data with 

logbook and/or observer programs (Ricard et al. 2011). To further exacerbate the problem, 

fisheries are expanding more rapidly than previously—the time to peak for newer fisheries is 
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happening faster compared to the 1950s; consequently, we are progressing through invertebrate 

fishery phases faster than ever (Anderson et al. 2011). This often makes it difficult for scientists 

and managers to make good decisions to secure the long-term, sustainable use of these resources 

(Berkes et al. 2006). Many fisheries are essentially unregulated and exploitation rates are often 

too high (Anderson et al. 2008, Berkes et al. 2006, Andrew et al. 2002). Most invertebrate 

species have not been assessed for biomass reference points which is important if populations are 

to be managed for high yields that can be sustained over time (Ricard et al. 2011, Anderson et al. 

2011, 2008). Conventional Fisheries Management Approaches (CFMAs) might not be 

appropriate for many sedentary invertebrates (those whose movements are short-range when 

compared to the spatial scale of the fishing process and/or pelagic larval dispersal) in terms of 

their population biology. For example, broadcast spawners such as abalone require high-density 

concentrations to reproduce successfully, and these concentrations are targeted by fisheries 

regulated by catch or effort limits (Hilborn et al. 2004). Finally, factors beyond management’s 

control, such as climate change, can present major challenges. 

 

Globally, as of 2004, 34% of invertebrate fisheries were over-exploited or had collapsed or 

closed. Catches in some groups had slowed or peaked and were declining. Increasing 

invertebrate catches were being supplied by new taxa or new countries entering fisheries 

(Anderson et al. 2011). Ricard et al. (2011) estimated 75% of decapod populations were below 

biomass that produces maximum sustainable yield, and most populations had excessively high 

fishing mortality rates. One common pattern has often led to recruitment overfishing (when a 

population has been fished down to a point where recruitment is significantly reduced; 

Sissenwine and Shepard 1987)—small-scale inshore fishers cash in on either accrued biomass of 

old/large individuals in virgin populations or on strong year classes. After local populations have 

declined or collapsed fishers then move into deeper and more distant waters, effectively 

expanding areas being fished. The unfortunate end result is serial depletion as newly discovered 

populations and/or species are subsequently substituted (which often masks peaks in catch) and 

over-harvested (Anderson et al. 2010, Orensanz et al. 1998). 

 

American invertebrate fisheries in both the Pacific and Atlantic Oceans have not been immune to 

population declines and collapses. Spiny and Slipper lobsters in the northwestern Hawaiian 
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Islands declined sharply in the late 1980s resulting in the implementation of restrictive 

management measures since 1991 (NOAA 1998). In the Gulf of Alaska a number of crustacean 

fisheries (Red and Brown King crabs, Tanner crab, Dungeness crab, Pink shrimp, and Spot 

prawn) closed at various times during the 1980s and 1990s (Orensanz et al. 1998). Failure to 

protect critical breeding grounds and juvenile habitat were suggested as possible reasons for the 

decline of Red King crab in the Bering Sea (Armstrong et al. 1993). Blue King crab around the 

Pribilof Islands (Alaska) were considered overfished in 2014 (NOAA 2014). Serial depletion of 

sea urchins, crabs, clams, and cockles since the 1960s from the Alaskan nearshore culminated in 

the decline of the black leather chiton (Katharina tunicata) on the outer Kenai Peninsula 

(Salomon et al. 2007). In Willapa Bay, Washington, native oyster populations (Ostrea lurida) 

were seriously depleted by 1900; the fishery survived due to the deliberate introduction of the 

Eastern oyster (Crassostrea virginica) (Dumbauld et al. 2011). Serial depletion of red, pink, 

green, black, and white abalone in southern California since the 1940s resulted in a sharp decline 

in landings in 1969 and ultimately led to closures of commercial and recreational fisheries in 

1997 (Karpov et al. 2000). In the northeast US (Maine south to North Carolina) in 1997 both 

offshore (American lobster, sea scallop, surf clam, ocean quahog, squid) and inshore (blue crab, 

oyster, blue mussel, hard and soft shell clam) invertebrate fisheries were nearly all fully or 

excessively exploited (NOAA 1998). Blue crab populations in Chesapeake Bay, Maryland, and 

Virginia fell to record lows in 2007-08 (Chesapeake Bay Foundation 2008). Unfortunately, more 

invertebrate populations may decline in the future in North America and globally because of 

increasing demand for fish and fishery products, climate change, illegal, unreported, and 

unregulated (IUU) fishing, and overcapacity of fishing fleets (FAO 2016). 

Overfishing of large vertebrates and invertebrates is a major human disturbance to coastal 

ecosystems. There have been enormous losses in terms of biomass and abundance from most 

coastal ecosystems worldwide, yet they seem unbelievable based on modern observations alone 

(Jackson et al. 2001). The shifting baseline syndrome (Pauly 1995) is insidious and more 

ecologically widespread than is commonly realized (Jackson et al. 2001). To help combat the 

shifting baseline syndrome, one solution is to incorporate earlier knowledge into fisheries models 

(Pauly 1995); most ecological research lacks a longer term historical perspective because it is 

based on local field studies lasting only a few years and conducted sometime after the 1950s 

(Dayton et al. 1998, Jackson 1997). Jackson et al. (2001) described ecosystem structure 
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predating modern ecological studies using time series based on biological, biogeochemical, 

physical, and historical proxies over a variety of spatial scales. In addition to using earlier 

knowledge, consistent time series of data on catches, relative abundance, size distributions, and 

other biological and physical information is also important for assessing the status of individual 

populations, biological communities, and habitats. Unfortunately, few such time series exist, in 

particular long-term, fishery-independent data which have only been collected in a few scattered 

instances primarily in developed countries. 

 

Another solution to help combat the shifting baseline syndrome is to use unfished refuges as 

baseline reference areas from which to provide insights into natural dynamics of species and 

ecosystems. Unfortunately, most natural refuges that were protected historically because of 

distance or expense of access have been eliminated (Jackson et al. 2001) due to technological 

advances. Fortunately natural refuges can be recreated using permanent spatial closures. 

However, with the exception of small areas where, for centuries, Indigenous Peoples have been 

using closures to conserve populations (e.g. island nations in Oceania; Johannes 1978), in 

general spatial closures are a relatively new tool in modern fisheries management, first described 

by Beverton and Holt (1957) based on their observations of increased fish populations in the 

North Sea after being closed to fishing for several years during World War Two. Globally, most 

marine protected areas (MPAs) have been in existence far less than 50 years, so they likely will 

not truly represent pristine, unfished populations and ecosystems, but they are, nevertheless, the 

closest examples we have of a bygone era.  

 

Marine reserves that mimic natural refugia can help maintain productivity of exploited 

populations. Reserves can serve as reproductive refugia by protecting spawning/nursery grounds, 

portions of spawning populations, and juveniles (Kruse et al. 2010, Lambert et al. 2006, Narvarte 

et al. 2006, Orensanz et al. 1998). Marine reserves have been shown to increase the abundance, 

biomass, density, and/or mean size of reproductive animals within their boundaries (Freeman et 

al. 2012, Kay et al. 2012, Benzoni et al. 2006, Shears et al. 2006, Beukers-Stewart 2005, Taggart 

et al. 2004, Davidson et al. 2002, Goni et al. 2001, Manriquez and Castilla 2001, Kelly et al. 

2000, Murawski et al. 2000, Babcock et al. 1999, Edgar and Barrett 1999, Wallace 1999, Davis 

and Dodrill 1989, Roberts 1986) which significantly increases the reproductive output of 
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protected populations (Dugin and Davis 1993). The exponential relationship between female size 

and egg production has been documented for many species of invertebrates and fish (Bohnsack 

1990). Increased reproductive potential inside reserves might result in the emigration of eggs, 

larvae, juveniles, and/or adults across borders into nearby fished areas which could increase 

fishery yields (Kay and Wilson 2012, Goni et al. 2010, Lubchenco et al. 2003, Guenette et al. 

1998, Yamasaki and Kuwahara 1990, Davis and Dodrill 1989) or help rehabilitate impacted 

species (Rice and Houston 2011). A network of MPAs can provide a level of insurance against 

catastrophic events (Rice and Houston 2011). 

 

Marine reserves with enhanced populations can be scientific reference areas that serve as proxies 

for unfished populations (Babcock and MacCall 2011). Such unfished reference areas are useful 

for:  

a) setting management goals. Knowing what is historically possible (in terms of population 

size and variability) is important; we need to be careful to not perceive degraded 

ecosystem states as natural (concept of shifting baselines; Pauly 1995).  

b) obtaining reliable population assessment information (trends in fish production, age, size, 

and sex structure of the targeted population; Lubchenco et al. 2003, Schroeter et al. 2001, 

Castilla and Defeo 2001) and estimating life history parameters (e.g. natural mortality) 

that are used in fishery assessments and models (Kay and Wilson 2012, Wilson 2011, 

Hilborn and Walters 1992). This is especially important during the development of new 

fisheries when sustainable exploitation rates of newly exploited species are highly 

uncertain (Perry et al. 1999). Population assessments are typically based on fishery-

dependent data such as catch per unit effort (CPUE), but such data are often challenging 

to use and unreliable because of difficulties in standardizing fishing gear and effort, and 

some fishers deliberately provide erroneous catch data to managers (Hilborn and Walters 

1992). Standardizing catch by the amount of fishing effort helps, but not all fisheries 

provide the appropriate sophisticated catch data (Ricard et al. 2011). Standardized 

fishery-independent sampling in fished areas is another remedy to resolve issues related 

to fishery-dependent data, but this type of sampling is, unfortunately, often not done. 

Regardless, population assessments conducted only in fished areas provide an altered 

picture of population status different from unfished populations. 
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c) understanding impacts of fishing on habitats and ecosystems (Lubchenco et al. 2003, 

Castilla and Defeo 2001). 

d) providing baseline data for studies of long-term environmental change (Barrett et al. 

2009, Roberts 1997). 

e) assessing impacts of management measures on exploited populations (Chapter 3).  

f) redefining stock status (i.e., healthy, cautious, critical; Chapter 4). 

4.2 Dungeness Crab Case Study 

The focus of this chapter is to highlight the benefits of having an unfished Dungeness crab 

population as a control against which exploited populations can be compared. Unfished 

populations provide context to the shifting baseline syndrome and provide new perspective 

regarding the definition of stock status. Often only exploited populations exist and they are 

usually compared to themselves and/or to each other. Exploited Dungeness crab populations 

have few old, large males, generally smaller males, a lower proportion of sublegal males near the 

size limit, and higher injury rates for all crab classes (Table 4-1). Post fishery, trap CPUE 

declined for all crab classes except sublegal males (Table 4-2). Trap catches of legal sized males 

were 91% lower post fishery compared to pre-fishery, a consequence of the fishery removing 

most of the large males. Sublegal males are not targeted by the fishery and their abundance 

increased 35% post fishery. Females are also not targeted, but their abundance declined post 

fishery suggesting there may have been mortality caused by the fishery. Post fishery injury data 

for the three crab classes was sometimes similar to pre-fishery data, especially for sublegal males 

(Table 4-3). 
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Table 4-1. Characteristics of exploited (impacted) and unfished Dungeness crab populations. Crabs were collected in standardized traps. 

Crab Class Exploited  Unfished (closure) 
Males • Low abundance, fewer post fishery. 

• Smaller, and size decreases post fishery. 
o More abundant, and often higher catches in the fall. 
o Larger, and size stable between seasons. 

Legal Males  • Low abundance, decreases post fishery. 
• Smaller, and size decreases post fishery. 
• Higher proportion is injured. 

 
• Injury mortality may be high. 
• Proportion of soft individuals may increase post 

fishery. 

o High abundance, and often higher catches in the fall. 
o Larger, and size stable between seasons. 
o Lower proportion is injured and better reflects the 

baseline natural rate. 
o Injury mortality may be considerably lower. 
o Proportion of soft individuals is very low in the fall. 

Old Males • Very low abundance especially post fishery. 
 

• Smaller, and size decreased post fishery. 

o More abundant, especially pre-fishery. Abundance 
decreases in the fall. 

o Possibly larger, and size may increase in the fall. 
 • Proportion just above the size limit is higher, 

and increases post fishery.  
o Proportion just above the size limit is low and stable 

between seasons. 
Mated Males • Smaller, below the minimum size limit. o Larger, above the minimum size limit. 

Sublegal Males • Abundance increases slightly post fishery. 
• Smaller, and size decreases post fishery. 

o Abundance increases slightly in the fall.  
o Larger, and size decreases in the fall. 
o Higher proportion just under the size limit, decreases in 

the fall.  
o Lower proportion is injured and better reflects the 

baseline natural rate. 
o Injury mortality may be low. 
o Discards per legal male are low and stable between 

seasons. 
o Proportion of soft individuals decreases (more than in 

fished areas) in the fall. 

 • Smaller proportion just under the size limit, 
decreases post fishery. 

 • Higher proportion is injured. 
  

• Injury mortality may be low. 
 • Discards per legal male are higher, and increase 

post fishery. 
 • Proportion of soft individuals decreases post 

fishery. 
 

 

 



241 
 

Table 4-1 con’t. Characteristics of exploited (impacted) and unfished Dungeness crab populations. Crabs were collected in standardized traps. 

Crab Class Exploited Unfished (closure) 
Females • Abundance decreases post fishery. 

• Size may remain the same or decrease. 
• Proportion larger than the size limit is very small. 
• Discards per legal male are higher and may 

increase post fishery. 
• A higher proportion is injured. 

 
• Injury mortality may be moderate. 
• A very low proportion of soft individuals and may 

increase slightly post fishery. 

o Abundance decreases post fishery. 
o Size stable between seasons. 
o Proportion larger than the size limit is very small. 
o Discards per legal male are low and decrease in the fall. 

 
o Injury rate is lower and better reflects the baseline 

natural rate. 
o Injury mortality is low. 
o A very low proportion of soft individuals, and may 

increase slightly in the fall.  

 
 
 
 
 

Most fecund 
females 

• Abundance may decrease post fishery. 
• Size may decrease post fishery. 

o Abundance may decrease in the fall. 
o Size may increase slightly in the fall. 

Ovigerous 
Females 

• Size is variable. o Size varies and may be slightly smaller than in fished 
areas. 

Sex Ratio • More males are captured per female, and the 
number of males increases post fishery. 

o More males are captured per female, considerably more 
in the fall. 

Large and small 
discards 

• Level of injury to large and small discards is 
generally higher and similar. 

o Level of injury to discards is generally lower, and large 
discards are injured less than small discards.  
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Table 4-2. Differences (%) in various metrics for Dungeness crab classes determined from crab biological data collected in 
standardized traps from an intensely fished area, Burrard Inlet, and a fisheries closure, Vancouver Harbour,  pre fishery (spring) and 
post fishery (fall), 2009-2013. 

Metric Crab Class Exploited Closed Compare Exploited to Closed 

  Post vs. Pre-fishery Fall vs. Spring Pre-fishery vs. Spring Post fishery vs. Fall 

Abundance Male -25.6 28.4 -55.7 -74.3 

 Legal Male -90.5 17.4 -72.5 -97.8 

 Old Male -94.7 -65.7 -94.3 -99.1 

 Sublegal Male 35.0 63.2 5.3 -12.9 

 Female -68.4 -91.1 -29.6 150.0 

 Fecund Female -42.1 -78.9 0.0 175.0 

Size Male -9.2 -1.0 -5.1 -13.0 

 Legal Male -2.6 0.7 -1.1 -4.4 

 Old Male -7.1 0.6 -0.3 -7.9 

 Mated Male -0.3 4.0 -7.0 -10.9 

 Sublegal Male -3.6 -2.7 -2.3 -3.3 

 Female 3.3 1.7 -0.5 1.0 

 Fecund Female -0.4 1.4 0.9 -0.9 

% Soft Shell Legal Male 135.3 -95.6 6.3 5614.3 

 Sublegal Male -37.5 -68.4 -15.8 66.7 

 Female 2900.0 7900.0 200.0 12.5 

Discards per  Sublegal Male 1566.7 66.7 300.0 3900.0 

Legal Male Female 236.4 -90.5 161.9 9150.0 

% at (above) size 
limit (154-155 mm) 

Old Male 506.1 -28.6 135.7 1900.0 

% at (below) size 
limit (152-153 mm) 

Sublegal Male -69.7 -37.2 -41.3 -71.7 
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Table 4-3. Comparisons of post fishery proportions (%) of sublegal male Dungeness crabs with 
select injuries in Burrard Inlet to pre-fishery and closure baseline rates, 2009-13. Proportions 
listed are amounts above baseline rates. For example, post fishery in Burrard Inlet, an additional 
9.5% of the sublegal male population was injured compared to the population in the fisheries 
closure. 
 
Body Part Injured Post fishery vs. 

pre-fishery  
Post fishery vs. 
closure (fall) 

Overall -1.0 9.5 
Claws -0.2 2.6 
Legs 0.8 9.3 
One leg 0.3 8.2 
One leg missing/regen 0.9 7.6 
One appendage -2.8 5.8 
One appendage missing -1.7 3.3 
More than one appendage 2.5 3.7 
Carapace cracked -0.5 0.5 
Appendages large wounds 0.6 4.0 
 
 

Injuries to sublegal males, such as those to legs, essentially did not increase pre- to post fishery 

as they were already high in the spring. From these data one might erroneously conclude fishing 

activities do not cause significant injuries.  

 

Having access to an unfished crab population in a fisheries closure provided insights into crab 

population dynamics not influenced by fishing pressure. There were several notable differences 

in crab abundance in the unfished population during spring and fall seasons. Male and legal male 

abundances essentially remained the same instead of decreasing (Tables 4-1, 4-2). Trap catches 

of large old males declined in the unfished population in the fall, although less than in the fished 

area. Similar to the fished area, sublegal male abundance increased in the fall in the closure.  

 

Generally crab abundance and size were lower/smaller in the fall compared to the spring in all 

areas; however, the opposite occasionally occurred and was only observed in the Vancouver 

Harbour closure as removals in fished areas likely masked such a phenomenon. More abundant 

large crabs in fall seasons occurred 29-36% of the time since 1993. This phenomenon was 

especially prevalent in 2009. Periodic influxes of offshore crab larvae into the Strait of Georgia 
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may have been the reason for a secondary male moult during particular summers, in addition to 

the regular winter/spring moult. 

 

The unfished crab population provided important insights into crab population dynamics 

influenced by fishing pressure, and provided context to the magnitude of changes that have 

occurred, which is crucial when considering the shifting baseline syndrome. Considering 

standardized trap catches (CPUE) only, the expectation in a fished area in the spring (pre-

fishery) would be a moderate number of Dungeness crabs captured per trap with similar 

contributions to the catch from legal males, sublegal males, and females (Fig. 4-1a).  

 
 
 
  
    
     
 
 

 
 
 
 
 
  
 
 
 

Spring or pre-fishery Fall or post fishery 

Closed 

Fished 

Total LM SLM FEM Total LM SLM FEM 

a c 

b d 

 
Figure 4-1. Schematic illustrations comparing Dungeness crab standardized trap CPUE estimates 
from a heavily fished area and a fisheries closure during the spring (pre-fishery) and fall (post 
fishery). Size of circles represent trap CPUE; large circles are high CPUE, small circles are low 
CPUE. Total = total crabs, LM = legal males, SLM = sublegal males, FEM = females. 
 
 

In contrast, trap catches in a fisheries closure would be considerably higher and be dominated by 

large (legal) males (b). In a fished area post fishery during the fall, trap catches of crabs would be 

low and be dominated by small (sublegal) males, with few large males and females contributing 

to the catch (c). In this situation it would be reasonable to believe there is a conservation issue, 

which may or may not be true. Low trap catches are a consequence of few large males and 

females being caught in traps. Most legal males are absent because they have been removed by 

the fishery. Females are also absent from traps, in particular ovigerous females, because in the 



245 
 

fall they are extruding their eggs and moving less frequently and slower (O’Clair et al. 1990), 

and are less attracted to bait (Schultz and Shirley 1997) meaning they will not enter traps as often 

(Taggart et al. 2004). This does not mean, however, they are no longer present and thriving in the 

population. Trap catches in a closed area in the fall would be markedly different from a fished 

area with high catches of crabs dominated by legal males and, to a lesser extent, sublegal males. 

Similar to the fished area, fewer ovigerous females would be entering traps (d). 

 

Sizes of all male crab classes decreased post fishery in the exploited population (Tables 4-1, 4-

2). This was generally not the case in the unfished population where sizes of males, legal males, 

and old males essentially remained the same between seasons. Mated males were slightly larger 

(4%) in the fall compared to spring. Similar to the fished area, sublegal male size decreased in 

the fall. Comparing fished and unfished crab populations revealed most male classes in the 

fished area were smaller, importantly mated males, and even sublegal males, suggesting there 

might have been removals under the minimum size limit.  

 

The proportion of soft shell legal males increased post fishery in the fished area whereas the 

proportion decreased in the unfished population (Tables 4-1, 4-2). Fished and unfished crab 

populations had similar proportions of soft legal males in the spring; however, there was a 

considerably higher proportion of soft animals in the fished area post fishery suggesting the 

fishery removed most of the hard shelled legal males and left behind only soft crabs. Large males 

had the highest rates of non-lethal injuries and mortality of the three crab classes suggesting 

handling of soft large crabs is an economic loss to the fishery and may have consequences to 

overall population dynamics.  

 

In the fished area, discards of sublegal males were considerably higher post fishery compared to 

pre-fishery (Tables 4-1, 4-2). Female discards increased too throughout fishing seasons, but not 

as much as sublegal males. In contrast, discards of sublegal males barely increased in the 

unfished population, and female discards decreased in the fall. In general, discards were 

considerably higher in the fished area, especially near the end of fishing seasons, which likely 

contributed to higher injuries and mortality for these important breeders.  
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Proportions of large old males at the size limit increased considerably in the fished area, post 

fishery (Tables 4-1, 4-2). In contrast, the proportion decreased slightly in the unfished population 

in the fall. There were more old males around the minimum size limit in the fished area, pre-

fishery, and this increased considerably post fishery, compared to the unfished population.  

 

Proportions of sublegal males just below the size limit decreased in both fished and unfished 

populations, post fishery (fall; Tables 4-1, 4-2). What is important, however, is the pre-fishery 

difference in the two populations; the proportion in the fished area was 41% and 72% lower than 

in the closure suggesting some sublegal males were being removed by the fishery. 

 

Changes in injury rates were measured by comparing injuries in the exploited population to 

natural rates in the unfished population, and some notable differences were observed. In general, 

injury rates determined only in fished areas may have under-estimated injury rates compared to 

those obtained from an unfished population (sublegal males: mean underestimated rate = 6.2%, 

as high as 8.6%; females: mean underestimated rate = 2.3%, as high as 5.2%; legal males: mean 

underestimated rate = 1.2%, as high as 2.7%). Elevated injury rates may persist in fished areas 

and effectively mask significant changes in injuries that may occur throughout fishing seasons. 

Only in unfished populations can natural baseline injury rates be determined that are not 

chronically altered by fishing activities. 

 

Considering all the evidence, the unfished Dungeness crab population improved our 

understanding regarding fishery impacts to exploited populations by helping to identify: 

 

1) Persistent, long-term changes that have occurred to the target species in exploited 

populations. 

• Males, legal males, and old males are less abundant. 

• Males, legal males, old males, mated males, and sublegal males are smaller. 

• The proportion of old males just above the minimum size limit is higher. 

• The proportion of sublegal males just under the minimum size limit is lower. 

• Discards of sublegal males and females per legal male are higher.  

• Injury rates are higher, especially for sublegal males and females. 



247 
 

 

2) Short-term (fall post fishery vs. spring pre-fishery) changes that occur to the target species in 

exploited populations.  

• Legal male abundance decreases. 

• Male, legal male, and old male sizes decrease. 

• The proportion of old males just above the size limit increases. 

• Discards of sublegal males and females per legal male increase. 

• The proportion of soft shelled legal males increases. 

• Injury rates and mortality from injuries increase for all crab classes, especially for legal 

males, females, and large discards. 

 

3) Similarities between fished and unfished populations, either no changes or similar changes 

occur (fall post fishery vs. spring pre-fishery).  

• Large, old males: abundance decreases (more in fished areas so likely also a fishery 

impact). 

• Males: abundance remains stable between seasons. 

• Sublegal males:  

o abundance increases  

o size decreases (more in fished areas so likely a fishery impact) 

o the proportion just under the minimum size limit decreases 

o the proportion of soft-shelled individuals decreases 

o injury mortality is low. 

• Females: 

o abundance decreases (probably reflects female catchability in traps due to 

behavioural changes in different seasons rather than a change in abundance) 

o size remains stable between seasons 

o the proportion larger than the minimum size limit is small 

o the proportion of soft shelled individuals increases. 
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4) Unnatural stability/consistency in exploited populations. 

• Sex ratio (males per female) post fishery (fall): far fewer males were caught per female in 

fished areas compared to the closure. 

• Injuries to large and small discards: large and small discards were similarly more injured 

in the fished area, whereas large discards were less injured than small discards in the 

closure.  

 

5) Metrics that are challenging to measure or interpret when data are collected only in exploited 

populations. 

• Context around long-term changes in abundance and size, in particular for large males, 

which are targeted by the fishery.   

• Large male soft shell condition. 

• Discard (sublegal males and females) ratios per legal male. 

• Potential (illegal) removals of discards (sublegal males below, and females above the 

minimum size limit).  

• Injuries: 

o natural injury rates and types, and natural mortality. Injuries and mortality 

quantified in exploited populations are a combination of fishing and natural 

influences, and it is challenging to separate the two.   

o fishery-related injuries. Possibly underestimated when comparing post fishery to 

pre-fishery rates in exploited populations as opposed to comparing post fishery to 

baseline rates obtained from unfished populations. 

o injury rates to large and small discards.  

 

Importantly, the unfished crab population provided context regarding the magnitude of changes 

that have occurred in the exploited population. In the spring, pre-fishery, abundances of males, 

legal males, and old males were considerably lower (56-94%) in the fished area; this was 

exacerbated post fishery when there were virtually no large old males in the fished area 

compared to the unfished population (Tables 4-1, 4-2). It appears the abundance of large, old 

males did not recover after the seasonal closure (6.5 months in duration) to the level of 

abundance found in the permanent closure. Abundances of sublegal males were similar in fished 
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and closed areas. In the spring there were slightly fewer females in the fished area, but more post 

fishery.  

 

The unfished crab population provided a means whereby biological and/or environmental 

influences could be separated from fishery impacts similar to the fished area. Trap catches of 

females decreased in both fished and unfished areas indicating the decline was not a consequence 

of fishing activities, but rather related to the seasonal catchability of female crabs (ovigerous 

females bury in the winter to incubate their eggs and forage less and therefore do not enter traps).  

 

On a similar note, although removal of females is prohibited, the proportion of females larger 

than the size limit was very low in the exploited population. From this one might conclude large 

females were being removed by the fishery. However, the proportion of large females was 

similarly low in the unfished population indicating females in the Burrard Inlet system may 

rarely grow to such a large size.  

4.3 Challenging the Accepted Definition of ‘Healthy’ Stock Status as Currently Used in the 

Precautionary Approach Policy and Ecosystem-Based Fisheries Management 

Ecosystem-based fisheries management (EBFM) considers all interactions that a target fish 

population has with predators, competitors, and prey species; effects of weather and climate on 

fisheries biology and ecology; complex interactions between fish and their habitats; and effects 

of fishing on fish populations and their habitats (Ecosystem Principles Advisory Panel 1998). 

Capacity to adopt the ecosystem-based approach is limited by our current understanding about 

how ecosystems function and how fishing alters these functions (Essington and Punt 2011). This 

is why managing fisheries in an ecosystem context probably requires area or time closures 

(Jennings and Rice 2011). In Canadian fisheries, as outlined in the Sustainable Fisheries 

Framework, there are conservation and sustainable use policies that incorporate ecosystem and 

precautionary approaches into fisheries management decisions to ensure continued health and 

productivity of Canada’s fisheries and healthy fish populations, while protecting biodiversity and 

fisheries habitat.  
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A management policy related to EBFM is applying the precautionary approach (PA; Ecosystem 

Principles Advisory Panel 1998). A component of the PA is developing indices of ecosystem 

health as targets for management as there is a need to determine what a healthy state is so that 

management can strive to generate and maintain such a state. Furthermore, descriptions of 

‘unhealthy’ states are also necessary in order for these to be avoided (Fisheries Ecosystem Plan 

#6, in Ecosystem Principles Advisory Panel 1998). MPAs, especially no-take marine reserves, 

represent the extreme case of the PA to managing marine resources (Lubchenco et al. 2003, 

Lauck et al. 1998). 

 

In Canada, the goal of Fisheries and Oceans Canada is to manage fisheries using the PA policy in 

order to ensure conservation, sustainability, and economic prosperity (Fisheries and Oceans 

Canada 2006, Environment and Climate Change Canada 2016). The PA policy incorporates 

reference points that identify stock status (i.e., healthy, cautious, critical, uncertain). According 

to the PA, the status of a stock in the Healthy Zone is, not surprisingly, “good” or “healthy”. 

Stock status can be spawning stock biomass or a suitable proxy. Further, stocks “…should be 

harvested…in order to conserve productivity” implying healthy stocks are productive (hence the 

fishery). Populations are healthy when biomass is above the upper stock reference point which is 

determined by productivity objectives for the fishery. Healthy stocks should have a moderate 

removal rate in order to conserve productivity. The goal of management is to ensure the number 

of recruits produced per spawner remain above a certain desired level and does not decrease at 

low biomass. In other words, a sufficient number of spawners should survive in order to ensure 

production of enough progeny that they will be able to replace themselves when mature 

(Environment and Climate Change Canada 2016). A healthy stock can also be defined as having 

a population size or biomass ≥80% BMSY.  BMSY is the population size (or biomass) that will 

support the maximum sustainable yield (MSY), which is the largest average catch that a 

population can support over time without declining.  

 

In Canada, 25 crustacean (crab, lobster, shrimp, prawn, krill) populations are in the Healthy 

Zone, four are in the Cautious Zone, none are in the Critical Zone, and six have uncertain status. 

Crustacean populations are most likely to be in the Healthy Zone due to factors such as 

favourable environmental conditions in the 2000s, low predation rates, as well as effective stock 
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management. This could change in the future, however, as warmer water conditions and ocean 

acidification will likely negatively affect crustaceans (Environment and Climate Change Canada 

2016). Stock status for Dungeness crabs has not yet been determined based on reference points, 

but populations are believed to be healthy since reproductive capacities of populations remain 

intact due to management measures that promote survival of sexually mature males and females. 

 

Healthy stocks are productive, and productivity is influenced by environmental 

conditions/processes, characteristics of benthic habitats, fishery impacts, to name a few. Under 

the current Dungeness crab fishery management regime, the following population characteristics 

were absent from a fished Dungeness crab population which is broadly described as being 

‘healthy’.  

• Abundant old, large males. 

• Bigger males, including those that are capable of breeding. 

• A higher proportion of sublegal males just under the minimum size limit. 

• Low injury rates and mortality for all crab classes (large and small males, and females). 

 

The question remains whether such deficiencies in a ‘healthy’ exploited population are 

sufficiently serious to adversely affect long-term productivity and recruitment. Arguably fishery 

impacts to the breeding component of Dungeness crab populations have lowered reproductive 

success and lifetime egg production. Fewer large, old males, smaller males (including breeding 

individuals), the removal of some sublegal males below the minimum size limit, more injuries 

and possibility higher mortality would all contribute to a general decline in males’ contributions 

to successful reproduction. A smaller minimum size limit in BC compared to American fisheries 

combined with 57% of crab management areas not having a seasonal closure to protect 

vulnerable soft shell males will also negatively influence male breeding success.  

 

It did not appear Dungeness crab females larger than the minimum size limit were being 

removed by the fishery. However, some females may have been too large to be successfully 

mated, and others would have been injured and killed by fishing activities. Fishing is most 

intense during the summer when females moult and are soft-shelled, and when mating occurs—

this will increase the probability of injury and death when confined in soaking traps and handled. 
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The proportion of crabs injured and killed by fishing activities may be considerably higher 

because the sampling tool (traps) selectively captures only crabs sufficiently fit to forage/feed, 

and it is not possible to quantify all sources of mortality. 

 

Often crab research focuses on the status of large males which are targeted by the fishery. 

Through this lens, there are reasons for concern regarding Dungeness crab population 

productivity in Burrard Inlet and perhaps the Fraser River delta. Stocker and Butler (1990) 

recommended aggressive conservation measures were needed to rebuild Dungeness crab 

populations in the Burrard Inlet system based on analyses of catch and effort data collected from 

1951 to 1988. Their analyses did not account for environmental effects on recruitment. Zhang et 

al. (2002) modelled yield, revenue, and profit per recruit on the Fraser River delta using data 

collected from 1995 to 2000 and recommended the exploitation rate be reduced from more than 

90% to 65-75%. This advice was never implemented. The number of commercial license holders 

in the area has decreased from 51 in 2010-12 to 21 in 2016-18 as lower catches tempted fishers 

to try their luck elsewhere.  

 

In contrast, Zhang and Dunham (2013) focused on female crabs rather than males when 

developing reference points for the Fraser River commercial fishery as females are obviously 

critical to populations’ reproductive successes. Based on fishery independent time series data 

from 1988 to 2010, female abundance was most often in the Healthy Zone, and only dropped 

below the upper stock reference point three times (into the Cautious Zone), and was never lower 

than the limit reference point (Critical Zone). Ideally, it is important to consider all components 

of crab populations which contribute to recruitment success (males and females) when evaluating 

productivity rather than focussing only on the segment of the population targeted by the fishery.  

 

No doubt marine environmental conditions underpin the productivity of Dungeness crab 

populations, in addition to fishery impacts. Dungeness crab population dynamics are erratic, 

increasing or decreasing from one year to the next and at different geographic scales (Armstrong 

et al. 2003). The relatively long planktonic larval period (approximately four months), somewhat 

similar to lobsters, means local abundance might be decoupled from recruitment, and larval 

supply is linked to oceanography in complex ways (e.g. Chiswell and Booth 1999). In outer coast 
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areas the abundance of returning Dungeness crab megalopae primarily determines future legal 

male abundance; recruitment success is generally a consequence of physical or climatic forcing 

such as the Pacific Decadal Oscillation (PDO) and the El Nino Southern Oscillation (ENSO) 

(Shanks and Roegner 2007).  

 

Inner coast crab populations like those in the Strait of Georgia are probably less susceptible to 

large-scale climatic forcing on larval advection and settlement compared to those on the open 

coast. Inter-annual variability in crab larval density in the Strait of Georgia can be partly 

explained by oceanic processes affecting deep water estuarine exchanges such as variation in the 

Northern Pacific Gyre Oscillation (NPGO), warm currents produced by El Nino Southern 

Oscillation (ENSO) events, and wind processes that influence the timing of spring phytoplankton 

blooms (Mackas et al. 2013). There are unpredictable times when there is an influx of offshore 

crab larvae through the Juan de Fuca Strait into Puget Sound (Dinnel et al. 1993) and the Strait 

of Georgia (Jamieson and Phillips 1993) which likely explains the appearance of soft shell males 

in the summer of 2009 (a summer moult in addition to the usual winter/spring moult; Waddell et 

al. 2016) and the unusually high fall abundance of legal males observed in Burrard Inlet. Zhang 

and Dunham (2013) showed the presence of a stock recruitment relationship between female 

crabs at the end of fishing seasons and the abundance of legal male crabs five years later on the 

Fraser River estuary. Dungeness crab population dynamics in CMA I clearly show the “boom 

and bust” pattern inherent to the species. From 1990 to 2005 commercial landings on the Fraser 

River delta were generally low. In 2006 landings abruptly more than doubled and remained high 

for four years (2006-2009). Landings then declined from 2010-2015, falling below the 26 year 

average in 2013 (Hemmera 2014). Not surprising, Zhang et al. (2002) recommended a lower 

exploitation rate during a period when landings were lower. Similarly, vessels have been leaving 

the area since 2013 during a period when landings have been declining after peaking in 2009.  

 

Redistribution of the commercial fleet during area selection every three years offers some insight 

into the status of Dungeness crab populations coast-wide. Since 2013, the two largest 

commercial fisheries in the province, CMA A (Queen Charlotte Islands) and CMA I (Fraser 

River) have seen the number of vessels decrease, especially in 2016. These vessels relocated 

elsewhere, usually to nearby CMAs; consequently, there has been a subsequent increase in the 
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number of vessels fishing in CMAs B (north/central coast mainland), H (Strait of Georgia), and J 

(Boundary Bay; DFO 2017). The recent outflow of vessels from the two most productive areas in 

the province which are located a considerable distance apart in the northern and southern regions 

may point to a large scale phenomenon (i.e., environmental) affecting crab productivity, or 

fishery impacts are having similar effects. Those CMAs that have recently received an influx of 

new vessels may also be similarly affected, and this compounded by higher fishing effort may, 

unfortunately, create a number of challenging management issues in the near future.    

 

Scale is another consideration when evaluating productivity. The PA should be applied on a 

stock-by-stock basis; however, current management of the Dungeness crab fishery is based on 

CMAs of which there are seven in the province. Each large CMA is comprised of many areas 

and subareas that were developed for salmon fisheries rather than for naturally occurring crab 

meta-populations. Tagging research shows Dungeness crabs generally move less than 10 km; 

this is more likely the spatial scale of local crab populations which is considerably smaller than 

the spatial scale of CMAs. Coast-wide, Dungeness crab meta-populations arguably might be 

healthy as adult populations are linked via larval dispersal—some populations will be sources for 

recruitment, others will be sinks, and some will be both. However, at smaller spatial scales like 

the Fraser River delta or Burrard Inlet where one or two crab populations likely exist, there may 

be even more reasons for concern that these particular local populations could be experiencing 

lower recruitment and productivity, and therefore should be in the Cautious rather than Healthy 

Zone. Stocks in the Cautious Zone require management actions to promote rebuilding to the 

Healthy Zone (Fisheries and Oceans Canada 2006). 

4.4 Incorporating Unfished Populations into Fisheries Management: Redefining the 

Healthy Zone 

The PA framework currently used in Canadian fisheries applies to exploited populations only 

and does not incorporate unfished populations (Fisheries and Oceans Canada 2006). Normally 

reference points are derived from fisheries data, landings, research surveys, etc. all done in fished 

areas so the frame of reference comes from altered systems. In BC, Dungeness crab populations 

are currently described as healthy based on knowledge about productivity gleamed from 

exploited populations. I suggest there should be a place for unfished populations in the 
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framework’s Healthy Zone. I propose the Healthy Zone should incorporate two stock states—

exploited and unfished—recognizing each have important roles to play in the management of 

sustainable fisheries (Fig. 4-2). Exploited populations in the Healthy Zone are in desired states 

whose productivities should continue to support sustainable fisheries. Society has accepted there 

will be a certain degree of impact to these populations from fishing activities (i.e., the cost of 

doing business). As discussed here and elsewhere, unfished populations are an important 

management and conservation tool in EBFM (Hilborn et al. 2004, Browman and Stergiou 2004). 

Protected unfished populations can (Jennings and Rice 2011, Hilborn et al. 2004, Worm et al. 

2003, Palumbi 2001, Ecosystem Principles Advisory Panel 1998): 

• serve as controls against which populations in exploited areas can be compared, in order 

to:  

o help address the shifting baseline syndrome 

o recalibrate definitions of healthy populations 

o evaluate impacts of existing management measures 

o separate fishery impacts from environmental changes 

• improve population assessment information used in models by estimating targeted 

species’ vital rates like trends in abundance, size/age/sex structure (growth), non-lethal 

injuries and natural mortality, reproductive capacity (egg production, fecundity),  

• rebuild fish populations by reducing fishing mortality especially on large, old animals, 

• be a source for spillover (eggs, larvae, juveniles, adults) into fished areas, 

• serve as insurance against management failures,  

• ensure biological productivity by protecting recruitment potential (breeding components 

of populations  like females and juveniles), 

• maintain predator-prey interactions, food webs, and ecosystem structure,  

• preserve habitats and biodiversity (including genetic material) by reducing the spatial 

extent of exploitation, 

• buffer against the effects of environmental variability including climate change.
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Figure 4-2. Modified Precautionary Approach (PA) diagram that incorporates unfished populations in the Healthy Zone 
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Exploited and unfished populations can be distinguished by considering existing fishery 

management measures—obviously unfished populations are those where fishing is not permitted. 

However, some populations may be fished with minimal effort, and not all spatial closures are 

effective at protecting organisms within their boundaries. For these reasons, unfished status 

should be quantitatively established, rather than assumed, by comparing select parameters to 

exploited populations. For example, I primarily considered abundance (standardized trap CPUE) 

and size for Dungeness crab classes and compared fished and unfished populations. Once a 

genuinely unfished population has been identified, indices based on population parameters can 

be used to identify other unfished and exploited populations. I developed indices for Dungeness 

crab populations based on abundance, size, sex and discard ratios, shell condition, and injuries 

with threshold values that may help indicate whether a fishery impact has occurred (Tables 4-4a, 

b). To establish threshold values I used the upper or lower 95% confidence intervals calculated 

from standardized research trap data collected in an effective crab fishery closure (Vancouver 

Harbour), 2009-13. Determining whether an exploited population falls in the Healthy or Cautious 

Zone based on reference points requires additional research that is beyond the scope of this 

dissertation.
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Table 4-4a. Indices for Dungeness crab populations, based on abundance, size, ratios, and shell condition, with threshold values above/below 
which may indicate a fishery impact. Threshold values are the upper or lower 95% CIs calculated from data collected in the fisheries closure 
(Vancouver Harbour), 2009-13a, using standardized research traps.  
 

Sex/Size Index Index Description Unit Threshold 

Male Abundance Males per trap Number < 8 

Old male  Old males per trap Number < 0.7 

Legal male  Legal males per trap Number < 6 

Male Size Male carapace notch width mm < 158.5 

Old male  Old male carapace notch width mm < 165.8 

Mated males  Males with mating marks carapace notch width  mm < 158.3 

Male/Female Ratio Sex ratio post fishery/fall season No. males per female < 34:1 

Sublegal/Legal male  Discard ratio No. sublegals per legal male > 0.8:1 

Female/Legal male  Discard ratio No. females per legal male > 0.6:1 

Legal Male Shell Soft shell post fishery/fall season % > 1.2 

Sublegal Male Condition Soft shell post fishery/fall season % > 6.5 
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Table 4-4b. Injury indices for Dungeness crab populations with threshold values above which may indicate a fishery impact. Threshold values are 
the upper 95% CIs calculated from data collected in the fisheries closure (Vancouver Harbour), 2009-13a, using standardized research traps.  

 
Sex/Size Index Description Unit Threshold 

Legal Male Missing or regenerating one claw % 8.5 

 Any type1 of injury to two or more appendages % 6.8 

 Injury index  5.2 

Sublegal Male Missing or regenerating one leg % 11.2 

 Injury index  7.8 

Female Any type of injury to two claws % 3.2 

 Any type of injury to two or more appendages % 11.5 

 Injury index  8.2 

Sublegal male/Female Injury index large2 discards post fishery/fall season  6.8 

aInjury index values were determined 2011-13. 
1Types of injuries include: missing, regenerating, part missing, tip missing, and deformed. 
2Large discards are male and female crabs 146-153 mm notch width. 
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Chapter 5 

Conclusions: contributions of unfished populations to the successful management of low 

mobility marine benthic invertebrates 

 

 

Consumption of seafood is steadily increasing due to rising living standards, population 

growth, urbanization, the growing recognition of fish as a healthy food, and 

improvements in processing and distribution (FAO 2016). Most finfish populations are 

either fully fished or overfished, and catches are declining. Many invertebrate species 

(crustaceans, echinoderms, molluscs, cephalopods) are more abundant, released from 

predation by formerly abundant finfish predators. Consequently, fishing pressure on 

marine invertebrates is increasing. Unfortunately many invertebrate fisheries are not well 

managed and are often unregulated with high exploitation rates. Effective management of 

invertebrate populations is imperative to ensure exploited populations remain productive, 

fisheries sustainable, and marine ecosystems healthy and resilient so marine invertebrates 

can continue to be an important component of global marine fisheries in future years. 

 

Marine reserves are a fisheries management tool that mimics natural refuges. It is well 

understood they protect biodiversity and increase reproductive capacities of protected 

exploited species whose various life stages might spillover into fished areas. Enhanced 

unfished populations inside reserves can also serve as scientific reference areas where 

much can be learned about exploited populations, in particular impacts of management 

measures on exploited populations, and a better understanding of the shifting baseline 

syndrome which brings new perspective to defining stock status. These valuable benefits 

unfished populations can provide to fishery managers were explored in this dissertation 

using Dungeness crabs in Burrard Inlet as the focal species. 

 

Dungeness crab fishing in North America is important to commercial, recreational, and 

First Nations sectors. Fisheries target large (legal) male crabs—small (sublegal) males 

and females must be discarded. In BC, fishery managers are concerned removals and 
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selling of undersized males, females, and soft crabs, either from illegal harvest or 

mortality from intense fishing, are creating a conservation issue. Illegal trap gear, lost 

gear, and fishing too many traps are also concerns. Illegal fishing outside commercial 

fishing seasons is an enforcement issue. Asian demand is increasing and higher prices 

beget higher fishing effort. These management issues may affect conservation and 

productivity of Dungeness crab populations and the long-term sustainability and 

economic viability of fisheries. Crab fisheries managers are interested in knowing 

whether the current management measures are adequately conserving Dungeness crab 

populations. Regardless, Dungeness crab populations are still believed to be relatively 

healthy, a conclusion based on characteristics of exploited populations only. 

 

I studied the Dungeness crab population in the Burrard Inlet system near the coastal city 

of Vancouver, BC where there are two crab fisheries closures nestled among two fished 

areas. Having closed and fished areas in the same inlet system is uncommon and made 

possible an unusual and terrific experimental design, essentially removing potential 

criticism that differences observed in protected and exploited populations are due to 

different benthic habitats rather than fishing pressure. Closed and fished areas were 

surveyed in the spring (pre-fishery) and fall (post fishery) over a five year period (2009-

13) using standardized trap gear to collect crab biological data, including sex, size, 

injuries, shell condition, mating marks, and catch per trap. Crab densities were also 

estimated from ROV video imagery. Crabs caught in closed areas were tagged to assess 

movement patterns within and out of closed areas. Biological data for legal males 

collected since the early 1990s in one closed and one fished area were also analyzed. I 

sampled crab trap catches on commercial vessels to measure injuries inflicted to crabs 

from handling. I also conducted trap soak studies to quantify injuries obtained while 

crabs were captured in soaking traps.  

 

Only one of the two fisheries closures effectively protects Dungeness crabs from fishing 

pressure. Trap catches and sizes of large males in Vancouver Harbour were significantly 

higher/larger and were either stable or increased between seasons whereas these measures 

were consistently lower/smaller and decreased post fishery in English Bay and fished 
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areas. Large male crabs have been consistently more abundant and larger in Vancouver 

Harbour since 1993, one year after the harbour was closed to fishing. ROV surveys 

corroborated trap catch results; crab density was higher in Vancouver Harbour compared 

to English Bay and fished areas. English Bay only differed from fished areas in terms of 

sublegal male and female sizes, and these crab classes are not targeted by the fishery. 

Sublegal male and female catch per trap were generally similar in all areas. These results 

highlight an important point—not all protected areas are created equal, and size, the ratio 

of edge habitat to core interior, and level of enforcement are important characteristics of 

effective crab closures. I provide suggestions how to evaluate the effectiveness of crab 

and other benthic invertebrate fisheries closures, including sampling design, data 

collection and sampling gear, and metrics for analyses. I identify characteristics of 

effective closures (low spillover and enforcement) and highlight points of consideration 

when determining whether a particular closure is effective; in particular, the species and 

class targeted by the fishery should have higher abundance and possibly may be larger, 

and these metrics should remain relatively stable or increase, and not be influenced by 

fishing seasons.  

 

I assert differences observed in Dungeness crab populations in fisheries closures and 

fished areas were a consequence of varying fishing pressure rather than differences 

between benthic habitats. Biotic and abiotic variables, substrates, and benthic species 

were generally similar in all areas. Trends in abundance and size of legal males have 

moved in a similar pattern in closed and fished areas suggesting both areas, and likely the 

entire inlet, are influenced by the same large-scale environmental processes, a critical 

assumption of these kinds of large scale, natural studies.  

 

After establishing the presence of an effective closure where there is a relatively 

unexploited crab population, I used Vancouver Harbour as a scientific reference area to 

evaluate impacts of the main management measures in the Dungeness crab fishery, 

including the minimum size limit, non-retention of females and soft shelled crabs, and a 

seasonal commercial closure. Metrics chosen for analyses included catch per trap, size, 

injuries, shell condition, discard ratios, the sex ratio, and proportions of old crabs and 
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sublegal males near the minimum size limit. Negative consequences of current 

management measures on harvested Dungeness crab populations include lower 

abundance of large, old males, smaller males in general, removals of, and injuries to, the 

biggest sublegal males, and higher rates of non-lethal injuries and mortality to all crab 

classes as a result of fishing activities. In addition, discard ratios of sublegal males and 

females to legal males were higher in fished areas, and the proportion of soft crabs in 

commercial traps steadily increased throughout fishing seasons. I believe these fishery 

impacts to the breeding component of Dungeness crab populations invariably lower 

reproductive success; however, the consequence of this is currently unknown, but the fact 

that this might be occurring in such a heavily managed fishery is one reason to be 

concerned about other fisheries with fewer management controls. Trap catches of large 

males remained considerably lower in fished areas compared to the permanent closure 

indicating crab populations did not recover after seasonal closures to abundances 

achieved in the permanent closure. This conclusion has important implications for those 

who wish to further explore the utility of using crab fisheries closures as a management 

tool to address conservation and allocation concerns. Seasonal closures are likely an 

effective tool for allocation purposes whereas permanent closures provide real 

conservation benefits to crab populations as long as areas are closed to all fishing and 

mortality from human activities is essentially zero. I provide fisheries managers with a 

number of management options to help minimize fishery-related impacts to harvested 

crab populations. In contrast, positive consequences of current management measures on 

harvested Dungeness crab populations include sublegal male and female abundances, and 

female size not being affected by the fishery. In addition, sublegal males were injured the 

least and had low injury-related mortality. These are positive results since discards are 

important breeders in intensely fished areas. 

 

Table 3-42 in Chapter 3 (page 204) summarizes much of the research conducted in this 

dissertation. Dungeness crab population parameters of interest are listed along with 

hypothesized changes that might occur in exploited populations. By comparing the 

exploited crab population to an unfished population in an effective closure, I was able to 

quantify important differences between the two populations which are assumed to be 
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estimates of the impacts from management measures and the magnitude of the shifted 

baseline. These results provide valuable perspective on the current definition of ‘healthy’ 

crab populations.    

 

Access to unfished invertebrate populations is very informative to fisheries biologists and 

managers because they improve our understanding regarding fishery impacts on exploited 

populations by helping to identify: 

1) persistent, long-term changes that have occurred to the target species in exploited 

populations. 

2) short-term changes that occur to the target species in exploited populations.  

3) similarities between exploited and unfished populations.   

4) unnatural stability/consistency in exploited populations. 

5) metrics that are challenging to measure or interpret when data are collected only 

in exploited populations. 

6) characteristics of healthy populations. 

 

In general, unfished invertebrate populations provide: 

1) insights into population dynamics not influenced by fishing pressure,  

2) insights into population dynamics influenced by fishing pressure, and context 

around the magnitude of changes that have occurred (shifting baseline syndrome), 

3) a means whereby biological and/or environmental influences can be separated 

from fishery impacts,  

4) the foundation for challenging the accepted definition of ‘healthy’ populations as 

currently used in the PA policy and EBFM. 

 

Currently only exploited populations are assessed using the PA policy. For Dungeness 

crabs, ‘healthy’ populations are those whose baselines have shifted considerably over 

generations—populations have lower abundance of large, old males, smaller males in 

general, there are removals of, and injuries to, the biggest sublegal males, and higher 

rates of non-lethal injuries and mortality to all crab classes. I suspect considerable 

changes have also occurred over time to most other invertebrate populations that 
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experience heavy harvesting pressure. I assert unfished reference areas that provide 

reproductive refugia for marine invertebrate populations, especially those of low mobility 

in benthic environments, should have a more prominent role to play in EBFM and be 

formally incorporated into the PA policy by redefining the Healthy Zone to include two 

population states, exploited and unfished.  

5.1 Considerations for Future Research 

Future research that emanates from this research project applies not only to Dungeness 

crabs, but also to other harvested marine invertebrates of interest.  

 

1. Evaluate other potential impacts that may result when most large Dungeness crabs are 

removed from a population and benthic habitats: 

a) Whether the presence of large males induces small males to moult more 

frequently, and therefore grow faster.  

b) Whether cannibalistic behaviour is influenced by the density and size of 

males. Stevens et al. (1982) found such behaviour to be more prevalent in the 

0+ age group and increased again in the 2+ age group.  

c) Whether antagonistic interactions between crabs change depending on the 

ratio of small and large crabs. Barber and Cobb (2007) stated crabs in traps 

with a greater ratio of sublegal crabs suffered more injuries suggesting 

populations with fewer large males may experience more antagonistic 

interactions.  

d) Whether removing many large benthic predators alter benthic ecosystems. 

Crab predation led to increased diversity of animal species in bottom 

communities (Mayer 1973). With increasing age and size, the Dungeness crab 

diet changes from a preponderance of very small clams to mainly fish 

(Stevens et al. 1982). Fewer crabs in general, and a higher proportion of small 

individuals, may lead to decreased diversity in benthic communities and a 

greater impact on local infauna.  
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2. Examine female Dungeness crabs’ reproductive tracts for the presence of sperm plugs 

and sperm to resolve whether large females are being successfully bred in BC waters. 

 

3. Examine the vas deferens in male Dungeness crabs in field and laboratory settings to 

determine whether sperm depletion is occurring. Methods can be used from Pardo et 

al. (2015). 

 

4. Identify a suite of reflexes for assessing stress in Dungeness crabs that reflect 

physical and physiological injuries. This research may help improve discard-related 

mortality estimates. 

 

5. Measure fishery-related impacts to Dungeness crab populations in CMAs that are not 

managed with a seasonal closure and are open all year to commercial fishing.  

 

6. Collect crab biological data in late summer/early fall (August or September) to 

increase sample sizes of legal males and females in order to obtain better 

measurements of abundance, injury rates, and the sex ratio. 

 

7. Perform a Management Strategy Evaluation (MSE) to test current management 

measures and any proposed changes in order to evaluate how they may achieve 

agreed-upon management objectives. 
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Appendix 1 – Mixed linear model regression results fished vs. closed 
 
Male crab CPUE 
 

Observation: 258 
Method: REML 
Groups: 4 
Scale: 5.669 
Min. group size: 40 
Max. group size: 80 
Mean group size: 64.5 
Likelihood: -591.75 
Convergence: yes 
 

   Coef     Std err         z       P>|z|      0.025      0.975 

Intercept 6.823 2.385 2.861 0.004 2.148 11.498 

C(fished_yn)[T.1.0] -2.41 3.341 -0.722 0.471 -8.958 4.137 

C(YearCode)[T.2] -0.899 0.467 -1.925 0.054 -1.814 0.017 

C(YearCode)[T.3] -1.097 0.469 -2.339 0.019 -2.017 -0.178 

C(YearCode)[T.4] -0.323 0.467 -0.693 0.489 -1.239 0.592 

C(YearCode)[T.5] 0.024 0.469 0.052 0.959 -0.895 0.944 

C(MonthCode)[T.2] 0.62 0.479 1.296 0.195 -0.318 1.558 

C(fished_yn)[T.1.0]:C(MonthCode)[T.2] -1.476 0.61 -2.422 0.015 -2.671 -0.281 

Intercept      RE 10.973 
 

 

 
Model code descriptions 
 
(fished_yn)[T.1.0] Fished areas (Indian Arm and Burrard Inlet) 
 
(LocationCode)[T.2] English Bay (fisheries closure) 
(LocationCode)[T.3] Indian Arm (fished area) 
(LocationCode)[T.4] Burrard Inlet (fished area) 
 
(YearCode)[T.2] 2010 
(YearCode)[T.3] 2011 
(YearCode)[T.4] 2012 
(YearCode)[T.5] 2013 
 
(MonthCode)[T.2] Fall season (October or November) or post fishery 
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Male crab size 
 

Observation: 14605 
Method: REML 
Groups: 4 
Scale: 153.26 
Min. group size: 1507 
Max. group size: 6830 
Mean group size: 3651.2 
Likelihood: -57477.5 
Convergence: yes 
 

   Coef     Std err        z      P>|z|    0.025    0.975 

Intercept 162.861 1.231 132.297 0 160.449 165.274 

C(fished_yn)[T.1] -7.092 4.49 -1.58 0.114 -15.893 1.708 

C(YearCode)[T.2] -1.539 0.324 -4.745 0 -2.174 -0.903 

C(YearCode)[T.3] -5.416 0.335 -16.144 0 -6.073 -4.758 

C(YearCode)[T.4] -4.985 0.317 -15.737 0 -5.606 -4.364 

C(YearCode)[T.5] -3.808 0.315 -12.073 0 -4.427 -3.19 

C(MonthCode)[T.2] -3.401 0.278 -12.215 0 -3.947 -2.856 

C(fished_yn)[T.1]:C(MonthCode)[T.2] -8.8 0.419 -21.015 0 -9.621 -7.98 

Intercept         RE 38.724 
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Appendix 2 - OLS regression models comparing four locations and crab CPUE 
 
Total crab CPUE 
 
Adjusted R2: 0.585 
F statistic: 33.92 
Prob F-statistic: 2.81e-43 
Log-likelihood: -601.36 
No. observations: 258 
AIC: 1227 
BIC: 1269 
Df Residuals: 246 
Df model: 11 
Covariance type: nonrobust 
 

    coef   std err       t    P>|t|      95%       CI 

Intercept 11.16 0.563 19.829 0 10.051 12.269 

C(LocationCode)[T.2] -5.213 0.736 -7.084 0 -6.662 -3.763 

C(LocationCode)[T.3] -4.931 0.619 -7.965 0 -6.15 -3.711 

C(LocationCode)[T.4] -5.666 0.616 -9.203 0 -6.878 -4.453 

C(YearCode)[T.2] -0.273 0.5 -0.547 0.585 -1.258 0.711 

C(YearCode)[T.3] 0.851 0.502 1.693 0.092 -0.139 1.84 

C(YearCode)[T.4] 0.249 0.5 0.499 0.618 -0.735 1.234 

C(YearCode)[T.5] 0.756 0.502 1.505 0.134 -0.233 1.746 

C(MonthCode)[T.2] 0.033 0.664 0.05 0.96 -1.275 1.341 

C(LocationCode)[T.2]:C(MonthCode)[T.2] -3.653 1.044 -3.498 0.001 -5.71 -1.596 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -2.5 0.877 -2.849 0.005 -4.228 -0.772 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -2.355 0.875 -2.691 0.008 -4.078 -0.631 
 
Omnibus: 29.936 
Prob(Omnibus): 0 
Durbin Watson: 2 
Jarque-Bera (JB): 85.718 
Prob JB: 2.44e-19 
Skew: 0.471 
Kurtosis: 5.662 
Cond. No. 13.9 
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Male CPUE 
 
Adjusted R2: 0.61 
F statistic: 37.45 
Prob F-statistic: 1.86e-46 
Log-likelihood: -573.12 
No. observations: 258 
AIC: 1170 
BIC: 1213 
Df Residuals: 246 
Df model: 11 
Covariance type: nonrobust 
 

    coef    std err      t    P>|t|       95%        CI 

Intercept 9.249 0.504 18.336 0 8.256 10.243 

C(LocationCode)[T.2] -4.438 0.66 -6.729 0 -5.737 -3.139 

C(LocationCode)[T.3] -4.8032 0.555 -8.656 0 -5.896 -3.71 

C(LocationCode)[T.4] -4.8675 0.552 -8.821 0 -5.954 -3.781 

C(YearCode)[T.2] -0.8981 0.448 -2.004 0.046 -1.781 -0.016 

C(YearCode)[T.3] -1.0783 0.45 -2.394 0.017 -1.965 -0.191 

C(YearCode)[T.4] -0.3228 0.448 -0.721 0.472 -1.205 0.56 

C(YearCode)[T.5] 0.0224 0.45 0.05 0.96 -0.865 0.909 

C(MonthCode)[T.2] 2.4351 0.595 4.092 0 1.263 3.607 

C(LocationCode)[T.2]:C(MonthCode)[T.2] -4.488 0.936 -4.795 0 -6.332 -2.644 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -3.0885 0.786 -3.927 0 -4.638 -1.54 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -3.4911 0.784 -4.451 0 -5.036 -1.946 
 

Omnibus: 49.814 
Prob(Omnibus): 0 
Durbin Watson: 2.106 
Jarque-Bera (JB): 165.835 
Prob JB: 9.76e-37 
Skew: 0.782 
Kurtosis: 6.603 
Cond. No. 13.9 
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Legal male CPUE 
 
Adjusted R2: 0.756 
F statistic: 73.41 
Prob F-statistic: 3.27e-71 
Log-likelihood: -480.69 
No. observations: 258 
AIC: 985.4 
BIC: 1028 
Df Residuals: 246 
Df model: 11 
Covariance type: nonrobust 
 

    coef   std err       t    P>|t|      95%        CI 

Intercept 7.575 0.353 21.486 0 6.881 8.27 

C(LocationCode)[T.2] -5.037 0.461 -10.928 0 -5.945 -4.129 

C(LocationCode)[T.3] -5.158 0.388 -13.299 0 -5.922 -4.394 

C(LocationCode)[T.4] -4.958 0.386 -12.856 0 -5.718 -4.198 

C(YearCode)[T.2] -0.638 0.313 -2.036 0.043 -1.254 -0.021 

C(YearCode)[T.3] -1.250 0.315 -3.973 0 -1.87 -0.63 

C(YearCode)[T.4] -0.876 0.313 -2.798 0.006 -1.493 -0.259 

C(YearCode)[T.5] -0.609 0.315 -1.936 0.054 -1.229 0.011 

C(MonthCode)[T.2] 1.202 0.416 2.889 0.004 0.382 2.021 

C(LocationCode)[T.2]:C(MonthCode)[T.2] -2.777 0.654 -4.245 0 -4.066 -1.489 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -2.464 0.55 -4.483 0 -3.546 -1.381 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -2.963 0.548 -5.406 0 -4.043 -1.883 
 

Omnibus: 110.344 
Prob(Omnibus): 0 
Durbin Watson: 2.186 
Jarque-Bera (JB): 1275.13 
Prob JB: 1.29e-277 
Skew: 1.358 
Kurtosis: 13.547 
Cond. No. 13.9 



301 
 

Sublegal male CPUE 
 
Adjusted R2: 0.11 
F statistic: 3.82 
Prob F-statistic: 4.40e-05 
Log-likelihood: -434.29 
No. observations: 258 
AIC: 892.6 
BIC: 935.2 
Df Residuals: 246 
Df model: 11 
Covariance type: nonrobust 
 

    coef   std err        t     P>|t|       95%        CI 

Intercept 1.674 0.295 5.684 0 1.094 2.254 

C(LocationCode)[T.2] 0.599 0.385 1.556 0.121 -0.159 1.358 

C(LocationCode)[T.3] 0.355 0.324 1.094 0.275 -0.284 0.993 

C(LocationCode)[T.4] 0.091 0.322 0.281 0.779 -0.544 0.725 

C(YearCode)[T.2] -0.261 0.262 -0.996 0.32 -0.776 0.255 

C(YearCode)[T.3] 0.172 0.263 0.654 0.514 -0.346 0.69 

C(YearCode)[T.4] 0.553 0.262 2.115 0.035 0.038 1.069 

C(YearCode)[T.5] 0.632 0.263 2.403 0.017 0.114 1.15 

C(MonthCode)[T.2] 1.234 0.347 3.55 0 0.549 1.918 

C(LocationCode)[T.2]:C(MonthCode)[T.2] -1.711 0.547 -3.131 0.002 -2.787 -0.634 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -0.625 0.459 -1.361 0.175 -1.529 0.28 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -0.528 0.458 -1.153 0.25 -1.43 0.374 
 

Omnibus: 60.76 
Prob(Omnibus): 0 
Durbin Watson: 1.959 
Jarque-Bera (JB): 127.186 
Prob JB: 2.41e-28 
Skew: 1.159 
Kurtosis: 5.54 
Cond. No. 13.9 
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Female CPUE 
 
Adjusted R2: 0.464 
F statistic: 21.21 
Prob F-statistic: 5.08e-30 
Log-likelihood: -401.35 
No. observations: 258 
AIC: 826.7 
BIC: 869.3 
Df Residuals: 246 
Df model: 11 
Covariance type: nonrobust 
 

    coef   std err        t     P>|t|       95%        CI 

Intercept 1.911 0.259 7.37 0 1.4 2.421 

C(LocationCode)[T.2] -0.775 0.339 -2.285 0.023 -1.442 -0.107 

C(LocationCode)[T.3] -0.128 0.285 -0.448 0.655 -0.689 0.434 

C(LocationCode)[T.4] -0.798 0.284 -2.815 0.005 -1.357 -0.24 

C(YearCode)[T.2] 0.625 0.23 2.713 0.007 0.171 1.078 

C(YearCode)[T.3] 1.93 0.231 8.335 0 1.473 2.385 

C(YearCode)[T.4] 0.572 0.23 2.485 0.014 0.119 1.026 

C(YearCode)[T.5] 0.734 0.231 3.171 0.002 0.278 1.19 

C(MonthCode)[T.2] -2.402 0.306 -7.855 0 -3.004 -1.8 

C(LocationCode)[T.2]:C(MonthCode)[T.2] 0.835 0.481 1.736 0.084 -0.112 1.782 

C(LocationCode)[T.3]:C(MonthCode)[T.2] 0.589 0.404 1.456 0.147 -0.207 1.385 

C(LocationCode)[T.4]:C(MonthCode)[T.2] 1.136 0.403 2.819 0.005 0.342 1.93 
 

Omnibus: 60.082 
Prob(Omnibus): 0 
Durbin Watson: 1.971 
Jarque-Bera (JB): 160.492 
Prob JB: 1.41e-35 
Skew: 1.214 
Kurtosis: 6.01 
Cond. No. 13.9 
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Appendix 3 – OLS regression models comparing four locations and crab size 
 
Male size 
 
Adjusted R2: 0.30 
F statistic: 567.2 
Prob F-statistic: 0 
Log-likelihood: -57411 
No. observations: 14605 
AIC: 1.15e+05 
BIC: 1.15e+05 
Df Residuals: 14593 
Df model: 11 
Covariance type: nonrobust 
 

    coef   std err      t   P>|t|     95%      CI 

Intercept 164.875 0.311 530.234 0 164.266 165.485 

C(LocationCode)[T.2] -8.651 0.458 -18.898 0 -9.548 -7.754 

C(LocationCode)[T.3] -10.185 0.373 -27.311 0 -10.916 -9.454 

C(LocationCode)[T.4] -8.247 0.378 -21.847 0 -8.987 -7.507 

C(YearCode)[T.2] -1.384 0.323 -4.279 0 -2.017 -0.75 

C(YearCode)[T.3] -5.287 0.335 -15.8 0 -5.943 -4.631 

C(YearCode)[T.4] -4.601 0.318 -14.489 0 -5.223 -3.979 

C(YearCode)[T.5] -3.681 0.314 -11.704 0 -4.297 -3.064 

C(MonthCode)[T.2] -2.304 0.305 -7.548 0 -2.902 -1.706 

C(LocationCode)[T.2]:C(MonthCode)[T.2] -6.175 0.73 -8.455 0 -7.607 -4.744 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -7.958 0.53 -15.026 0 -8.997 -6.92 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -11.962 0.547 -21.887 0 -13.034 -10.891 
 

Omnibus: 677.67 
Prob(Omnibus): 0 
Durbin Watson: 0.327 
Jarque-Bera (JB): 831.86 
Prob JB: 2.31e-181 
Skew: -0.496 
Kurtosis: 3.617 
Cond. No. 11.3 
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Legal male size 
 
Adjusted R2: 0.068 
F statistic: 50.55 
Prob F-statistic: 4.92e-108 
Log-likelihood: -25701 
No. observations: 7485 
AIC: 5.14e+04 
BIC: 5.14e+04 
Df Residuals: 7473 
Df model: 11 
Covariance type: nonrobust 
 

    coef   std err       t   P>|t|     95%      CI 

Intercept 166.855 0.228 731.173 0 166.408 167.302 

C(LocationCode)[T.2] -3.022 0.402 -7.512 0 -3.81 -2.233 

C(LocationCode)[T.3] -3.074 0.313 -9.806 0 -3.688 -2.459 

C(LocationCode)[T.4] -1.908 0.305 -6.252 0 -2.506 -1.31 

C(YearCode)[T.2] -0.056 0.258 -0.217 0.828 -0.562 0.45 

C(YearCode)[T.3] -1.686 0.29 -5.808 0 -2.256 -1.117 

C(YearCode)[T.4] -2.398 0.267 -8.964 0 -2.922 -1.873 

C(YearCode)[T.5] -0.901 0.261 -3.449 0.001 -1.412 -0.389 

C(MonthCode)[T.2] 0.821 0.215 3.814 0 0.399 1.243 

C(LocationCode)[T.2]:C(MonthCode)[T.2] -3.629 1.005 -3.611 0 -5.599 -1.659 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -3.146 0.622 -5.061 0 -4.364 -1.928 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -5.052 0.895 -5.645 0 -6.806 -3.298 
 

Omnibus: 286.45 
Prob(Omnibus): 0 
Durbin Watson: 0.271 
Jarque-Bera (JB): 304.33 
Prob JB: 8.25e-67 
Skew: 0.474 
Kurtosis: 2.721 
Cond. No. 14 
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Sublegal male size 
 
Adjusted R2: 0.093 
F statistic: 67.74 
Prob F-statistic: 6.30e-145 
Log-likelihood: -26007 
No. observations: 7120 
AIC: 5.20e+04 
BIC: 5.21e+04 
Df Residuals: 7108 
Df model: 11 
Covariance type: nonrobust 
 

     coef    std err         t    P>|t|     95%      CI 

Intercept 147.736 0.463 318.886 0 146.827 148.644 

C(LocationCode)[T.2] -0.382 0.547 -0.698 0.485 -1.453 0.69 

C(LocationCode)[T.3] -3.971 0.478 -8.313 0 -4.907 -3.034 

C(LocationCode)[T.4] -3.062 0.492 -6.225 0 -4.027 -2.098 

C(YearCode)[T.2] -1.181 0.381 -3.099 0.002 -1.928 -0.434 

C(YearCode)[T.3] -2.374 0.368 -6.459 0 -3.095 -1.654 

C(YearCode)[T.4] -0.383 0.358 -1.07 0.284 -1.085 0.319 

C(YearCode)[T.5] -2.365 0.357 -6.633 0 -3.064 -1.666 

C(MonthCode)[T.2] -4.049 0.474 -8.549 0 -4.977 -3.12 

C(LocationCode)[T.2]:C(MonthCode)[T.2] 0.365 0.754 0.484 0.629 -1.113 1.843 

C(LocationCode)[T.3]:C(MonthCode)[T.2] 0.266 0.614 0.434 0.664 -0.937 1.47 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -1.400 0.628 -2.229 0.026 -2.631 -0.169 
 

Omnibus: 1436.99 
Prob(Omnibus): 0 
Durbin Watson: 0.447 
Jarque-Bera (JB): 2793.18 
Prob JB: 0 
Skew: -1.225 
Kurtosis: 4.847 
Cond. No. 15.5 
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Female size 
 
Adjusted R2: 0.049 
F statistic: 20.17 
Prob F-statistic: 3.11e-40 
Log-likelihood: -15241 
No. observations: 4107 
AIC: 3.05e+04 
BIC: 3.06e+04 
Df Residuals: 4095 
Df model: 11 
Covariance type: nonrobust 
 

      coef   std err       t     P>|t|     95%       CI 

Intercept 133.399 0.589 226.348 0 132.243 134.554 

C(LocationCode)[T.2] 1.769 0.584 3.031 0.002 0.625 2.913 

C(LocationCode)[T.3] -0.197 0.444 -0.443 0.658 -1.068 0.674 

C(LocationCode)[T.4] -0.448 0.494 -0.906 0.365 -1.416 0.521 

C(YearCode)[T.2] 0.880 0.643 1.368 0.171 -0.381 2.14 

C(YearCode)[T.3] 0.490 0.597 0.82 0.412 -0.681 1.66 

C(YearCode)[T.4] 0.579 0.66 0.877 0.38 -0.715 1.873 

C(YearCode)[T.5] -1.342 0.66 -2.033 0.042 -2.636 -0.048 

C(MonthCode)[T.2] 2.322 1.138 2.039 0.041 0.09 4.553 

C(LocationCode)[T.2]:C(MonthCode)[T.2] -1.408 1.663 -0.847 0.397 -4.668 1.852 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -7.915 1.294 -6.119 0 -10.451 -5.379 

C(LocationCode)[T.4]:C(MonthCode)[T.2] 1.882 1.324 1.421 0.155 -0.715 4.478 
 

Omnibus: 31.058 
Prob(Omnibus): 0 
Durbin Watson: 0.593 
Jarque-Bera (JB): 31.668 
Prob JB: 1.33e-07 
Skew: -0.215 
Kurtosis: 2.982 
Cond. No. 19.5 
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Appendix 4 – OLS regression models comparing three locations and crab CPUE 
 
Legal male CPUE 
 
Adjusted R2: 0.791 
F statistic: 40.19 
Prob F-statistic: 1.58e-59 
Log-likelihood: -394.78 
No. observations: 218 
AIC: 833.6 
BIC: 908 
Df Residuals: 196 
Df model: 21 
Covariance type: nonrobust 
 

coef std error t P>|t| 95%     CI 

Intercept 8.1651 0.537 15.206 0 7.106 9.224 

C(LocationCode)[T.3] -7.0828 0.654 -10.833 0 -8.372 -5.793 

C(LocationCode)[T.4] -6.9743 0.653 -10.672 0 -8.263 -5.685 

C(YearCode)[T.2] -1.0684 0.719 -1.486 0.139 -2.486 0.349 

C(YearCode)[T.3] -2.5068 0.726 -3.454 0.001 -3.938 -1.075 

C(YearCode)[T.4] -1.2798 0.719 -1.78 0.077 -2.697 0.138 

C(YearCode)[T.5] -1.4683 0.72 -2.04 0.043 -2.888 -0.049 

C(MonthCode)[T.2] 3.0309 0.584 5.187 0 1.879 4.183 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -2.3993 0.538 -4.463 0 -3.459 -1.339 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -2.9098 0.536 -5.429 0 -3.967 -1.853 

C(YearCode)[T.2]:C(MonthCode)[T.2] -2.6827 0.666 -4.031 0 -3.995 -1.37 

C(YearCode)[T.3]:C(MonthCode)[T.2] -2.7592 0.67 -4.12 0 -4.08 -1.438 

C(YearCode)[T.4]:C(MonthCode)[T.2] -2.7074 0.666 -4.068 0 -4.02 -1.395 

C(YearCode)[T.5]:C(MonthCode)[T.2] -1.2634 0.67 -1.887 0.061 -2.584 0.057 

C(LocationCode)[T.3]:C(YearCode)[T.2] 2.2147 0.843 2.628 0.009 0.552 3.877 

C(LocationCode)[T.4]:C(YearCode)[T.2] 2.4382 0.843 2.893 0.004 0.776 4.101 

C(LocationCode)[T.3]:C(YearCode)[T.3] 3.0143 0.854 3.529 0.001 1.33 4.699 

C(LocationCode)[T.4]:C(YearCode)[T.3] 3.7022 0.854 4.334 0 2.018 5.387 

C(LocationCode)[T.3]:C(YearCode)[T.4] 2.5956 0.843 3.079 0.002 0.933 4.258 

C(LocationCode)[T.4]:C(YearCode)[T.4] 2.1565 0.843 2.558 0.011 0.494 3.819 

C(LocationCode)[T.3]:C(YearCode)[T.5] 1.7448 0.849 2.055 0.041 0.07 3.419 

C(LocationCode)[T.4]:C(YearCode)[T.5] 1.7839 0.843 2.116 0.036 0.122 3.446 
 
Omnibus: 46.491 
Prob(Omnibus): 0 
Durbin Watson: 2.302 
Jarque-Bera (JB): 242.937 
Prob JB: 1.77e-53 
Skew: 0.672 
Kurtosis: 7.994 
Cond. No. 27.5 



308 
 

Male CPUE 
 

Adjusted R2: 0.66 
F statistic: 21.27 
Prob F-statistic: 1.13e-39 
Log-likelihood: -394.78 
No. observations: 218 
AIC: 987.2 
BIC: 1062 
Df Residuals: 196 
Df model: 21 
Covariance type: nonrobust 
 

coef std err t P>|t| 95% CI 

Intercept 9.0319 0.764 11.825 0 7.525 10.538 

C(LocationCode)[T.3] -6.1869 0.93 -6.652 0 -8.021 -4.353 

C(LocationCode)[T.4] -6.761 0.93 -7.273 0 -8.594 -4.928 

C(YearCode)[T.2] -0.8915 1.022 -0.872 0.384 -2.908 1.125 

C(YearCode)[T.3] -1.2608 1.032 -1.221 0.224 -3.297 0.775 

C(YearCode)[T.4] 1.3533 1.022 1.323 0.187 -0.663 3.37 

C(YearCode)[T.5] -0.3901 1.024 -0.381 0.704 -2.409 1.629 

C(MonthCode)[T.2] 5.4375 0.831 6.542 0 3.798 7.077 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -3.022 0.765 -3.952 0 -4.53 -1.514 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -3.4349 0.762 -4.505 0 -4.938 -1.931 

C(YearCode)[T.2]:C(MonthCode)[T.2] -3.2182 0.947 -3.4 0.001 -5.085 -1.351 

C(YearCode)[T.3]:C(MonthCode)[T.2] -4.2873 0.953 -4.5 0 -6.166 -2.408 

C(YearCode)[T.4]:C(MonthCode)[T.2] -5.3666 0.947 -5.669 0 -7.234 -3.5 

C(YearCode)[T.5]:C(MonthCode)[T.2] -2.4211 0.953 -2.542 0.012 -4.3 -0.543 

C(LocationCode)[T.3]:C(YearCode)[T.2] 1.6354 1.199 1.364 0.174 -0.729 4 

C(LocationCode)[T.4]:C(YearCode)[T.2] 2.6022 1.199 2.17 0.031 0.238 4.967 

C(LocationCode)[T.3]:C(YearCode)[T.3] 2.336 1.215 1.923 0.056 -0.06 4.732 

C(LocationCode)[T.4]:C(YearCode)[T.3] 3.6227 1.215 2.982 0.003 1.226 6.019 

C(LocationCode)[T.3]:C(YearCode)[T.4] 1.2958 1.199 1.081 0.281 -1.069 3.66 

C(LocationCode)[T.4]:C(YearCode)[T.4] 1.4064 1.199 1.173 0.242 -0.958 3.771 

C(LocationCode)[T.3]:C(YearCode)[T.5] 1.5995 1.208 1.324 0.187 -0.782 3.981 

C(LocationCode)[T.4]:C(YearCode)[T.5] 1.836 1.199 1.531 0.127 -0.529 4.201 
 

Omnibus: 14.202 
Prob(Omnibus): 0.001 
Durbin Watson: 2.06 
Jarque-Bera (JB): 25.556 
Prob JB: 2.82e-06 
Skew: 0.335 
Kurtosis: 4.538 
Cond. No. 27.5 
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Old male CPUE 

Adjusted R2: 0.83 
F statistic: 50.68 
Prob F-statistic: 1.52e-67 
Log-likelihood: -150.97 
No. observations: 218 
AIC: 345.9 
BIC: 420.4 
Df Residuals: 196 
Df model: 21 
Covariance type: nonrobust 
 

      coef   std err           t      P>|t|        95%          CI 

Intercept 3.3738 0.175 19.225 0 3.028 3.72 

C(LocationCode)[T.3] -3.1486 0.214 -14.735 0 -3.57 -2.727 

C(LocationCode)[T.4] -3.056 0.214 -14.309 0 -3.477 -2.635 

C(YearCode)[T.2] 1.3046 0.235 5.553 0 0.841 1.768 

C(YearCode)[T.3] -0.306 0.237 -1.29 0.199 -0.774 0.162 

C(YearCode)[T.4] -1.0727 0.235 -4.566 0 -1.536 -0.609 

C(YearCode)[T.5] -2.2333 0.235 -9.494 0 -2.697 -1.769 

C(MonthCode)[T.2] -2.0228 0.191 -10.593 0 -2.399 -1.646 

C(LocationCode)[T.3]:C(MonthCode)[T.2] 1.7993 0.176 10.242 0 1.453 2.146 

C(LocationCode)[T.4]:C(MonthCode)[T.2] 1.7123 0.175 9.776 0 1.367 2.058 

C(YearCode)[T.2]:C(MonthCode)[T.2] -0.1673 0.217 -0.769 0.443 -0.596 0.262 

C(YearCode)[T.3]:C(MonthCode)[T.2] 0.0538 0.219 0.246 0.806 -0.378 0.485 

C(YearCode)[T.4]:C(MonthCode)[T.2] 0.1742 0.217 0.801 0.424 -0.255 0.603 

C(YearCode)[T.5]:C(MonthCode)[T.2] 0.6418 0.219 2.933 0.004 0.21 1.073 

C(LocationCode)[T.3]:C(YearCode)[T.2] -1.1104 0.275 -4.031 0 -1.654 -0.567 

C(LocationCode)[T.4]:C(YearCode)[T.2] -1.1644 0.275 -4.227 0 -1.708 -0.621 

C(LocationCode)[T.3]:C(YearCode)[T.3] 0.2542 0.279 0.911 0.364 -0.296 0.805 

C(LocationCode)[T.4]:C(YearCode)[T.3] 0.1796 0.279 0.643 0.521 -0.371 0.73 

C(LocationCode)[T.3]:C(YearCode)[T.4] 0.9399 0.275 3.412 0.001 0.397 1.483 

C(LocationCode)[T.4]:C(YearCode)[T.4] 0.8402 0.275 3.05 0.003 0.297 1.384 

C(LocationCode)[T.3]:C(YearCode)[T.5] 1.785 0.277 6.433 0 1.238 2.332 

C(LocationCode)[T.4]:C(YearCode)[T.5] 1.7568 0.275 6.378 0 1.214 2.3 
 
Omnibus: 135.44 
Prob(Omnibus): 0 
Durbin Watson: 1.98 
Jarque-Bera (JB): 2172.65 
Prob JB: 0 
Skew: 2.04 
Kurtosis: 17.92 
Cond. No. 27.5 
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Sublegal male CPUE 

Adjusted R2: 0.17 
F statistic: 3.122 
Prob F-statistic: 1.68e-05 
Log-likelihood: -359.17 
No. observations: 218 
AIC: 762.3 
BIC: 836.8 
Df Residuals: 196 
Df model: 21 
Covariance type: nonrobust 
 

            coef   std err        t     P>|t|        95%      CI 

Intercept 0.8668 0.456 1.901 0.059 -0.033 1.766 

C(LocationCode)[T.3] 0.8959 0.555 1.613 0.108 -0.199 1.991 

C(LocationCode)[T.4] 0.2133 0.555 0.384 0.701 -0.881 1.308 

C(YearCode)[T.2] 0.1769 0.61 0.29 0.772 -1.027 1.381 

C(YearCode)[T.3] 1.246 0.616 2.021 0.045 0.03 2.462 

C(YearCode)[T.4] 2.633 0.61 4.313 0 1.429 3.837 

C(YearCode)[T.5] 1.0782 0.611 1.764 0.079 -0.127 2.284 

C(MonthCode)[T.2] 2.4066 0.496 4.85 0 1.428 3.385 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -0.6228 0.457 -1.364 0.174 -1.523 0.278 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -0.5251 0.455 -1.154 0.25 -1.423 0.373 

C(YearCode)[T.2]:C(MonthCode)[T.2] -0.5355 0.565 -0.947 0.345 -1.65 0.579 

C(YearCode)[T.3]:C(MonthCode)[T.2] -1.528 0.569 -2.686 0.008 -2.65 -0.406 

C(YearCode)[T.4]:C(MonthCode)[T.2] -2.6593 0.565 -4.705 0 -3.774 -1.545 

C(YearCode)[T.5]:C(MonthCode)[T.2] -1.1577 0.569 -2.035 0.043 -2.279 -0.036 

C(LocationCode)[T.3]:C(YearCode)[T.2] -0.5793 0.716 -0.809 0.419 -1.991 0.832 

C(LocationCode)[T.4]:C(YearCode)[T.2] 0.164 0.716 0.229 0.819 -1.248 1.576 

C(LocationCode)[T.3]:C(YearCode)[T.3] -0.6783 0.725 -0.935 0.351 -2.109 0.752 

C(LocationCode)[T.4]:C(YearCode)[T.3] -0.0795 0.725 -0.11 0.913 -1.51 1.351 

C(LocationCode)[T.3]:C(YearCode)[T.4] -1.2999 0.716 -1.816 0.071 -2.712 0.112 

C(LocationCode)[T.4]:C(YearCode)[T.4] -0.7501 0.716 -1.048 0.296 -2.162 0.662 

C(LocationCode)[T.3]:C(YearCode)[T.5] -0.1452 0.721 -0.201 0.841 -1.567 1.277 

C(LocationCode)[T.4]:C(YearCode)[T.5] 0.0521 0.716 0.073 0.942 -1.36 1.464 
 
Omnibus: 67.12 
Prob(Omnibus): 0 
Durbin Watson: 1.87 
Jarque-Bera (JB): 184.77 
Prob JB: 7.54e-41 
Skew: 1.33 
Kurtosis: 6.64 
Cond. No. 27.5 
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Female CPUE 

Adjusted R2: 0.54 
F statistic: 13.26 
Prob F-statistic: 1.94e-27 
Log-likelihood: -317.17 
No. observations: 218 
AIC: 678.3 
BIC: 752.8 
Df Residuals: 196 
Df model: 21 
Covariance type: nonrobust 
 

            coef   std err          t     P>|t|      95%      CI 

Intercept 1.7653 0.376 4.693 0 1.023 2.507 

C(LocationCode)[T.3] -0.3439 0.458 -0.751 0.454 -1.247 0.559 

C(LocationCode)[T.4] -1.2348 0.458 -2.698 0.008 -2.138 -0.332 

C(YearCode)[T.2] 1.2198 0.504 2.423 0.016 0.227 2.213 

C(YearCode)[T.3] 2.9839 0.508 5.869 0 1.981 3.987 

C(YearCode)[T.4] -0.0904 0.504 -0.18 0.858 -1.083 0.903 

C(YearCode)[T.5] 0.473 0.504 0.938 0.349 -0.521 1.467 

C(MonthCode)[T.2] -1.6063 0.409 -3.925 0 -2.413 -0.799 

C(LocationCode)[T.3]:C(MonthCode)[T.2] 0.6108 0.377 1.622 0.106 -0.132 1.353 

C(LocationCode)[T.4]:C(MonthCode)[T.2] 1.1578 0.375 3.084 0.002 0.417 1.898 

C(YearCode)[T.2]:C(MonthCode)[T.2] -0.6973 0.466 -1.496 0.136 -1.617 0.222 

C(YearCode)[T.3]:C(MonthCode)[T.2] -2.3519 0.469 -5.013 0 -3.277 -1.427 

C(YearCode)[T.4]:C(MonthCode)[T.2] -0.2138 0.466 -0.459 0.647 -1.133 0.705 

C(YearCode)[T.5]:C(MonthCode)[T.2] -0.823 0.469 -1.755 0.081 -1.748 0.102 

C(LocationCode)[T.3]:C(YearCode)[T.2] -0.0813 0.59 -0.138 0.891 -1.246 1.083 

C(LocationCode)[T.4]:C(YearCode)[T.2] -0.5435 0.59 -0.921 0.358 -1.708 0.621 

C(LocationCode)[T.3]:C(YearCode)[T.3] 0.1591 0.598 0.266 0.791 -1.021 1.339 

C(LocationCode)[T.4]:C(YearCode)[T.3] -0.2198 0.598 -0.367 0.714 -1.4 0.96 

C(LocationCode)[T.3]:C(YearCode)[T.4] 0.4026 0.59 0.682 0.496 -0.762 1.567 

C(LocationCode)[T.4]:C(YearCode)[T.4] 1.6205 0.59 2.745 0.007 0.456 2.785 

C(LocationCode)[T.3]:C(YearCode)[T.5] 0.5978 0.595 1.005 0.316 -0.575 1.771 

C(LocationCode)[T.4]:C(YearCode)[T.5] 1.3248 0.59 2.244 0.026 0.16 2.489 
 
Omnibus: 50.44 
Prob(Omnibus): 0 
Durbin Watson: 2.04 
Jarque-Bera (JB): 139.74 
Prob JB: 4.53e-31 
Skew: 0.99 
Kurtosis: 6.39 
Cond. No. 27.5 
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Fecund female CPUE 

Adjusted R2: 0.24 
F statistic: 4.17 
Prob F-statistic: 4.06e-08 
Log-likelihood: 68.23 
No. observations: 218 
AIC: -92.46 
BIC: -18 
Df Residuals: 196 
Df model: 21 
Covariance type: nonrobust 
 

      coef      std err        t       P>|t|         95 %       CI 

Intercept 0.1266 0.064 1.972 0.05 -1.55E-05 0.253 

C(LocationCode)[T.3] -0.039 0.078 -0.499 0.618 -0.193 0.115 

C(LocationCode)[T.4] -0.1095 0.078 -1.401 0.163 -0.264 0.045 

C(YearCode)[T.2] 0.1163 0.086 1.353 0.178 -0.053 0.286 

C(YearCode)[T.3] 0.2244 0.087 2.586 0.01 0.053 0.396 

C(YearCode)[T.4] -0.0601 0.086 -0.7 0.485 -0.23 0.109 

C(YearCode)[T.5] 0.0255 0.086 0.297 0.767 -0.144 0.195 

C(MonthCode)[T.2] -0.0638 0.07 -0.913 0.362 -0.202 0.074 

C(LocationCode)[T.3]:C(MonthCode)[T.2] 0.015 0.064 0.234 0.815 -0.112 0.142 

C(LocationCode)[T.4]:C(MonthCode)[T.2] 0.067 0.064 1.046 0.297 -0.059 0.193 

C(YearCode)[T.2]:C(MonthCode)[T.2] -0.0748 0.08 -0.94 0.349 -0.232 0.082 

C(YearCode)[T.3]:C(MonthCode)[T.2] -0.2584 0.08 -3.227 0.001 -0.416 -0.101 

C(YearCode)[T.4]:C(MonthCode)[T.2] 0.0624 0.08 0.784 0.434 -0.095 0.219 

C(YearCode)[T.5]:C(MonthCode)[T.2] -0.146 0.08 -1.823 0.07 -0.304 0.012 

C(LocationCode)[T.3]:C(YearCode)[T.2] -0.0692 0.101 -0.687 0.493 -0.268 0.13 

C(LocationCode)[T.4]:C(YearCode)[T.2] -0.0149 0.101 -0.148 0.883 -0.214 0.184 

C(LocationCode)[T.3]:C(YearCode)[T.3] 0.1489 0.102 1.458 0.146 -0.053 0.35 

C(LocationCode)[T.4]:C(YearCode)[T.3] 0.0399 0.102 0.391 0.696 -0.161 0.241 

C(LocationCode)[T.3]:C(YearCode)[T.4] 0.0552 0.101 0.548 0.584 -0.144 0.254 

C(LocationCode)[T.4]:C(YearCode)[T.4] 0.2059 0.101 2.043 0.042 0.007 0.405 

C(LocationCode)[T.3]:C(YearCode)[T.5] 0.0982 0.102 0.967 0.335 -0.102 0.298 

C(LocationCode)[T.4]:C(YearCode)[T.5] 0.3153 0.101 3.129 0.002 0.117 0.514 
 
Omnibus: 192.14 
Prob(Omnibus): 0 
Durbin Watson: 2.13 
Jarque-Bera (JB): 4434.71 
Prob JB: 0 
Skew: 3.27 
Kurtosis: 24.11 
Cond. No. 27.5 
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Appendix 5 – OLS regression models comparing three locations and crab size 
 
Legal male size 
 
Adjusted R2: 0.072 
F statistic: 26.93 
Prob F-statistic: 7.27e-102 
Log-likelihood: -24061 
No. observations: 7004 
AIC: 4.82e+04 
BIC: 4.83e+04 
Df Residuals: 6982 
Df model: 21 
Covariance type: nonrobust 
 

   coef   std err      t  P>|t|      95%      CI 

Intercept 165.50 0.35 472.98 0 164.81 166.18 

C(LocationCode)[T.3] -3.4711 0.627 -5.54 0 -4.699 -2.243 

C(LocationCode)[T.4] -1.2448 0.63 -1.975 0.048 -2.481 -0.009 

C(MonthCode)[T.2] 3.1113 0.41 7.593 0 2.308 3.915 

C(YearCode)[T.2] 2.0145 0.461 4.369 0 1.111 2.918 

C(YearCode)[T.3] -0.2102 0.489 -0.43 0.668 -1.17 0.749 

C(YearCode)[T.4] -0.4174 0.472 -0.884 0.377 -1.343 0.508 

C(YearCode)[T.5] -0.0896 0.501 -0.179 0.858 -1.072 0.893 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -3.3593 0.658 -5.107 0 -4.649 -2.07 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -4.9856 0.906 -5.5 0 -6.763 -3.209 

C(YearCode)[T.2]:C(MonthCode)[T.2] -4.4314 0.582 -7.612 0 -5.573 -3.29 

C(YearCode)[T.3]:C(MonthCode)[T.2] -2.7814 0.682 -4.078 0 -4.118 -1.444 

C(YearCode)[T.4]:C(MonthCode)[T.2] -3.5916 0.609 -5.898 0 -4.785 -2.398 

C(YearCode)[T.5]:C(MonthCode)[T.2] -1.4222 0.593 -2.397 0.017 -2.586 -0.259 

C(LocationCode)[T.3]:C(YearCode)[T.2] 0.4908 0.8 0.614 0.539 -1.077 2.059 

C(LocationCode)[T.4]:C(YearCode)[T.2] -0.2955 0.862 -0.343 0.732 -1.985 1.394 

C(LocationCode)[T.3]:C(YearCode)[T.3] 0.8507 1.001 0.85 0.395 -1.111 2.812 

C(LocationCode)[T.4]:C(YearCode)[T.3] -0.7863 0.881 -0.892 0.372 -2.514 0.941 

C(LocationCode)[T.3]:C(YearCode)[T.4] -0.4928 0.819 -0.602 0.548 -2.099 1.113 

C(LocationCode)[T.4]:C(YearCode)[T.4] -0.9759 0.926 -1.054 0.292 -2.791 0.839 

C(LocationCode)[T.3]:C(YearCode)[T.5] 1.8076 0.863 2.095 0.036 0.116 3.499 

C(LocationCode)[T.4]:C(YearCode)[T.5] -1.0687 0.925 -1.155 0.248 -2.882 0.745 
 
Omnibus: 253.53 
Prob(Omnibus): 0 
Durbin Watson: 0.263 
Jarque-Bera (JB): 664.10 
Prob JB: 4.48e-58 
Skew: 0.452 
Kurtosis: 2.701 
Cond. No. 24.1
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Male size 
 
Adjusted R2: 0.31 
F statistic: 286.4 
Prob F-statistic: 0 
Log-likelihood: -51604 
No. observations: 13098 
AIC: 1.03e+05 
BIC: 1.03e+05 
Df Residuals: 13076 
Df model: 21 
Covariance type: nonrobust 
 

      coef      std err       t     P>|t|    95%      CI 

Intercept 164.61 0.493 334.22 0 163.64 165.57 

C(LocationCode)[T.3] -10.2992 0.677 -15.212 0 -11.626 -8.972 

C(LocationCode)[T.4] -9.6885 0.704 -13.757 0 -11.069 -8.308 

C(YearCode)[T.2] 1.4 0.639 2.191 0.029 0.147 2.653 

C(YearCode)[T.3] -5.1396 0.65 -7.903 0 -6.414 -3.865 

C(YearCode)[T.4] -5.9966 0.619 -9.68 0 -7.211 -4.782 

C(YearCode)[T.5] -3.5806 0.662 -5.411 0 -4.878 -2.284 

C(MonthCode)[T.2] -1.4173 0.539 -2.628 0.009 -2.474 -0.36 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -7.1557 0.555 -12.893 0 -8.244 -6.068 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -11.7292 0.557 -21.039 0 -12.822 -10.636 

C(YearCode)[T.2]:C(MonthCode)[T.2] -6.2122 0.703 -8.834 0 -7.591 -4.834 

C(YearCode)[T.3]:C(MonthCode)[T.2] -0.9958 0.733 -1.359 0.174 -2.432 0.44 

C(YearCode)[T.4]:C(MonthCode)[T.2] 0.4479 0.7 0.639 0.523 -0.925 1.821 

C(YearCode)[T.5]:C(MonthCode)[T.2] 1.0603 0.705 1.504 0.133 -0.322 2.442 

C(LocationCode)[T.3]:C(YearCode)[T.2] -1.2749 0.844 -1.51 0.131 -2.93 0.38 

C(LocationCode)[T.4]:C(YearCode)[T.2] 2.748 0.89 3.089 0.002 1.004 4.492 

C(LocationCode)[T.3]:C(YearCode)[T.3] -1.0521 0.877 -1.2 0.23 -2.771 0.667 

C(LocationCode)[T.4]:C(YearCode)[T.3] 1.8111 0.896 2.021 0.043 0.055 3.568 

C(LocationCode)[T.3]:C(YearCode)[T.4] 3.0453 0.836 3.641 0 1.406 4.685 

C(LocationCode)[T.4]:C(YearCode)[T.4] 3.4755 0.873 3.983 0 1.765 5.186 

C(LocationCode)[T.3]:C(YearCode)[T.5] -2.1807 0.827 -2.638 0.008 -3.801 -0.56 

C(LocationCode)[T.4]:C(YearCode)[T.5] -1.1872 0.888 -1.337 0.181 -2.928 0.553 
 

Omnibus: 563.34 
Prob(Omnibus): 0 
Durbin Watson: 0.315 
Jarque-Bera (JB): 670.39 
Prob JB: 2.67e-146 
Skew: -0.486 
Kurtosis: 3.53 
Cond. No. 23.3 
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Old male size 

Adjusted R2: 0.04 
F statistic: 5.744 
Prob F-statistic: 2.1e-10 
Log-likelihood: -5339.7 
No. observations: 1524 
AIC: 1.07e+04 
BIC: 1.08e+04 
Df Residuals: 1510 
Df model: 13 
Covariance type: nonrobust 
 

         coef      std err        t P>|t|    95%      CI 

Intercept 164.80 0.492 335.02 0 163.84 165.77 

C(LocationCode)[T.3] -3.2 1.024 -3.125 0.002 -5.208 -1.192 

C(LocationCode)[T.4] -0.5582 0.994 -0.561 0.575 -2.509 1.392 

C(YearCode)[T.2] 3.5346 0.626 5.645 0 2.306 4.763 

C(YearCode)[T.3] 1.1787 0.72 1.637 0.102 -0.234 2.591 

C(YearCode)[T.4] 1.3712 0.784 1.749 0.08 -0.166 2.909 

C(YearCode)[T.5] 3.2758 1.384 2.367 0.018 0.561 5.991 

C(MonthCode)[T.2] 2.5888 0.977 2.65 0.008 0.673 4.505 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -3.6433 2.004 -1.818 0.069 -7.574 0.287 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -11.9526 4.239 -2.819 0.005 -20.268 -3.637 

C(YearCode)[T.2]:C(MonthCode)[T.2] -2.9719 1.199 -2.478 0.013 -5.324 -0.619 

C(YearCode)[T.3]:C(MonthCode)[T.2] -0.6127 1.521 -0.403 0.687 -3.596 2.371 

C(YearCode)[T.4]:C(MonthCode)[T.2] -3.1938 1.891 -1.689 0.092 -6.904 0.516 

C(YearCode)[T.5]:C(MonthCode)[T.2] -2.3324 2.501 -0.933 0.351 -7.238 2.573 
 

Omnibus: 52.18 
Prob(Omnibus): 0 
Durbin Watson: 0.61 
Jarque-Bera (JB): 54.08 
Prob JB: 1.81e-12 
Skew: 0.437 
Kurtosis: 2.707 
Cond. No. 23.8 
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Sublegal male size 

Adjusted R2: 0.11 
F statistic: 35.39 
Prob F-statistic: 4.5e-135 
Log-likelihood: -22383 
No. observations: 6094 
AIC: 4.48e-04 
BIC: 4.5e-04 
Df Residuals: 6072 
Df model: 21 
Covariance type: nonrobust 
 

      coef      std err        t      P>|t|     95%      CI 

Intercept 149.32 0.868 172.06 0 147.62 151.02 

C(LocationCode)[T.3] -3.9379 0.89 -4.422 0 -5.683 -2.192 

C(LocationCode)[T.4] -5.2541 0.926 -5.676 0 -7.069 -3.44 

C(YearCode)[T.2] 0.7898 1.082 0.73 0.466 -1.332 2.912 

C(YearCode)[T.3] -4.8668 1.002 -4.855 0 -6.832 -2.902 

C(YearCode)[T.4] -3.123 0.95 -3.286 0.001 -4.986 -1.26 

C(YearCode)[T.5] -3.0433 1.01 -3.012 0.003 -5.024 -1.063 

C(MonthCode)[T.2] -5.7554 0.813 -7.079 0 -7.349 -4.162 

C(LocationCode)[T.3]:C(MonthCode)[T.2] 1.4502 0.66 2.198 0.028 0.157 2.744 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -0.9793 0.661 -1.482 0.138 -2.274 0.316 

C(YearCode)[T.2]:C(MonthCode)[T.2] -2.6417 0.93 -2.841 0.005 -4.464 -0.819 

C(YearCode)[T.3]:C(MonthCode)[T.2] 2.6095 0.865 3.017 0.003 0.914 4.305 

C(YearCode)[T.4]:C(MonthCode)[T.2] 1.7224 0.851 2.025 0.043 0.055 3.39 

C(YearCode)[T.5]:C(MonthCode)[T.2] 2.7137 0.869 3.123 0.002 1.01 4.417 

C(LocationCode)[T.3]:C(YearCode)[T.2] -4.0233 1.048 -3.839 0 -6.078 -1.969 

C(LocationCode)[T.4]:C(YearCode)[T.2] 2.9592 1.079 2.744 0.006 0.845 5.074 

C(LocationCode)[T.3]:C(YearCode)[T.3] -0.5422 1.019 -0.532 0.595 -2.54 1.456 

C(LocationCode)[T.4]:C(YearCode)[T.3] 2.3446 1.058 2.216 0.027 0.271 4.418 

C(LocationCode)[T.3]:C(YearCode)[T.4] 2.3949 0.992 2.415 0.016 0.451 4.339 

C(LocationCode)[T.4]:C(YearCode)[T.4] 3.6803 1.007 3.656 0 1.707 5.654 

C(LocationCode)[T.3]:C(YearCode)[T.5] -3.0915 0.989 -3.126 0.002 -5.03 -1.153 

C(LocationCode)[T.4]:C(YearCode)[T.5] -0.2531 1.038 -0.244 0.807 -2.289 1.782 
 

Omnibus: 1016 
Prob(Omnibus): 0 
Durbin Watson: 0.44 
Jarque-Bera (JB): 1708.32 
Prob JB: 0 
Skew: -1.103 
Kurtosis: 4.37 
Cond. No. 34.1 
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Female size 
 
Adjusted R2: 0.073 
F statistic: 14.48 
Prob F-statistic: 1.01e-49 
Log-likelihood: -13284 
No. observations: 3586 
AIC: 2.66e+04 
BIC: 2.68e+04 
Df Residuals: 3564 
Df model: 21 
Covariance type: nonrobust 
 

      coef      std err       t     P>|t|    95%      CI 

Intercept 132.69 0.871 152.37 0 130.98 134.40 

C(LocationCode)[T.3] -0.1109 1.227 -0.09 0.928 -2.517 2.295 

C(LocationCode)[T.4] 1.8621 1.656 1.125 0.261 -1.384 5.108 

C(YearCode)[T.2] 3.5019 1.061 3.302 0.001 1.423 5.581 

C(YearCode)[T.3] 0.1391 1.019 0.137 0.891 -1.858 2.136 

C(YearCode)[T.4] 1.5059 1.302 1.156 0.248 -1.047 4.059 

C(YearCode)[T.5] -1.2979 1.242 -1.045 0.296 -3.734 1.138 

C(MonthCode)[T.2] 3.521 1.853 1.9 0.057 -0.112 7.154 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -6.5614 1.305 -5.028 0 -9.12 -4.003 

C(LocationCode)[T.4]:C(MonthCode)[T.2] 1.4746 1.342 1.099 0.272 -1.157 4.106 

C(YearCode)[T.2]:C(MonthCode)[T.2] -6.628 1.845 -3.593 0 -10.245 -3.011 

C(YearCode)[T.3]:C(MonthCode)[T.2] 1.3548 1.767 0.767 0.443 -2.109 4.819 

C(YearCode)[T.4]:C(MonthCode)[T.2] 1.899 1.839 1.033 0.302 -1.707 5.505 

C(YearCode)[T.5]:C(MonthCode)[T.2] -4.5926 1.843 -2.493 0.013 -8.205 -0.98 

C(LocationCode)[T.3]:C(YearCode)[T.2] -2.5804 1.482 -1.742 0.082 -5.485 0.325 

C(LocationCode)[T.4]:C(YearCode)[T.2] -1.3979 2.025 -0.69 0.49 -5.369 2.573 

C(LocationCode)[T.3]:C(YearCode)[T.3] 1.4217 1.392 1.021 0.307 -1.308 4.152 

C(LocationCode)[T.4]:C(YearCode)[T.3] -3.1032 1.821 -1.704 0.088 -6.673 0.466 

C(LocationCode)[T.3]:C(YearCode)[T.4] -0.2421 1.694 -0.143 0.886 -3.564 3.08 

C(LocationCode)[T.4]:C(YearCode)[T.4] -3.9068 1.995 -1.959 0.05 -7.817 0.004 

C(LocationCode)[T.3]:C(YearCode)[T.5] 0.4469 1.658 0.27 0.788 -2.804 3.698 

C(LocationCode)[T.4]:C(YearCode)[T.5] 0.5243 1.966 0.267 0.79 -3.33 4.378 
 

Omnibus: 22.69 
Prob(Omnibus): 0 
Durbin Watson: 0.585 
Jarque-Bera (JB): 23.064 
Prob JB: 9.81e-06 
Skew: -0.195 
Kurtosis: 2.955 
Cond. No. 34.5 
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Fecund female size 

Adjusted R2: 0.023 
F statistic: 1.363 
Prob F-statistic: 0.134 
Log-likelihood: -881.52 
No. observations: 325 
AIC: 1807 
BIC: 1890 
Df Residuals: 303 
Df model: 21 
Covariance type: nonrobust 
 

      coef     std err       t   P>|t|    95%       CI 

Intercept 147.62 1.137 129.79 0 145.38 149.86 

C(LocationCode)[T.3] 2.3229 1.837 1.264 0.207 -1.292 5.938 

C(LocationCode)[T.4] -0.622 2.459 -0.253 0.8 -5.46 4.216 

C(YearCode)[T.2] 1.5051 1.367 1.101 0.272 -1.185 4.196 

C(YearCode)[T.3] -0.202 1.367 -0.148 0.883 -2.893 2.489 

C(YearCode)[T.4] -2.5772 1.847 -1.395 0.164 -6.212 1.058 

C(YearCode)[T.5] 0.2366 1.958 0.121 0.904 -3.617 4.09 

C(MonthCode)[T.2] 0.6379 1.924 0.332 0.74 -3.149 4.424 

C(LocationCode)[T.3]:C(MonthCode)[T.2] -4.2128 1.612 -2.614 0.009 -7.384 -1.041 

C(LocationCode)[T.4]:C(MonthCode)[T.2] -4.4591 1.516 -2.942 0.004 -7.442 -1.477 

C(YearCode)[T.2]:C(MonthCode)[T.2] 1.2727 2.553 0.498 0.619 -3.752 6.297 

C(YearCode)[T.3]:C(MonthCode)[T.2] 3.8212 2.103 1.817 0.07 -0.317 7.96 

C(YearCode)[T.4]:C(MonthCode)[T.2] 3.6815 2.109 1.745 0.082 -0.469 7.832 

C(YearCode)[T.5]:C(MonthCode)[T.2] 2.7861 2.154 1.293 0.197 -1.453 7.026 

C(LocationCode)[T.3]:C(YearCode)[T.2] -4.7358 2.218 -2.135 0.034 -9.101 -0.371 

C(LocationCode)[T.4]:C(YearCode)[T.2] 2.7638 2.994 0.923 0.357 -3.128 8.655 

C(LocationCode)[T.3]:C(YearCode)[T.3] -0.9375 2.01 -0.466 0.641 -4.893 3.018 

C(LocationCode)[T.4]:C(YearCode)[T.3] 1.6502 2.696 0.612 0.541 -3.655 6.956 

C(LocationCode)[T.3]:C(YearCode)[T.4] 2.4457 2.334 1.048 0.296 -2.148 7.039 

C(LocationCode)[T.4]:C(YearCode)[T.4] 4.3517 2.913 1.494 0.136 -1.38 10.084 

C(LocationCode)[T.3]:C(YearCode)[T.5] 0.3321 2.482 0.134 0.894 -4.553 5.217 

C(LocationCode)[T.4]:C(YearCode)[T.5] 2.707 2.972 0.911 0.363 -3.141 8.555 
 

Omnibus: 59.99 
Prob(Omnibus): 0 
Durbin Watson: 1.64 
Jarque-Bera (JB): 89.93 
Prob JB: 2.97e-20 
Skew: 1.15 
Kurtosis: 4.15 
Cond. No. 39.3 


