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ABSTRACT

One of the world’s most successful marine invaders, the European green crab (Carcinus
maenas), continues to spread and invade the coastlines of Atlantic Canada. In Prince Edward
Island in particular, populations have continued to expand since the late 1990s. In areas like these,
there is a distinct need to document this species’ expansion into new habitats, to monitor its
impacts on important native species, and to develop innovative mitigation strategies to control
some of its effects. This thesis addressed the large information gap that still exists on this species’
effect in the Atlantic Canadian region by focusing on four main areas: First, I explored over a
decade of green crab population expansion records along Prince Edward Island’s main shorelines.
Second, I surveyed and examined the effects of green crabs on vulnerable size classes of an
important shellfish species, the American oyster (Crassostrea virginica). Third, I performed a
preliminary study into the occurrence and synchrony of molting in green crabs, identifying
suitable physical features of pre-molting crabs as a first step for developing a soft-shell crab
industry. And fourth, I developed and tested a novel bycatch reduction device to be used with
fyke nets to facilitate the implementation of the aforementioned directed fishery for this species.
Samples collected during the years 2000-2013 indicated that green crab expansion rates
on Prince Edward Island vary spatially and temporarily. Expansion rates were higher along the
south shore than the north shore of the island, and it was hypothesized that this dissimilarity was
possibly related to the higher availability of suitable habitat along the south shore. The speed of
the spread was such that it seemed more likely related to the benthic movement of juvenile and
adult crabs than associated to larval spread or new anthropogenic vectors. With regards to green
crab impacts, multiple oyster bed surveys conducted in 2014 measured mortality levels of
vulnerable size classes of oysters. These surveys revealed that the probability of mortality of
small oysters was higher in areas where green crabs were present. This probability decreased in
the presence of other food sources (i.e. mussel beds), a result likely linked to green crab prey
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preferences. Field experiments using inclusion/exclusion cages indicated that the odds of oyster
mortality was higher in inclusion cages than in the open environment and exclusion cages. These
results suggested that at least some of the mortality of oysters could be attributed to green crab
predation.
With the recent implementation of a fishery for green crab as a potential mitigation
strategy, there is a need for a marketable product to prompt fishermen to harvest green crabs. A
soft-shell green crab product modelled after the Venetian “moleche” is expected to provide a
lucrative incentive beyond the existing hard shell bait market. The examination of the timing and
characteristics of molting revealed that synchronized “molting windows” or times of increased
molting occur in the early summer for male green crabs. Recorded molting rates in the laboratory
and the field were as high as 75% and 60%, respectively. External physical characteristics such as
the presence of a “halo” on the episternites of the carapace, were deemed a reliable indicator that
a crab would molt within 3 weeks. Although these results were preliminary in nature, they were
promising and suggested that further studies be performed on the potential scaling up of these
results. Fyke nets are a natural choice for a directed fishery of green crabs, as this type of gear is
readily available and used locally, primarily for American eel (Anguilla rostrata). These nets are
also a variant of the fyke net used in Italy to fish for a similar species of crab (Carcinus aestuarii)
during its molting season. However, before fyke nets can be used in a directed fishery for green
crab in Atlantic Canada, bycatch must be reduced. A novel Bycatch Reduction Device (BRD) for
fyke nets was therefore developed and evaluated. Bycatch numbers and diversity, including three
key commercial species, were significantly lower in the BRD equipped nets.
Overall, the results of this thesis advance green crab research in the region, especially
with regards to the quantification of impacts and development of mitigation measures. Further
research questions as a result of my thesis work are identified and briefly discussed.
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CHAPTER 1. GENERAL INTRODUCTION

1.1 Thesis Introduction

For decades, marine invasive species have been identified across coastlines
worldwide (Elton 1958, Carlton 1989, Papacostas et al. 2017). Over the past two
centuries, with a sharp increase in aquaculture, shipping traffic and new shipping routes,
as well as the use of ballast water instead of rock ballast, invasions by species with freefloating larval forms have increased almost exponentially (Carlton 1996, Drake and
Lodge 2004). These factors have facilitated the spread and establishment of marine
invaders in a large number of shorelines, thought to be previously unreachable due to
natural biogeographic and hydrologic boundaries (Carlton 1996, Briggs 2007, Klassen
and Locke 2007). Some of these invasive species are harmless to their new colonized
habitats, and some have been even linked to positive impacts (Bax et al. 2001,
Katsanevakis et al. 2014, Gallardo et al. 2016, Quijón et al. 2017). However, a majority
of the best known marine invaders have been associated to negative ecological or
economic impacts native or endemic species, loss of fishery or shellfish resources,
alteration or damage of critical habitat, and disruption of trophic levels or entire
ecosystems (Carlton 1989, Molnar et al. 2008, Thompsen et al. 2014).
Among the broad diversity of marine invasive species with free-floating larval
stages, the European green crab (Carcinus maenas) is among the best-known (Molnar et
al. 2008, Katsanevakis et al. 2014). Through multiple cryptic invasions and range
expansions, this species has been increasing its range of distribution until reaching almost

every ocean and continental coastline in the world (Carlton and Cohen 2003, Roman
2006). In North America, this species was first detected in 1817 along the coast of New
Jersey and New York states. From that area, the green crab has gradually spread
northward until reaching Canadian waters in the Bay of Fundy by the 1950’s
(Scattergood 1952, MacPhail et al. 1955, Audet et al. 2003). However, it wasn’t until the
early 1980’s following a secondary invasion from European populations that this species
expanded along Nova Scotia’s southern shore up to Cape Breton (Audet et al. 2003,
Roman 2006). In 1997, the green crab was identified for the first time in the southern
Gulf of St. Lawrence, specifically near Georgetown, in St. Mary’s Bay, Prince Edward
Island (Klassen and Locke 2007).
Across their broad distribution range, green crabs have been associated to
numerous direct and indirect negative effects on native species and ecosystems (Ropes
1968, Baeta et al. 2006, Klassen and Locke 2007, Pickering and Quijon 2011). These
effects are mediated by predation, grazing and competition on native species, and by their
modification of structured and unstructured habitats (Grosholz and Ruiz 1996, Davis et
al. 1998). Predation by green crabs has had direct effects on many benthic species, in
particular several bivalves, some of considerable commercial value (Mascaro and Seed
2001, Floyd and Williams 2004, Miron et al. 2005). Green crabs have been described as
voracious consumers of relatively small bivalves in their native and invaded ranges of
distribution (e.g., Mascaro and Seed 2001, Pickering and Quijon 2011). Examples of
these impacts include the decline of the soft shell clam (Mya arenaria) fishery in Maine
in the 1950’s (Glude 1955), and more recently, of two species of endemic clams on the
west coast of the United States (Grosholz et al. 2000). Of particular interest to this Thesis
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are the effects of green crabs on American oysters (Crassostrea virginica), a species of
relevance for the ecology and economy of fishing communities in Prince Edward Island
(Elner and Lavoie 1983).
In addition to shellfish, adult green crab could significantly affect the
sustainability of populations of native decapods species like mud crabs (Dyspanopeus
sayi; Gehrels et al. 2016) or compete and displace juvenile American lobsters (Homarus
americanus; Rossong et al. 2011). Additional impacts include the destruction, uprooting
and grazing of eelgrass beds (Garbary and Miller 2006, Malyshev and Quijon 2011,
Garbary et al. 2014), and the above mentioned consumption of American oysters
(Pickering et al. 2017), both considered critical nursery habitats in Atlantic Canada and
other coastlines (Garbary and Miller 2006). Due to this array of impacts, researchers,
resource managers and industry have attempted to develop innovative approaches to
mitigate the effects and control the populations of green crab in this, and other invaded
regions.
Management and control strategies for invasive species are usually designed to
prevent initial establishment or eradicate populations already established. However, most
strategies targeting green crab populations have failed (Ruiz et al. 1997, Walton 2000).
Some of these strategies have focused on prevention which stems from the identification
and analysis of potential anthropogenic vectors, and the detection and forecasting of
future invasions based on neighboring populations (Ruiz et al. 1997). Others have
focused on reducing negative impacts on shellfish and eelgrass beds after green crabs
have established (Flimin and Beal 1993). Some examples of the latter include predator
fencing exclusions in Maine and other parts of New England (Davies et al. 1980) and the
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enhancement of larger sized shellfish seed in Nova Scotia and Prince Edward Island
(Dare et al. 1983, Miron et al. 2005, Pickering et al. 2017).
Most recently, alternative strategies include a federally managed fishery for green
crab, which was announced in the Canadian Maritimes and is being gradually
implemented. That strategy is expected to serve two purposes: 1) to control green crab
populations in ecologically and economically sensitive areas, and 2) to aid the economy
of coastal communities. The implementation of any new fishery requires an
understanding of local knowledge gaps to inform both fishermen and managers. More
specifically, when a new crab fishery targets an invasive species, there are several
additional caveats that must be taken into consideration. First, baited trapping for crabs
primarily captures large males with ovigerous females being less likely to be attracted to
bait (Caroll and Winn 1989, Potter and de Lestang 2000), therefore this type of fishing is
not likely to effectively control a population. Second, in order for a fishery to be viable,
crab populations must remain large enough to sustain commercial fishing (Klassen and
Locke 2007). Unless green crabs attract a high market price fishers will stop fishing the
species as soon as it is no longer cost effective. Currently baited traps are expensive to
deploy compared to other passive systems, so if these are used it is unlikely to drive crab
numbers down to reduce their negative impact on native species (St-Hilaire et al. 2016).
Third, for the viability of a fishery, markets must be identified, otherwise the fishers will
not continue to trap. Fourth, should a fishery become successfully implemented,
measures should be taken to reduce or minimize potential effects on other species (i.e.
bycatch)
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This thesis aims to address the above mentioned caveats by studying the
distribution and ecology of Prince Edward Island green crab populations, evaluating a
particular type of passive net for fishing this species that minimizes bycatch, and
exploring potentially marketable green crab products. The paragraphs below describe the
general objectives and structure of this thesis.

1.2 Thesis Objectives

As the European green crab continues to invade the coastlines of Atlantic Canada
and Prince Edward Island, there is a pressing need to develop and facilitate innovative
mitigation strategies, to monitor impacts on economic and ecologically important native
species, and to document the range expansion into areas deemed of high vulnerability.
Hence, the general objectives of this Thesis are as follows:

i.

To explore and analyze green crab population expansion along Prince Edward
Island’s main shorelines in an attempt to conceptualize a framework for
estimating species range expansion and its potential effects.

ii.

To examine green crab effects on vulnerable size classes of American oyster
in the context of conservation of an economically and ecologically important
species.
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iii.

To advance the study of a directed fishery for green crab by contributing to
the preliminary work on marketable products required for establishing this as
a viable strategy for the control and management of this species.

iv.

To contribute towards the design and testing of a novel bycatch reduction
device for fyke nets to further their selection as the natural gear choice for a
green crab fishery in the region.

1.3 Thesis Structure

To provide a context to the studies conducted in this Thesis, Chapter 2 offers a
literature review where general aspects of the identification, management, and control of
marine invasive species are thoroughly discussed. Some of these aspects include the
global status of marine invasive species, current invasive species identification methods,
and the concept of cryptic invasions which is pertinent to the current invasion of green
crabs in Atlantic Canada. This chapter also focuses on case studies of prevention, control,
and eradication methods, and the importance of prediction and rapid response to new
invasions.
Chapter 3 compiles and analyses historical records of green crab occurrence and
abundance across multiple sites along the north and south shores of Prince Edward
Island. Surveys of 29 sites were conducted between 2000 and 2013 with the original
objective of detecting and/or monitoring the species range expansion across the study
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area. The analysis of these data aids in distinguishing spatial differences in patterns of
expansion, and their potential effects on certain productive communities.
Chapter 4 focuses on the potential effects of green crab predation on an
economically and ecologically important bivalve, the American oyster (Crassostrea
virginica). The benthic oyster fishery of PEI is thought to be one of the industries most
vulnerable to green crab predation, therefore mortality rates were examined through
surveys on multiple naturally occurring oyster beds across the island. The direct effect of
predation by green crab on vulnerable size classes of oysters was further assessed using a
series of predator-prey interactions manipulations, using a newly designed tethering
technique (Appendix 1).
Chapter 5 explores green crab moulting synchrony and its potential application in
developing a lucrative fishery product: soft shell crab. Modeled after the Venetian
“moleche” fishery for Mediterranean crabs (Carcinus aestuarii), this chapter examines
the argument that soft-shell green crab may represent a viable economic alternative
beyond the existing hard-shell bait market. Questions regarding the timing, external
physical characteristics indicators of imminent moulting, and drivers of green crab
moulting in Atlantic Canada are addressed and discussed.
Chapter 6 examines the design and testing of a novel bycatch reduction device
(BRD) to be used with fyke nets, the gear of choice for capture of soft-shell crabs in other
countries (Antonetti et al. 2000). Although most Canadian crab fisheries rely on baited
traps to sustain large Catch Per Unit of Effort (CPUE’s) of target species, traps may entail
biases towards a particular sex, size, or moulting stage of a crab species, which in turn,
may not be suitable for a soft-shell crab fishery. Fyke nets are a natural choice for a
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directed fishery for green crabs as this type of gear is used locally, maintains high
CPUE’s, and can be modified to reduce bycatch with the innovative BRD that is
described and tested in this Chapter.
Chapter 7 summarizes the major findings of this thesis and discusses their
implications in the context of the management of green crabs in PEI. This chapter also
offers recommendations to researchers and industry partners, and identifies further
research venues that can build over the results gathered in this thesis.

1.4 Submission of Chapters to Academic Journals

The following is a list of the individual chapters of this thesis that have been
accepted or are currently under review in peer-reviewed academic journals. I declare that
the co-authors identified in each of these studies collaborated with me in the provision
and/or analyses of some of the data used to write the chapters. However, I remain the first
and main author of the corresponding publications and thesis chapters.
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CHAPTER 2. LITERATURE REVIEW: IDENTIFICATION, MANAGEMENT,
AND CONTROL OF MARINE INVASIVE SPECIES, WITH SPECIAL
EMPHASIS ON THE EUROPEAN GREEN CRAB

2.1 Synopsis of the Global Situation

An invasive species has been historically defined as non-indigenous or alien and
having the ability to transform a marine habitat, while also displacing native species and
changing the structure of species communities (Elton 1958, Papacostas et al. 2017).
When compared to other risks to biodiversity, invasive species are second only to habitat
loss (Wilcove et al. 1998). The spread of invasive species has long since been a concern
in marine and estuarine environments, locally and worldwide (Carlton and Geller 1991,
Cohen and Carlton 1998, Thompsen et al. 2014). Marine invasive species often find
greater success than their freshwater counterparts due to the broader interconnectivity of
marine and estuarine systems in comparison to freshwater systems which often function
as biogeographical islands.
One well-known example of the success of marine invasive species is
documented in a study conducted in San Francisco Bay by Cohen and Carlton (1998)
where they reported a total of 234 exotic species established in that ecosystem. The
impacts of invasive species are often noticeable at local and regional levels, but the
vectors and mechanisms of dispersal, briefly reviewed below, are inherently global in
nature (see Papakostas et al. 2017 and references therein). It is, therefore, not surprising
that over the past few decades there has been an outpouring of public concern, an
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increase in scientific interest, and calls for policy and management strategies (Ruiz and
Carlton 2003, Lodge et al. 2016) to deal with invasive species.

2.2 Vectors and Mechanisms of Dispersal

Historically, anthropogenic activities such as ocean bound shipping (ballast,
fouling), recreational boating, the movement of large ocean structures (drilling platforms,
cranes), and the transport/movement of organisms (especially shellfish) have led to
extensive relocations of marine organisms (Elton 1958, Carlton 1987, 1989). Scientists,
as early as Ostenfeld (1908), have long suspected shipping to be a vector for species
introductions. Until the advent of modern ship building, shallow intertidal organisms
capable of fouling and boring through wood were able to move freely around the world
on the hulls of wooden ships. Species that were capable of fouling were often sedentary
and included barnacles, tunicates, hydroids, various shellfish, and algae (Carlton 1987,
1989, Papacostas et al. 2017). Species capable of boring into wood included teredinid
bivalves and limnoriid isopods (Cragg et al. 1999). Additionally, the use of dry ballast
(rocks, beach debris) allowed species adept at nestling, such as fish and crustaceans,
opportunities to be transported within the ship (Carlton 1989, Williams et al. 2013).
Historically, across-ocean species survival was restricted by temperature
conditions and time elapsed during passage (Williams et al. 1988). Most present-day
ships have metal hulls with anti-fouling paint, which inhibits the attachment of boring
organisms and provides a surface that is easily purged of sessile organisms. Despite these
challenges, a growing number of adaptable invasive species are developing resistance to
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these new paints (e.g. Pelletier et al. 2009, Piola and Johnston 2006) and modern ships
use water ballast tanks which, unfortunately, provide a medium similar to the water
column for larval and post-larval stages of many species (Ruiz et al. 1997). Some species
even become sessile and bottom dwellers inside ballast tanks and continue to recolonize
as they reproduce within the tank. Even with stringent international regulations such as
the Ballast Water Management Convention (Entry into force: 8 September 2017, IMO
2017), and nationally such as the Ballast Water Control and Management Regulations
under the Canada Shipping Act (Government of Canada 2017) as well as variation in
supply patterns from differing shipping routes, ballast water is thought to be the single
largest vector of invasive species transfer (Carlton 1996b).
Other anthropogenic vectors include recreational boating and man-made
structures such as docks and marinas (Drake et al. 2017, Simard et al. 2017, Clarke
Murray et al. 2011). In fact, these are arguably the least regulated vectors for marine
invasive species (Clarke Murray et al. 2011, Minchin et al. 2006). Large floating, semipermanent structures such as drilling platforms and cranes also provide mediums for
fouling organisms that are then transported to new areas. The transcontinental shipping
and sale of shellfish (i.e. oysters) often transports additional species and their associated
microbes, such as boring shell polychaetes or attached algae like Codium fragile (oyster
thief) and tunicate species on the exteriors of shells (Carlton 1987, Wolff and Reise 2002,
Ruesnik et al. 2005). Some mobile species, such as lobsters and crabs, provide a hard
substrate (carapace) and, thus, a vector, for invasive epibionts such as tunicates (Bernier
et al. 2009).
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2.3 Impacts of Marine Invasive Species: A Brief Overview

Marine invasive species threaten biodiversity, human health, and marine
industries such as shipping, fishing, and aquaculture (Carlton 1996b). The numerical
dominance often exhibited by invasive species can overwhelm native species and place
intense pressure on ecosystem resource availability (Bax et al. 2003). Most introduced
species have direct negative impacts, while others are known to have positive or null
impacts (Gribben et al. 2012, Quijón et al., 2017). The success of any invasion is largely
regulated by propagule pressure (i.e. some measure of introduction effort) (Kolar and
Lodge 2001, Von Holle and Simberloff 2005), which is often under direct human control
(MacIssac et al. 2001).
Ecological impacts associated with invasive species include, among others, interspecific competition, habitat modification, predation, hybridization with native species
(more common in aquatic plants), parasitism, and bioturbation (Ruiz et al. 1999, Ojaveer
et al. 2015). In fact, many invasive species operate in a synergistic manner, wherein
environmental alteration by the first invader will allow for easier establishment of a
second invader (Simberloff and Von Holle 1999). For example, the invasive bryozoan
Membranipora membranacea increases frond erosion on native kelps in the North
Atlantic, thus facilitating the spread of Codium fragile, otherwise known as Oyster Thief
(Watanabe et al. 2010). Most economic impacts of invasive species usually result in net
loss of socio-economic benefits, leading to decrease in employment (Grosholz and Ruiz
1996). Positive economic effects, although less frequent, can result from the introduction
of commercial species (e.g. Crassostrea gigas worldwide), the implementation of new
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fisheries for invasive species, or an increase in aesthetic value (clearing of water bodies)
(Bax et al. 2003, Poirier et al. 2016).
Three relevant examples of marine invasions with widespread ecological and
economic effects are 1) the world-wide invasion of the European green crab (Carcinus
maenas), which has collapsed shellfisheries in the eastern United States and other
regions, and altered habitat for other small marine species (Grosholz and Ruiz 1996,
Garbary et al. 2014); 2) the transfer of Vibrio cholera - in ballast water in ships, which
has had severe consequences on human health (McCarthy and Khambaty 1994); and 3)
the invasion of the Chinese mitten crab, which not only impacts the marine environment,
but also acts as an intermediary host for the parasitic human lung fluke Paragonimus
westermani (Levy 2004).
It is evident that some marine invasive species may be significant stressors to the
environment and society (Ruiz et al. 1999), and there are direct and indirect effects at
both the community and ecosystem levels (e.g. Lutz-Collins et al. 2016, Garbary et al.
2014). Grosholz (2002) proposed that these dynamic trophic-level shifts take time and
that impacts may not be evident until the affected species show recognizable signs of
stress. For example, although the European green crab has been known to severely
impact shellfish communities, shorebirds that feed regularly on these shellfish exhibit few
negative effects (Grosholz and Ruiz 1995, Grosholz et al. 2000, Parker et al. 1999). With
the complexity associated with interactions and trophic links, the occurrence of invasions
has also complex consequences. A systematic (integrative) approach is, therefore,
required to fully understand these phenomena, which should include the identification,
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management, and control of marine invaders (Bax et al. 2001, Darling and Blum 2007,
Duffy et al. 2017). These three elements are briefly developed in the paragraphs below.

2.4 Identification of Marine Invasive Species

Upon the introduction of a new invasive species, it is useful to determine the
identity of this species and its geographic point of origin (May and Marsden 1992). Once
this information has been ascertained a few steps can be taken to reduce impacts, based
on previously tested mitigation and control measures. However, many invasive species
are not readily (easily) identifiable, so identification itself may present several technical
challenges (Darling and Blum 2007, Hayes et al. 2005). With the high genetic variability
sometimes associated with new invaders, identification and subsequent management
strategies become increasingly complex (Roman and Darling 2007). Some attempts to
control invaders have failed due to a false assumption about the initial steps of
management, namely taxonomic identification. While becoming less prominent now,
there was, and still is, a common perception that identification is simple and that
populations of invaders are genetically uniform (Kumar 1984). The section below
reviews some of the challenges for identification, and some evidence of population
variation of marine invaders.

2.4.1 Current Identification Methods for Marine Invasive Species
Tools used for identification must be rapid, cost-effective, and accurate across a
wide range of taxa (Darling and Blum 2007). It is imperative that following
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morphological description and identification, additional efforts are made to identify the
species at a molecular level to increase reliability and understanding of the populations of
invaders. This is critical because economic analyses suggest that proper early detection,
and subsequent prevention of invasive species spread is much more efficient and cost
effective than post-establishment control measures (Leung et al. 2002, Lodge et al. 2006,
Keller et al. 2007, Vander Zanden et al. 2010, Darling et al., 2017).
Molecular diagnostic tools such as polymerase chain reaction (PCR) amplification
and sequencing for single nucleotide polymorphism can provide quick and accurate
identification and screening for known species at low population densities (Armstrong
and Ball 2005, Darling and Blum 2007, Darling and Mahon 2011). This fast methods
applied to water samples can aid in early detection of species such as tunicates, in which
traditional methods such as recruitment plates only identify already established (visual)
populations (settlers and recruiters). Traditional microscopic identification is broadly
used for relatively large species. However, this can be inadequate at early life stages
because microscopy is slow, tedious, and, in many cases, unable to distinguish between
similar species.
The advantages of using molecular techniques can be exemplified with the study
of four species of invasive tunicates (Ciona intestinalis, Styela clava, Botrullus
schlosseri, and Botrylloides violaceus) on Prince Edward Island (see also Moore et al.
2014 and Drolet et al. 2016 for examples of other species in the region). These four
species have economic impacts on the local aquaculture industry (Ramsay et al. 2008),
and identification of eggs and larvae in the water using traditional taxonomy is
challenging. A PCR-based approach was needed to rapidly and properly identify these
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species as they invaded new bays and estuaries, and to monitor outflow from shellfish
processing plants. Stewart-Clark et al. (2009, 2012) generated species-specific
oligonucleotide primers that work in conjunction with PCR to promptly analyze water
samples and detect the presence of tunicates at the species level. PCR-based
identification methods have been successfully developed for other marine invasive
species, including Crassostrea gigas (Pacific oysters) (Patil et al. 2005a), the toxic
dinoflagellate Gymnodinium catenatum (Patil et al. 2005b), and the gastropod
Maoricolpus roseus (New Zealand Screwshell) (Gunasekera et al. 2005). This technology
is progressing at a rapid rate with Dias et al. (2017) condensing and cataloguing 75
invasive species in Australia.
Despite its advantages, there are drawbacks associated with PCR-based
identification. First, results can be distorted when PCR inhibitors are present or when
samples contain non-target templates that can be confused with target templates derived
from the invasive species (Darling and Mahon 2011). Second, PCR-based identification
is highly sensitive (essential for detecting low quantities of DNA), making it susceptible
to false positive results. Due to the rugged nature of DNA, false positives can arise when
non-viable target DNA is present in the water column. This is because PCR amplification
is unable to distinguish between viable and non-viable organisms (Mountfort and Hayden
2006).
Darling and Blum (2007) and Comtet et al. (2015) outlined and reviewed several
additional mainstream DNA-based approaches, including species-specific PCR as
described above (Stewart-Clark et al. 2012), qPCR, Shotgun barcoding, and DNA
barcoding and meta-barcoding. In 2007, Darling and Blum (2007) noted that quantitative
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PCR (qPCR) may soon be suitable to assess propagule pressure, and in fact, by 2013,
Stewart-Clark et al. (2013) demonstrated this by screening for mRNA transcripts of
tunicates that quickly degrade post-mortem, thus allowing for an estimation of viable
organisms present in a water sample. It is important to note, however, that the number of
DNA “copies” present in the sample may not directly reflect the number of organisms
present, as some species exhibit a “body mass bias” (yield more template DNA than
smaller organisms). Darling and Blum (2007) also highlighted DNA barcoding as the
most appropriate tool for the identification of unknown invasive species.
DNA barcoding has become the premier tool for identification of unknown
invasive species, while addressing some of the drawbacks associated with stand-alone
PCR (Hebert et al. 2003a, Armstrong and Ball 2005, Comtet et al. 2015). DNA barcoding
uses information within a single gene region that is shared across all haplotypes of a
species, and once the barcode sequence has been obtained, it is placed in a database that
can be accessed globally (Galimberti et al. 2013). While a PCR assay can confirm species
presence with a positive result, it does not provide information on “unknown” species or
negative results. In contrast, barcoding is a direct approach, involving the analysis of
DNA sequences for each tested individual.
Because the same region is being examined in DNA barcoding, this can also lead
to the discovery of cryptic species, discussed below. The region most commonly utilized
by geneticists for DNA barcoding is the cox1 sequence (Armstrong and Ball 2005).
Unfortunately, cox1 remains controversial as there are concerns with the diversity
(variation) associated with mitochondrial DNA and the limited guidelines regarding
species boundaries (Moritz and Cicero 2004). DNA-based methods have great potential
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to aid in structured monitoring of marine invasive species. However, considering their
drawbacks, in addition to high costs and lengthy time delays before results are available,
they also contribute to the doubts associated with detailed risk assessments (Sikder et al.
2006).
Based on the information available, there is a distinct need for a comprehensive,
open-source database catalogue of marine invasions. There is currently a dearth of
information on species invasions at a global scale. However, Ricciardi et al. (2000) and
Crall et al. (2006) emphasize that current databases, although valuable, are confined to
local and regional levels, and frequently have a dissimilar formatting that prevents
integration across platforms, often leading to confusion. As expected, these databases do
not describe potential ecological and economic impacts, and consequently cannot inform
and advise decision makers (Molnar et al. 2008). Ideally, a global database on invasive
species would include the following information: morphology, reproductive modes, life
stages, environmental tolerance, vectors of invasion, invasion potential, a threat scoring
system, DNA-based species markers, and known control and mitigation measures.
Molnar et al. (2008) began amalgamation of some of the elements listed above,
but only catalogued approximately 330 known species. An additional caveat to the
database Molnar et al. (2008) developed is that they began by focusing on species that
covered broad spatial scales, which was an important first phase. However, there is need
to fill the more finite and less geographically expansive data gaps. While a single, opensource online database would be ideal for cataloguing invasive species, Ricciardi et al.
(2000) argue that linking existing databases and providing indexing (search engine
capabilities) would be advantageous as it would allow individual databases to remain
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independent. When available, this would become a meta-database capable of informing
regulators and decision-makers worldwide.

2.4.2 Cryptic Invasions
Invasive species have what is called a “genetic paradox” (Allendorf and
Lundquist 2003, Roman and Darling 2007), in which newly invasive populations
overcome very low genetic diversity and find great success outside of their native range.
This is counter-intuitive, as they would be expected to have low evolutionary potential in
a new environment. As only a small number of organisms enter the invaded area at a
given time, genetic bottlenecks can occur, where an invasive species is expected to have
considerably less genetic diversity than comparable native species (Allendorf and
Lundquist 2003). This loss of genetic variation is also termed a “founder effect” (Hamner
et al. 2007, Dlugosh and Parker 2008). Some of the consequences of this genetic
variability loss include inbreeding depression and loss of allelic diversity through genetic
drift (Keller and Waller 2002, Lynch et al. 1995).
However, most recent evidence suggests that the genetic diversity of invasive
species populations is not as low as previously thought (Roman and Darling 2007). With
large numbers of propagules present in ballast water, for example, it is believed that
founder effects are often decreased. This leads to cryptic invasions, where different
genotypic populations of non-native species, or morphologically similar subspecies, are
difficult to distinguish from one another (Geller et al. 1997, Carlton 1996a, Knowlton
1993). Cryptic species represent a considerable challenge for identification and
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management, and increasing evidence also suggests that cryptic invasions are one of the
primary causes of invasive species expansion (Lelong et al. 2007).
Molecular phylogeography and identification tools are often used to identify and
uncover cryptic invasions. For example, cryptic invasions of the European green crab
(Carcinus maenas) were discovered on a global scale by Geller et al. (1997) and on a
regional scale (the east coast of North America) by Roman (2006a). Geller et al. (1997)
determined that cryptic invasions, involving a morphologically similar species of
Carcinus, the Mediterranean crab (Carcinus aestuarii), had occurred at sites in
Capetown, South Africa, and Tokyo, Japan.
The green crab, in particular, is considered one of the world’s most successful
invaders (Roman 2006a), and has been present on shorelines of North America since
1817 (Say 1969). However, this species did not reach the shores of Nova Scotia until the
1980’s (Audet et al. 2003), and this delay was once thought to be dictated by the colder
temperatures of the North Atlantic Ocean and the Scotian Shelf (Jamieson 2000). The
invasion of C. maenas along the east coast of North America was, until recently, thought
to be of a single genetic lineage (Roman 2006a). However, using PCR amplification,
Roman (2006a) hypothesized that due to high haplotypic diversity across its current
range, the most likely scenario was that multiple invasions had occurred. The resulting
genetic mixing and formation of new haplotypes and hybrids along the corridor of
invaded territory from New Jersey to Newfoundland has formed a cline, which may
provide insight into physiological tendencies and thresholds that this species can endure
over time (Jeffrey et al. 2017).

24

Vectors such as ballast water introduce planktonic assemblages that are not only
high in numbers of species (Carlton and Geller 1991), but also high in numbers of
individuals (Dupont et al. 2003). Therefore, it is reasonable to think that these “multiple
invasions” events (ballast water inputs) would increase the level of genetic diversity in
invasive species (Roman 2006a). This potentially lowers the intensity of the founder
effect and, in turn, increases population growth rates and enhances chances of a
successful invasion (Grevstad 1999, Lockwood et al. 2005). Cryptic multiple invasions
are becoming more commonplace and have been noted in other species, ranging from
planktonic crustaceans such as the cladoceran water flea, Bythotropes longimanus (Berg
et al. 2002) to marine vertebrates, such as the yellow goby, Acabthogobius avimanus
(Neilson and Wilson 2005).

2.5 List of Marine Invasive Species on Prince Edward Island

There are currently 7 major aquatic invasive species in waters surrounding Prince
Edward Island (Government of Prince Edward Island 2016).

- European green crab (Carcinus maenas)
A common crab found in the littoral zone around the world, the green crab is native to the
north east Atlantic waters around Europe and the Baltic Sea. It is presently found in
Australia, South Africa, South America, and both coast of North America. It feeds on a
variety of invertebrates and has wide-ranging economic and ecological impacts.

25

- Oyster Thief (Codium fragile)
A dark green seaweed from the Codiaceae family, it is found in the subtidal zone of
estuaries. Originally from the Sea of Japan, it first appeared near PEI in 1996. Oyster
thief is known to “float away” with large clumps of shellfish, as well as having the
potential to replace and uproot native eelgrass.

- Clubbed Tunicate (Styela clava)
A solitary tunicate species originally from the western Pacific Ocean, this species was
first identified in the southern Gulf of Saint Lawrence in 1997. With a firm, leathery
outer body and a solid stalk or holdfast, this tunicate is very detrimental to aquaculture
operations. It is known to foul gear and prevent the cultured shellfish (usually blue
mussels) from filter feeding water.

- Vase Tunicate (Ciona intestinalis)
Cylindrical and smooth, this filter feeding tunicate is a direct competitor with native
shellfish species. With a body composition mostly made up of water, large aggregations
on aquaculture gear can cause difficulty in raising the gear to the surface. While present
along the east coast of North America for two centuries, this species was first observed in
great numbers in PEI waters in 2004.

- Golden Star Tunicate (Botryllus schlosseri)
A colonial filter-feeding tunicate, this species has the ability to grow rapidly and cover
surrounding areas. Often, species such as oysters and other shellfish are covered, causing
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suffocation. This species was first identified near PEI several decades ago, and is not as
detrimental to aquaculture operations as the two solitary species listed above.

- Violet Tunicate (Botrylloides violaceus)
The violet tunicate, a colonial filter feeder, can be many different colours (purple, pink,
yellow, white), and first appeared in PEI waters in 2002. It affects aquaculture operations
in a similar fashion to the golden star tunicate by covering surrounding plants and
animals and blocking them from food and sunlight.

- Oyster Drill (Urosalpinx cinerea)
Present in PEI waters since the early 20th century, the oyster drill is a small snail that
makes a hole near the umbo of oyster shells, through which it consumes the oyster. It is
mostly located in the western portion of the province, however that is where large
amounts of on-bottom oyster fishing and aquaculture occur.

2.6 Management and Control of Marine Invasive Species, with Special Emphasis on
the European Green Crab

2.6.1 Management
For several decades, government agencies have experienced varying degrees of
success as they attempt to manage and control invasive species. In Canada, from a
legislative perspective, the Department of Fisheries and Oceans has recently implemented
new management regulations that provide a complement of regulatory tools to federal
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and provincial governments under the Federal Fisheries Act (Fisheries Act 1985, Canada
Gazette 2014, 2015). These new regulations build on existing rules that have several
aims: to prevent the introduction and spread of invasive species, to avoid economic
fallout from their establishment, and to support management and control activities.
From a research perspective, a government agency (NSERC) has funded two
iterations of the Canadian Aquatic Invasive Species Network (CAISN I and II), a national
coalition of primary researchers who are engaged in four pillars of research concerning
invasive species in Canada: early detection, rapid response, interactions between invasive
species and other stressors (i.e. climate change), and reduction of uncertainty and failure
in prediction and management (CAISN 2011).
Attempts at management of invasive species often fail due to the highly
interconnected nature of marine environments, as well as the inability of agencies to act
quickly and decisively when invasions are in their infancy (Piola et al. 2009, Coutts and
Forrest 2007). Two overarching goals of any invasive species policy should be the
prevention of additional introductions and the control of established populations in a
manner that is not deleterious to the environment. Given the complexity of invasion
dynamics (variation in vectors, impacts, habitats, etc), it is difficult to predict the
outcomes of control methods. However, Bax et al. (2001) outlined a step-wise procedure
that can be implemented for a wide range of invasions and provided a framework that
contributed to future management decisions.
The first step in any invasive species management procedure should be to
establish the nature and magnitude of the invasion (Bax et al. 2001). Hewitt et al. (2004)
echo this by stating that baseline data and observation of high risk areas are vital to an
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effective management strategy. It is also imperative that the species in question be
confirmed as “invasive” in a timely manner, and that it is indeed having an impact that
needs to be addressed (Lodge et al. 2006, Byers et al. 2002). The vector of invasion must
also be identified quickly, as well as the dispersal range and current distribution (Bax et
al. 2003). Bax et al. (2001) caution that this initial process may be time-consuming, and
while time is of the essence when dealing with new invasions, it is noted that sound
decision-making will increase the chances of a successful management program.
McKenzie et al. (2016) and Locke and Hanson (2009b) reiterate the need for rapid
response and highlight pre-invasion planning in frameworks that are thorough in their
assessment and provide tools and plans to guide response actions.
Once information gathering is complete, objectives for management must be set
(Bax et al. 2001, Januchowski-Hartley et al. 2011). Due to the high costs associated with
invasive species management, the prioritizing of economic, ecological, and social
benefits of potential control procedures is required (Larson et al. 2011). If the control
procedure recommended is to be effective, all life stages need to be targeted, and
standards and benchmarks need to be characterized to properly assess the chosen
procedure’s performance (Bax et al. 2001). Control procedures should be developed to
support the predetermined objectives. Typically, more than one method or procedure is
employed, including, but not limited to, chemical treatments, biocontrol, mechanical
removal, commercialization of the species, and protection from further invasion via
natural and artificial barriers (Ricciardi 2003, Secord 2003, Hopkins et al. 2011, NOAA
2011, Nuñez et al. 2012, Poirier et al. 2016). Specific examples and case studies of these
and other control methods will be explored below.
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To improve future management decisions, an evaluation of methods used are
crucial to evaluate efficacy and sustainability. For example, if considering the use of
biocontrol agents as a means to manage an invasive species, one must consider the longterm effects of the agent. Does it only target the invading species? Will it persist in the
environment after the invading species has been controlled (Simberloff and Stiling
1996)? In 2002, Kolar and Lodge (2002) described a need for more quantitative
assessments on the negative impacts of a control strategy, as qualitative assessments
often do not contribute to scientifically testable predictive models. Recently, Drolet et al.
(2016) introduced the Canadian Marine Invasive Screening Tool (CMIST), which allows
for prioritization and aids in risk assessment. The end goals of risk assessments are to
reduce risks associated with management and control methods, and to extrapolate results
to other invasions to aid decision makers.
A final step in the management process must be careful, well-funded, postmethod monitoring (Bax et al. 2003, Delaney et al. 2007, Molnar et al. 2008). Often,
funding is only established for the initial management practice and is discontinued once
results are obtained. However, there is an abundance of quantitative data and information
to be gleaned from post-method monitoring that is essential to predictive models.

2.6.2 Case Studies and Discussion of Control Measures
2.6.2.1 Prevention
Prevention is undoubtedly more successful and cost-effective than control or
management measures. The Department of Fisheries and Oceans in Canada concentrates
most of its efforts on preventing the initial establishment and secondary spread of marine
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invasive species. This is accomplished through a variety of programs and initiatives such
as the Department of Fisheries and Oceans Introductions and Transfers committee and
regional advisory groups, who in addition to their trask, aim to encourage and educate the
public to identify potential invaders and their pathways, and to reduce their associated
risks. There are also new legislative measures under the Federal Fisheries Act to ensure
that users of marine areas comply with regulations, mostly surrounding ballast water
management and the movement of organisms between waterways.
Due to the increase in the speed of shipping around the world and the frequency
of global shipping, ballast water management is essential in preventing and mitigating
propagation and translocation of species (Locke et al. 1993, Rigby and Hallegraeff 1994,
Ruiz et al. 1997). Dunstan and Bax (2008) and McCollin et al. (2007) evaluated the
effectiveness of high seas and regional ballast water exchange to prevent introduction,
respectively. This process usually involves flow-through exchange of 95% of the water in
ballast tanks at depths or distances to shore where propagules will not likely survive
(Locke et al. 1993, Gollasch et al. 2007). While there are undeniable benefits in this
treatment, both reviewers found that it was not completely effective, and that additional
control measures should be enforced, such as mandatory compliance with ballast water
regulations for all vessels. Recently, newer technologies such as additive chemicals,
sophisticated filters, and UV radiation treatements are in use around the world, and are
proving to be effective (Werschkun et al. 2014, Olsen et al. 2016). The International
Maritime Organization first implemented regulations on ballast water exchange in 1991,
and the International Convention for the Control and Management of Ships’ Ballast
Water and Sediments was adopted in 2004 (Gollasch et al. 2007), and in September 2017,
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the International Maritime Organization’s Ballast Water Convention will become active,
thus solidifying the international community’s response to the transportation of invasive
species by ballast water (IMO 2017).
Other prevention methods include extensive education campaigns and signage
targeting habitual users of waterways. Aquaculturists and pleasure craft boaters are
instructed to “Clean, Drain, and Dry” their boats and equipment in order to prevent the
unintended transport or “hitchhiking” of species. In Prince Edward Island, for example,
preventative measures have been used to protect suspended aquaculture of mussels and
off-bottom oysters. These cultures are subject to fouling organisms such as four species
of invasive tunicates (Ramsay et al. 2008). These measures include strict regulations
regarding the transport and quarantine of seed, as well as limiting boat traffic between
areas that are presently invaded, and those yet to be invaded. Locke (2009) also
developed a screening tool for tunicate invasions of Prince Edward Island based on
geographical distributions and vector pathways. As previously mentioned, Drolet et al.
(2016) have developed the Canadian Marine Invasive Screening Tool (CMIST), designed
for use in Canadian waters, while Copp et al. (2009) have designed FISK, a screening
tool for the Iberian Peninsula.

2.6.2.2 Control
The control of invasive species implies that the species has successfully invaded
an area, and strategies are undertaken to lessen or reduce the pervasiveness of the impact
of this species, otherwise known as the prevention of secondary spread. Most methods
involve the treatment of boats and gear with high pressure water or chemicals, the use of
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other species to control the invasive species (biocontrol), or mechanical removal through
targeted fishing to facilitate commercialization for human consumption of the species
(Ricciardi 2003, Secord 2003, Locke 2009, Poirier et al. 2016).
The use of high-pressure water systems that puncture species are effective against
solitary invasive species like the vase tunicate (Ciona intestinalis). However, colonial
tunicates (Botrylloides violaceus and Botryllus schlosseri) become fragmented and this
may enhance colonization (Paetzold and Davidson 2010, Arens et al. 2011). Alternative
control treatments to reduce the number of tunicates, like immersing mussel socks in
compounds such as acetic acid or calcium hydroxide (hydrated lime), have proven to be
much more effective against the more rugged clubbed tunicate (Styela clava) (MacNair
and Smith 1999, LeBlanc et al. 2007, Locke et al. 2009a). Unfortunately, the practicality
of immersion is limited due to the chemical dilution caused by the water in the mussel
socks (LeBlanc et al. 2007). Locke et al. (2009a) reviewed the effects (i.e. pH alteration)
of these potentially biocidal solutions entering the environment and found that, in most
cases, dissolution occurs quickly. However, Locke et al. (2009a) cautioned that the use of
these chemicals should be monitored in relation to the seasonal presence of larvae of
species such as lobster and winter flounder.
Secord (2003) defined biocontrol as “the reliance upon natural enemies to attack
pest organisms that damage human interests.” The goal of biocontrol is not eradication,
but rather the suppression of invasive populations. In most cases, only classical
biocontrol is considered, wherein a natural enemy from the invaders range is also
introduced to the invaded area (Grevstad 1999, Secord 2003). An example of biocontrol
is the use of viruses and bacteria to counteract harmful algal blooms by causing early
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decay (Nagasaki et al. 1999 and Milligan and Cosper 1994). Another relevant example is
the proposed control strategy used to reduce the impact of the collapse of certain North
Sea fisheries due to the invasive ctenophore, Mnemiopsis leidyi (Kideys 1994). To
address the potential collapse of the fisheries, two species have been proposed for
biocontrol, but have yet to be introduced likely due to alterior predation concerns: the
parasitic larval sea anemone, Edwardsia lineata (Bumann and Puls 1996), and the
butterfish, Peprilus triancanthus (Ivanov et al. 2000).
Other control methods that have been proposed include the harvesting of invasive
species for human consumption or other anthropogenic uses. Some examples include
recent attempts to commercialize the European green crab (described in detail below),
and the historical use of the common periwinkle (Littorina littorea) (Roman 2006b). In
the 1800’s, thousands of tons of periwinkles were shipped back across the Atlantic Ocean
where they were treated as a delicacy. Another species targeted for human consumption,
the predatory Lionfish (Pterois volitans/miles) which was introduced to Florida waters by
aquarium hobbyists in the 1980’s, has modified their behavior in response to repeated
eradication or “culling” attempts. In a comparison of culled and unculled reefs, Côté et al.
(2014) discovered that fish on culled reefs were less active and much more aware of
divers approaching, an indication that they were developing learned behaviors that aid in
survival. This shift in behavior has implications for future control efforts, in that fish
surviving a cull could prove more difficult to remove.

2.6.2.3 Eradication
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Eradication can be defined as the removal of every potentially reproducing target
organism, or its removal to below sustainable levels (Culver and Kuris 2000, Myers et al.
2000, Simberloff 2009, Thresher and Kuris 2004). The eradication of invasive species is
often the preferred outcome of policy and decision makers; however, it is usually only
attempted and, subsequently, successful when the target species remains in a relatively
confined area (Crooks et al. 1999, Myers et al. 2000, Hopkins et al. 2011). Additionally,
it is more manageable if the invasion is detected while still in its infancy (Culver and
Kuris 2000, Bax et al. 2002, Hopkins et al. 2011).
Hopkins et al. (2011) described the successful removal of the invasive mussel
Perna perna by dredging a ~13 hectare area in New Zealand. The species was discovered
among other biofouling organisms on an oil rig. The area dredged was subtidal and
approximately 44 m in depth. This study highlighted that even with challenging
circumstances (depth and size of area) eradication is possible, although continuous
monitoring would be required post-eradication to ensure invaders do not build up new
populations again. Anderson (2005) and Hutchings et al. (2002) also outlined the
importance of rapid response and the localized distribution of invaders. It is also
beneficial if the identified invaded area is not adjacent to open coastline. Anderson
(2005) described the physical removal of Caulerpa taxifolia, an invasive macroalgae,
from a small lagoon in California, while Hutchings et al. (2002) reported the discovery
and subsequent eradication of an invasive mussel, Mytilopsis sallei, from two small coves
in Darwin, Australia. Sodium hypochlorite and copper sulfate were used in high dosage
treatment levels to effectively remove the mussels.
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The results gathered from the coves in Australia were particularly encouraging as
mussels had reached a density of 10,000/m2 (Kuris 2003). Often, if the invasion is along
the open coast, eradication is not a feasible option due to the susceptibility of propagules
to movement by currents and, therefore, the high probability of failure. However, Culver
and Kuris (2000) examined a successful eradication attempt where 1.6 million specimens
of a shell-boring polychaete, Terebrasabella heterouncinata, were eliminated from the
Californian coast.
A failed eradication attempt is described in a study by Hammond and Cooper
(2002), on Spartina anglica in Ireland. In addition to physical removal, the herbicides
Glyphosate and Dalapon were applied, but the species re-established itself within two
years. Hunt (2009) described an attempt to eradicate the invasive seaweed, Undaria
pinnatifida, in Southland, New Zealand, from 1997 to 2004. The manual control method
successfully regulated the founding population, but subsequent spread to nearby bays
rendered eradication unfeasible. While studying a failed eradication of the ascidian,
Didemnum vexillum, Coutts and Forrest (2007) concluded that gathering information on
the failure can be quite beneficial. They highlighted slow decision-making, a lack of
long-term commitment from regulatory agencies and private stakeholder corporations,
and insufficient treatment methods as the main drivers of control failure.

2.6.2.4 Prediction and Rapid Response
Due to the number of unregulated vectors, and the complexity of managing
invasions, it is predicted that many more marine invasions will occur (Carlton 1996b).
Carlton (1996b) and Ricciardi and Rasmussen (1998) have outlined processes and
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indicators that usually precede invasion events. Besides dispersal vector implications,
environmental changes (population increases or reductions, range expansions) to both the
donor and recipient regions often permit species to invade. Identifying possible pathways
and vectors in these donor regions can be considered a “first step” in developing
predictive tools. Assuming that invasive species will continue to invade, the chronicling
of invasion histories will provide much more reliable data to inform predictions (Daehler
and Strong 1993, Carlton 1996b).
From a management and control perspective, it is during the initial dispersal that
management efforts can prevent establishment of the invading species (Ricciardi 2003).
While a rapid response does not necessarily enable eradication, it does facilitate the
gathering of valuable information and it may reduce the rate and extent of spread. This
was exemplified in Prince Edward Island during the early 2000’s, when several species of
tunicates were introduced, threatening sustainable aquaculture practices. Locke et al.
(2009b) examined the response to the invasion and noted that, while eradication was not
attained, management practices did lead to a suppression of abundance and relative
containment to quarantined zones.
There have been several attempts at modelling invasions and developing
modelling frameworks that accurately predict impending invasions (Williamson and
Fitter 1996, Smith et al. 1999, Miller et al. 2007). In most cases, prevention and
prediction are impeded by a lack of comprehensive data on previous invasions. Peterson
(2003) explained that modelling the ecological niche requirements of a species can help
to predict its potential distribution. The collection of data that can be modelled (habitat
usage, diet, invading individual size, rate of range expansion, ecological impacts) is
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hindered due to the complexity and uniqueness of each invasion scenario. For example,
Grosholz and Ruiz (1996) attempted to find similar ecological characteristics between
three separate invasions of the European green crab, and found that among a suite of
characteristics, only diet preference and impact type were similar.
Climate change continues to make more difficult prediction and prevention
methods. With ocean temperatures and the sea level rising, causing decreased ice cover
and increased salinization, invasive species are discovering new areas to invade (Poff et
al. 2002, Rahel and Olden 2008). As cold water temperatures that currently prevent
survival continue to rise, and with less ice and snow cover which normally causes
depleted oxygen levels (winter hypoxia), we are enhancing the chances of survival and
competitive abilities of invasive species and enabling them to reach higher latitudes
(Perry et al. 2005, Aronson et al. 2007, de Rivera et al. 2011). This is concerning, due to
the currently low numbers of known invasive species present in both Arctic and Antarctic
regions (Barnes et al. 2006, Ruiz and Hewitt 2009). There is a need for innovative
management mechanisms that address invasions where the vector is not visible, but is
taking advantage of a gradual environmental process that facilitates invasion (Lee et al.
2008).

2.6.3 Specific Comments on European Green Crab Mitigation and Management
The European green crab is among the top 100 “worst alien species” in the world
(Lowe et al. 2000), and due to several characteristics, could be considered a model
invader. These characteristics include an omnivorous diet, an aggressive disposition, a
wide tolerance for a variety of environmental parameters, and an ability to release large

38

numbers of planktonic larvae at early life history stages (Grosholz and Ruiz 1995,
Klassen and Locke 2007). The habitat being invaded is also an important factor. For
instance, the nutrient-rich soft sediments of Prince Edward Island’s estuaries, with their
high food availability and low competition, likely facilitates the establishment and spread
of this invasive species (see Chapter 3).
With large green crab populations present throughout many of the world’s aquatic
systems, several different mitigation strategies have been designed and tested, with
varying degrees of success. These strategies have mostly focused on detection programs
and the reduction of negative ecological and economic impacts on shellfish and eelgrass
beds after an invasion has occurred (Audet et al. 2003, Flimin and Beal 1993, Thresher et
al. 2000).
In principle, detection programs should strive to detect young juvenile green crabs
or post-larval forms in uninvaded areas, which would allow for the early implementation
of management methods and allow time for education and outreach (Ruiz et al. 1999).
Common sampling methods for post-larval and juvenile green crabs include the
deployment of bag collectors or minnow traps in areas of likely recruitment (e.g.
saltmarsh areas). Collectors and traps are usually deployed in the summer months, when
larvae and juveniles are most abundant and active (Cohen et al. 1994). The tracking of
green crab abundances in invaded areas remains important, and should be continued in
conjunction with monitoring for post-larvae and juveniles to ensure that “outbreak years”
can be anticipated. Most continuous monitoring involves the use of baited traps. In
Atlantic Canada, the DFO standard is the Fukui trap, a small, collapsible mesh trap.
Another illustrative example (including its limitations) is the long-term monitoring
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program of green crabs in Prince Edward Island, which is summarized in Chapter 3 of
this thesis.
Some large population spikes have been predicted using variables that affect crab
recruitment, such as water temperature (Lundquist 2000). Additionally, local prevalent
wind patterns, which can have an effect on upwelling intensity and, in turn, affect the
recruitment of green crab larvae, have been considered in other regions (Quieroga 1996).
The ability to predict large bursts in populations is understated, as it allows aquaculturists
to activate mitigation measures early. Theoretically, the ability to forecast invasions is a
central, and missing, tenet in biological invasion science.
Once green crab populations have become established, some of the shellfishspecific mitigation and management procedures that have shown promise have included
the use of exclusion fencing and netting, modification of bivalve seed spreading
practices, extensive trapping programs, chemical and biological control mechanisms, and
directed fisheries (Castagna and Kraeuter 1977, Arnold 1984, Kraeuter and Castagna
1985a, b, Fernandez et al. 1999, Feldmann et al. 2000, Pickering and Quijon, 2011).
Exclusion fencing for shellfish is a mitigation strategy focused on protecting small and
vulnerable subpopulations of shellfish and their associated habitat from the negative
effects of predators. Due to obvious feasibility constraints, these cages and fences are
usually localized and do not cover large areas, but are instead set in economically
important shellfish beds and nursery habitats (Davies et al. 1980). In fact, most shellfish
aquaculture has moved from bottom to floating cage culture, in part due to crab
predation, thus creating a spatial barrier (Jory et al. 1984).
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Chemical controls such, as the use of the pesticide Carbaryl, which targets
arthropods, have been considered for use on private oyster beds in two harbours in
Washington State (Feldmann et al. 2000), though these authors caution that the ecological
effects of this methodology must be seriously examined before action is taken. Regional
chemical controls, which are not point-source and are difficult to direct specifically at
green crabs, must also be carefully reviewed to ensure there are no substantial impacts on
non-target species. Biological control measures for decapod species have also long been
considered. Lafferty and Kuris (1996) and Thresher and Kuris (2004) have outlined the
use of introducing a castrating barnacle, Sacculina carcini, to invaded areas to effectively
render populations of crabs sterile. However, this method poses a large risk to native crab
species, as its lack of specificity is a serious concern.
Trapping programs or directed fisheries have had varying degrees of success
(Thresher et al. 2003), but remain among the easiest and most cost-effective control
methods, if there is a commercial demand for the species. Caveats remain, however, as
the green crab must be suppressed to a specific economic or ecologic threshold, or,
depending on coastal geography, it may be necessary to remove the species from a small
area. Some historical examples include an attempt in the restricted embayment of
Martha’s Vineyard, Massachusetts by Walton (2000), as well as an attempt to eradicate
the species in Kejimikujick National Park (NS). Another example is a traditional fishery
in the green crab’s native range in Portugal, which has caused population declines due to
over-exploitation, a consequence of the financial incentives that fishermen receive in that
particular region (Gomes 1991).
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A novel invasive species fishery for the European green crab is currently being
piloted in the Maritime provinces of Canada, and is expected to provide a two-fold
benefit to aquaculture stakeholders: first, a reduction (control) in population of this
invasive species, and second, the establishment of economic benefits that will counteract
some of the losses of valuable shellfish from crab predation (see Chapter 4 of this thesis).
However, prices are well below those paid for other crustacean species (e.g. American
lobster and snow crab) and, hence, there is a lack of motivation for fishers to pursue this
smaller species without an established market. Research into product development is
currently being undertaken along the Atlantic coast of North America to find marketable
products that will provide the financial incentive necessary to entice fishers (St. Hilaire et
al. 2016, Poirier et al. 2016). One product that will be discussed at length, in Chapter 4, is
soft-shelled crab. A delicacy in the Veneto province of Italy, this product may provide a
unique compromise between invasion management and industry development.

2.7 Conclusions

Discussions about human alterations to marine ecosystems often cover pollution,
overfishing, and various forms of habitat destruction. However, human-facilitated
introductions of invasive species, and its synergy with other forms of disturbance, is a
growing concern and is now considered in all forums. The ubiquity and pervasiveness of
marine invasions has led some to believe that we may never know what the original
biodiversity of marine ecosystems resembled (Carlton 1987, Carlton and Geller 1991).
Luckily, with the advent of new identification techniques, screening tools, and more
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specific control mechanisms, the possibility of restricting the continued spread of
invaders to levels deemed acceptable is conceivable. To reach this goal, it is
fundamentally critical to establish the causes, and not just the factors correlated or cooccurring with marine invasions (Carlton 1996b). Once causes have been ascertained,
parallels may be drawn between invasions, aiding in extrapolation of management and
control strategies to uninvaded areas (Grosholz and Ruiz 1996).
The consistent reporting and cataloguing of invasions and quantitative data is
crucial to a concerted effort to limit invasion proliferation. Attempts at developing global
databases are being made (Ricciardi et al. 2000, Molnar et al. 2008) and have begun to
show potential with both NEMESIS (Fofonoff et al. 2017) and AquaNIS (AquaNIS
2017) advancing the techonology needed to aid in open source information sharing and
identification. It is thought that with these databases, invasive species management can be
improved and is worthy of continued investment. At a more regional or local level, and
for specific examples like Prince Edward Island, there is a critical need for information
on the distribution and the potential impacts of invasive species. This thesis focuses on
one particular species, the European green crab and the potential consequences of this
species on key resources and ecosystem functions, and on innovative ways to control or
manage this species. The chapters of this Thesis contribute to satisfy some of these
information gaps.
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CHAPTER 3. REVISITING RECENT HISTORY: RECORDS OF OCCURRENCE
AND EXPANSION OF THE EUROPEAN GREEN CRAB ACROSS PRINCE
EDWARD ISLAND, ATLANTIC CANADA

(*) Submitted for publication as:
Poirier, L.A., Ramsay, A., St. Hilaire, S., Quijón, P.A. Revisiting recent history: Records
of occurrence and expansion of the European green crab across Prince Edward Island,
Atlantic Canada. Marine Biodiversity Records (Submitted in June 2017).

3.1 Abstract

Late in the 1990s, the non-indigenous European green crab (Carcinus maenas)
colonized the shorelines of eastern Prince Edward Island, in Atlantic Canada. Due to
concerns of further spread into productive shellfish habitats, a provincial government
survey was conducted between 2000 and 2013 to detect the potential range expansion of
this species. Surveys were conducted during the fall season of each year by deploying
baited traps at 29 sites along the island’s two main shorelines (north and south shores).
These sites were selected based on areas deemed more likely to be invaded by the green
crab. We compiled and analyzed this large dataset and document here green crab annual
occurrence and its changes in relative density. Populations of this species showed an
uneven westward expansion along the north and south shores. Expansion rates changed
inter-annually but, overall, were higher along the south shore than the north shore of the
island. We hypothesize that this dissimilarity in range expansion rate was related to the
higher availability of suitable habitat to sustain large green crab populations along the
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south shore. We also discuss the potential implications of this expansion for commercial
shellfish and native coastal communities.

3.2 Introduction

Over the past 250 years, a growing number of marine invasive species have
become established in multiple coastal areas worldwide (Elton 1958, Carlton 1996, Heger
et al. 2013). This has been, in part, attributed to a sharp increase in global shipping, the
use of ballast water since early in the 19th century, and the ability of species with freeswimming larvae to invade numerous shorelines (Carlton 1996, Ruiz et al. 1997). Many
of these species are crustaceans and mollusks, which together comprise nearly half of
known marine invaders, including some with wide distributions and pronounced
ecological impacts (Grosholz and Ruiz 1996, Cohen and Carlton 1997, Bax et al. 2003).
Unfortunately, most studies on invasive species have focused on their spread across
oceans and continents, often dismissing expansions taking place more locally inside the
boundaries of particular regions (e.g. Gagnon & Boström 2016, Deidum & Sciberras
2016). Therefore, there is a distinct need to fill these more finite and less geographically
expansive data gaps, as processes occurring at local and regional scales are usually very
relevant to the ecology and management of native species.
The European green crab (Carcinus maenas; Linnaeus 1758) is among the best
known global invaders (Carlton and Cohen 2003, Klassen and Locke 2007). Native to
Europe and North Africa, in the past two centuries this species has invaded coastal areas
in South Africa (Le Roux et al. 1990), Australia (Zeidler 1978), South America, and
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eastern and western North American coasts (Cohen et al. 1995, Jamieson et al. 1998,
Audet et al., 2003, Garbary et al., 2015), among others. Initial records of green crab in
North America date back to 1817 in the New Jersey/New York area (Audet et al. 2003),
from where the species then spread northwards through multiple invasions. The green
crab gradually moved northwards along the New England coastline (Rathbun 1905) and
the Scotian shelf where a second unique invasion occurred in the 1980’s (Roman 2006).
Genetic mixing followed, and the species then progressed to the southern Gulf of St.
Lawrence and Prince Edward Island (hereafter PEI) where it was first confirmed in the
1990s near Georgetown, in St. Mary’s Bay and quickly established across the island’s
eastern coast (Audet et al. 2003).
Abundant nursery habitat and multiple anthropogenic vectors were expected to
facilitate a further expansion for green crabs within PEI, and created concern among
biologists and shellfish harvesters and aquaculturists. Green crabs are well known
predators of shellfish in the region (e.g. Floyd and Williams 2004, Pickering and Quijón
2011, Pickering et al. 2017, Poirier et al. 2017) and elsewhere (e.g. Grosholz et al. 2000,
Palacios and Ferraro 2003, Murray et al. 2007) and PEI waters support a large shellfish
aquaculture industry. In 1999, these concerns prompted the provincial government to
establish an annual survey aimed at early detection of green crab range expansion. Given
the design of these surveys (see details below) no particular sites were consistently and
iteratively sampled, so the spatial scope of most samples remained limited to areas “likely
to be invaded next”, based on appropriate habitat, or the next possible sampling site along
the coastline in a westerly direction. However, a compilation and analysis of full datasets
are valuable (see Heger et al. 2013) and in this case allowed for a comprehensive
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description of green crab first occurrence records and density estimations over multiple
sites (29) and years (2000-13). The goals of this study were two-fold: to document
records of PEI green crab expansion, and to discuss spatial differences and potential
effects on habitat, communities, and shellfish populations.

3.3 Methods

Annual surveys of green crab densities were conducted in Prince Edward Island
(Fig. 3.1) by the Department of Agriculture and Fisheries (hereafter DAF) between 2000
and 2013 (with the exception of 2011). Surveys were conducted at multiple sites, but site
selection changed from year to year depending on previous sightings and the
identification of areas deemed “likely” to be colonized next by green crabs (i.e. sites with
dense eelgrass beds or clam beds, or associated with other shellfish resources). In this
“moving target” sampling strategy, sites where green crabs were known to be well
established (eastern side of the island; Audet et al. 2003, McNiven et al. 2013, Poirier et
al. 2016) were generally not sampled. Hence, records presented here are circumscribed to
shorelines along the north shore and the south shore (including part of the western shore)
of the island.
For the purposes of this study, the north shore encompassed sites between East
Point westward to North Cape (Fig. 3.2). Meanwhile, the south shore included sites from
Wood Islands westward to Black Pond (Fig. 3.2). Due to some cases of very uneven
sampling pressure, some survey sites were amalgamated to the nearest water-body so that
estuaries in very close proximity to each other were combined. On the north shore these
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included (1) Brackley Bay and Covehead and (2) Port Hill and Bideford; on the south
shore these included (1) Victoria and Tryon River and (2) Borden and Cape Traverse
(Fig. 3.2).
Records presented in this study are from 16 sampling sites along the north shore
and 13 sites from the south shore. North shore sites (listed from the east) included North
Lake (NoL), Naufrage (Nau), St. Peter’s Harbour (StP), Morell (Mor), Savage Harbour
(Sav), Tracadie Bay (Tra), Brackley-Covehead (BrC), Rustico (Rus), New London Bay
(New), Darnley (Dar), Malpeque Bay (Mal), Grand River (Gra), Port Hill-Bideford (PBi),
Cascumpec Bay (Cas), Montrose (Mon), and Tignish (Tig). South shore sites (from the
east) included Pinette (Pin), Vernon River (VeR), Charlottetown (Cha), Nine Mile Creek
(Nin), West River (WeR), Desable (Des), Victoria-Tryon River (ViT), Borden-Cape
Traverse (BoC), Bedeque Bay (Bed), Summerside (Sum), Egmont (Egm), Enmore
(Enm), and Miminegash (Mim) (Fig. 3.2).
All sites surveyed were shallow, estuarine waters with soft (muddy or
sandy) sediments with some vegetation, usually eelgrass beds (Zostera marina) and
saltmarshes. Surveys in each site were conducted with 2-16 wire mesh cylindrical traps
(~61 x 38 cm) with a 5 cm catch opening (1 cm mesh) baited with frozen Atlantic
mackerel (Scomber scrombus) or Atlantic herring (Clupea harengus). Traps were
deployed for approximately 24 hours between August and November of each year, with a
large majority of the deployments occurring in September and October. Catch data
records were converted from raw counts to CPUE or crabs trap-1d-1 to give standard
estimates that for simplicity we refer to as “relative abundances” (e.g. Quijón and
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Figure 3.1 Map outlining the geographic location of Prince Edward Island (PEI) within the Gulf of St. Lawrence in eastern Canada.

Figure 3.2 Map of Prince Edward Island with the approximate location of the sampling sites. North Shore (listed from the east): North
Lake (NoL), Naufrage (Nau), St. Peter’s Harbour (StP), Morell (Mor), Savage Harbour (Sav), Tracadie Bay (Tra), Brackley-Covehead
(BrC), Rustico (Rus), New London Bay (New), Darnley (Dar), Malpeque Bay (Mal), Grand River (Gra), Port Hill-Bideford (PBi),
Cascumpec Bay (Cas), Montrose (Mon), and Tignish (Tig). South shore (from the east): Pinette (Pin), Vernon River (VeR),
Charlottetown (Cha), Nine Mile Creek (Nin), West River (WeR), Desable (Des), Victoria-Tryon River (ViT), Borden-Cape Traverse
(BoC), Bedeque Bay (Bed), Summerside (Sum), Egmont (Egm), Enmore (Enm), and Miminegash (Mim). The map also identifies
(between brackets) the reference points delimiting north and south shores: East Point (EaP) and North Cape (NoC) in addition to
Wood Islands (WoI) and Black Pond (Bla). The arrow at the right points towards the area where green crabs first arrived in 1997 and
became established along the east coast.
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Snelgrove 2005). Trap deployments were performed from a boat or directly from the
shore in the shallow subtidal depending on location and accessibility.

3.4 Results

3.4.1 Records of First Occurrence of Green Crab along PEI’s North and South Shores
In 2000, green crabs were restricted to the eastern most site of the north shore
(North Lake, Fig. 3.3). The presence of the species was not detected elsewhere on the
north shore until 2007, when green crabs were collected in St. Peter’s Bay and a year
later in Savage Harbour. Only after an additional 4-5 years green crabs were collected for
the first time in sites located northwest up to Malpeque Bay (Tracadie Bay, Rustico, and
New London Bay) (Fig. 3.3). No green crabs were detected in the westernmost sites of
the north shore (Fig. 3.3).
Along the south shore, green crabs have been present as far west as Charlottetown
and West River since 2000 (Fig. 3.3). In 2001, the species was detected in Victoria-Tryon
River and in 2002, Nine Mile Creek and Borden-Cape Traverse. In 2006, green crabs
were detected for the first time in Summerside and by 2009, 2010, and 2012 the presence
of green crabs had been confirmed from sites located as far west on the south shore as
Egmont, Enmore and Miminegash, respectively (Fig. 3.3).

3.4.2 Records of Relative Abundance along PEI’s North and South Shores
Along the north shore (Fig. 3.4) before 2005, relative abundances >0.5 crabs trap-1d-1
were only found in North Lake. In all other sites, crab relative abundances were <0.5

crabs trap-1d-1 or zero. By 2007 and 2008, relative abundances <0.5 crabs trap-1d-1 were
also measured in St. Peter’s Bay and Savage Harbour (Fig. 3.4). In addition to North
Lake, high relative abundances (i.e., >1 crabs trap-1d-1) were only measured in Savage
Harbour (2012-13) and New London Bay (2012). During the same two years, low
relative abundances of green crabs (<0.5 crabs trap-1d-1) were also measured as far west
as Malpeque Bay (Fig. 3.4). Along the south shore (Fig. 3.5), relative abundances >1 crab
trap-1d-1 were more scattered over time and across sites, and were first estimated in
Charlottetown in 2000-2001, and in 2005, at this site and Pinette. Meanwhile, values >0.5
crabs trap-1d-1 were estimated in Victoria-Tryon River in 2004. Higher relative
abundances (>2 crabs trap-1d-1) were estimated at this site in 2009-2010, and in Egmont
and Bedeque in 2012 and 2013, respectively (Fig. 3.5).

3.5 Discussion

The records summarized here show a clear, but uneven green crab expansion
along PEI’s north and south shores. Between 2000 and 2007, green crabs spread from
North Lake to St. Peter’s Bay, an expansion distance of ~50 km. Almost concurrently, by
2006 the species range had advanced along the south shore from Charlottetown to
Summerside (~80 km), and subsequently reached Egmont (2009) and Enmore (2010), a
near 130 km along-shore expansion, in 10 years. Average expansion rates along the south
shore (~13 km yr-1) almost doubled those measured in the north shore but fell within the
broad range reported for green crabs elsewhere: < 2 km yr-1 in Australia and Tasmania
(Thresher et al. 2003), ~9 km yr-1 in northeastern USA and southern Canada (Glude
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Figure 3.3 Records of initial detection of green crabs by DAF surveys along the north and south shores of Prince Edward Island. NR:
No record available. The five westernmost sites along the north shore are followed by zeros to indicate that no green crabs have been
collected to date (2013).

Figure 3.4 Green crab occurrence (filled circles) and relative abundance (crabs trap-1d-1) along the north shore of Prince Edward
Island. Empty circles indicate an absence of crabs in the samples collected. Empty bins indicate sites and years in which no survey
was conducted.
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Figure 3.5 Green crab occurrence (filled circles) and relative abundance (crabs trap-1d-1) along the south shore of Prince Edward
Island. Empty circles indicate an absence of crabs in the samples collected. Empty bins indicate sites and years in which no survey
was conducted.

1955) or >100 km yr-1 in some areas of western North America (Behrens-Yamada et al.
2000). As most literature suggests, temporal and spatial differences in expansion patterns
within and between regions are common in green crab and other invasive species (e.g.
Thresher et al. 2003).

3.5.1 Patterns of Occurrence and Expansion
Green crabs have a large dispersal potential as a result of their fecundity (up to
185,000 eggs per brood) and relatively long larval life (up to 85 days). However, such
strong dispersal potential is not reflected in the speed at which most green crab
populations actually expand within a region (Thresher et al. 2003). The importance of
larvae during the invasion of a new region cannot be disregarded (Cohen and Carlton
1998). However, secondary dispersal by benthic stages may be as important (Ruiz et al.
2011) during local (small-scale) movements among neighboring water bodies. Juveniles
and adults frequently hitchhike on recreational boats or fishing gear (Minchin 2007) and,
in fact, hitchhiking by green crabs has been reported in the Gulf of St. Lawrence
(Darbyson et al. 2009a). Hitchhiking is likely facilitated by both the short distance and
frequent movement of gear between estuaries, as well as the tolerance of green crabs to
harsh conditions (e.g. desiccation) during their transfer between water bodies (Darbyson
et al. 2009a,b).
The expansion of green crabs along the north and south shorelines of PEI has not
been a gradual process. Instead, the spread seems irregular (see Behrens-Yamada et al.
2000) potentially driven by currents, transfer of shellfish, shipping and touring traffic,
population densities, habitat characteristics, or a combination of these factors. There are
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no prominent westward current systems around PEI, on the contrary, prevalent
circulation patterns move east along both shorelines (e.g. Koutitonsky and Bougden
1991, Chassé and Miller 2010). Boat traffic and aquaculture and fisheries are intense
along both shorelines so it is unlikely that these vectors have led to the large difference
between the north and south shores. Hence, we hypothesize that the north-south
dissimilarities in expansion rates are possibly related the availability of habitats able to
sustain growing populations of green crabs. As Grosholz and Ruiz (1996) proposed, the
expansion success of green crabs and other invaders may be either facilitated or limited
by the type of habitat they encounter while spreading.
Some features of the north and south shores differ and may explain some of the
patterns documented here. PEI’s south shore is abundant in eelgrass beds, salt marshes,
and low wave energy (deposition) habitats, all suitable to sustain large shellfish and crab
populations (Thiel and Dernedde 1994, Polte et al., 2005). There is also higher tidal
amplitude due to the narrowness of the Northumberland Strait, except near an
amphidromic point off West Point (Pingree and Griffiths 1980). In contrast, the north
shore is exposed to higher wave energy with less tidal influence. North shore estuaries
such as St. Peter’s Bay, Savage Harbour, and Malpeque Bay are protected, semi-enclosed
bays. However, the exposed coastline between them is dominated by numerous sandy
beaches (e.g., MacMillan et al. 2017), a habitat less suitable to sustain large numbers of
green crabs (e.g. Lohrer and Withlatch 1997) than the detritus-rich soft-bottoms of the
south shore. Water surface temperatures are also 1-2°C warmer on the south shore
compared to the north shore during certain times of the year (Chassé et al. 2014),which
may be favour a species with a life cycle well adapted to warm waters like green crab
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(Dawirs 1985). A cursory analysis of the relationship between historical temperatures and
crab CPUEs at six sampling sites (StP, Sav, Rus, Cha, ViT, and Egm) did not yield any
significant relationships (Appendix Table 3.1). However, we recommend that future
surveys collect temperature and salinity data at the crab collection sites in order to
properly assess this potential effect.
The original purpose of the surveys reported in this study was early detection, so
they lacked the robustness required for an accurate modeling of range expansion.
However, the data remains valuable considering their consistent trapping approach and
their spatial and temporal scopes. While the calculation of CPUE (trap-1d-1) provides a
reasonable description of presence and density, uneven sampling pressure across sites and
dates, and widespread low densities, limits the extrapolation of the information from of
these surveys. For instance, the nature of the “absences” is difficult to fully confirm
considering that “false zeros” are possible when sampling pressure is not particularly
high (Martin et al. 2005). In addition, baited traps are most effective at catching adults
than juvenile stages, which might be present in higher proportion during the early stages
of invasion (see Tummon Flynn et al. 2015). Water temperatures also could potentially
affect CPUE in baited traps (S. St-Hilaire pers. comm.), considering that the samples
were collected along at least two months in the fall season. We could not control for these
potential effects, but suggest that in situ temperature measurements be included in any
future surveys. Alternative sources of information for mapping the expansion of green
crabs include informal sightings and surveys conducted for other purposes in selected
areas and times (e.g. Pickering & Quijón 2011, Tummon Flynn et al. 2015, Poirier et al.
2017). Such surveys are all consistent with the overall records presented here.

70

3.5.2 Implications of Rapid Range Expansion in Productive Communities
By 2013, the green crab range included a considerable portion of the island, with
only one large semi-enclosed waterbody not yet invaded at the northwest of the island
(Cascumpec Bay). Subsequent observations and unconfirmed reports of juvenile green
crabs near Northport Harbour at the mouth of Cascumpec Bay (A. McInnis pers. comm.)
suggest that by 2016, this species has reached this system. For green crabs and other
potentially harmful invasive species, preventing introductions is the preferred strategy for
control (Leung et al. 2002, Keller et al. 2007). However, in cases where prevention is not
possible, as seems to be the case here, rapid mitigation measures to control and contain
the species are critical to reduce negative impacts. Identifying vectors enabling green
crab range expansion can still help with designing effective mitigation strategies and,
additionally, determining the direction of the expansion can help target and allocate
resources to the (northwest) areas with the highest risk.
Our study shows that the rate of expansion of green crabs has been greater on the
south than on the north shore of PEI, and estuarine systems rich in more suitable habitats
is a plausible explanation for at least some of this difference. This hypothesis implies that
faster range expansion prompted by availability of suitable habitat would make
mitigation strategies very difficult. Northwest systems like Cascumpec Bay and
Malpeque Bay, where we believe green crabs have recently arrived, possess large
amounts of shellfish and suitable habitat for this species to succeed. Given the risk of
impacts by this invasive species, further studies should focus on determining habitat
factors that drive the local rate of increase in green crab populations to help identify
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which systems are more likely to experience these sudden increases. These future studies
should also control for potential differences in hydrology and water temperatures to
ensure that the effect of habitat on expansion is not confounded by these factors.
Similarly, future efforts at mitigation, as well as research, should focus on areas most
recently invaded in order to properly maintain their ecological and economic function.
For areas already invaded, the development of options such as a directed fishery (e.g.
Poirier et al. 2016) may address some of the issues discussed here. Concentrated fishing
pressure on areas heavily invaded, or alternatively, on those nearby areas likely to be
invaded, may contribute to parallel efforts to hold or delay the further expansion of green
crabs.
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3.7 Appendix Tables

Appendix Table 3.1. Summary of results of linear regressions between historical air
temperatures recorded during fall (Sep, Oct, Nov - time of crab collection) and the
previous winter season (Jan, Feb, Mar) and green crab annual densities (CPUE) in six
PEI locations for the years indicated.
Autumn °C

North

South

Winter °C

North

South

St. Peters
Savage Harbour
Rustico
Charlottetown
Victoria/Tryon
Egmont
St. Peters
Savage Harbour
Rustico
Charlottetown
Victoria/Tryon
Egmont

Period
2000-13
2003-13
2001-13
2000-05
2000-10
2001-13
2000-13
2003-13
2001-13
2000-05
2000-10
2001-13

N
11
10
8
4
11
9
11
10
8
4
11
9
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Adjusted R2
0.03660
-0.1410
-0.1489
-0.4286
-0.1098
-0.0574
-0.08550
0.03392
-0.04037
0.1271
0.03053
-0.05805

p-value
0.270
0.707
0.771
0.782
0.921
0.476
0.656
0.284
0.426
0.353
0.281
0.478

Equation
y=9.1453+-1.1779x
y=8.6437+0.1843x
y=8.5276+0.9682x
y=9.9317+-0.2270x
y=8.8509+0.0334x
y=8.5649+0.1211x
y=-5.8233+5.6034x
y=-5.5180+0.5795x
y=-5.3251+2.5141x
y=-8.2410+1.712x
y=-5.8406+0.5088x
y=-4.9835+0.1453x

CHAPTER 4. EXPLORING THE DECLINE OF OYSTER BEDS IN ATLANTIC
CANADA SHORELINES: POTENTIAL EFFECTS OF CRAB PREDATION ON
AMERICAN OYSTERS (CRASSOSTREA VIRGINICA)

(*) Published as:
Poirier, L.A., Symington, L.A., Davidson, J., St-Hilaire, S., Quijón, P.A. 2017.
Exploring the decline of oyster beds in Atlantic Canada shorelines: Potential effects of
crab predation on American oysters (Crassostrea virginica). Helgoland Marine Research
71:13 (published online on July 2017).

4.1 Abstract

Atlantic Canada’s American oyster (Crassostrea virginica) beds, while
economically and ecologically important, have been in decline over the past few decades.
Predation by crabs, in particular by the European green crab (Carcinus maenas), has been
proposed as one of the potential causes of this decline. Therefore, this study examined
oyster mortality levels in multiple beds across Prince Edward Island (PEI) and
experimentally assessed the contribution of green crab predation to oyster mortality.
Results from surveys conducted in 10 estuaries across PEI in 2014 indicate that the
probability of mortality for small oysters was significantly higher when green crabs were
present then in areas without green crabs. This probability of mortality was significantly
less when there was the presence of alternative prey like natural mussel beds (Mytilus
edulis). The odds of oyster mortality were also higher when beds had rock crabs (Cancer
irroratus) compared to beds with no rock crabs. Given the potential importance of green
crab predation, its influence was assessed in 2015 using two field experiments with
tethered oysters. Our results indicate that odds of small oyster mortality occurring were
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much higher in green crab inclusion cages than in the open environment and the
exclusion cages. These results reaffirm that oysters up to ~40 mm SL are vulnerable to
predation, and at least some of the mortality affecting these oysters can be causally
attributed to green crab predation. Green crab predation rates upon small oysters are
relevant given the economic benefits and ecosystem services provided by these bivalves.
They highlight the need for the industry to consider mitigation measures and potentially
adapt their oyster growing strategies.

4.2 Introduction

Oyster beds play important ecological and economic roles in coastal ecosystems
(Kimbro and Grosholz 2006, Dumbauld et al. 2009, Grabowski et al. 2012). These
ecosystem engineers maintain and improve the water quality of estuaries (Gerritsen et al.
1994, Nelson et al. 2004) and create structurally complex habitat for small vertebrates
and invertebrates (Kennedy 1996, Grabowski et al. 2005, Hosack et al. 2006). Oysters are
also valuable commercial resources that sustain traditional fisheries (MacKenzie 1996
and references therein). Given their ecological and economic importance, efforts have
been made to ensure the sustainability of oyster beds, but regardless, many of these beds
have been declining over the past several decades (Mann et al. 1994, MacKenzie 2007,
Beck et al. 2011). In Chesapeake Bay, for example, oyster populations have declined
more than 50 fold (Rothschild et al. 1994). Among other factors, these declines have been
associated to overfishing (Kirby 2004), diseases such as MSX and Dermo (caused by the
parasites Haplosporidium nelsoni and Perkinsus marinus, respectively; Bower et al.
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1994, Kennedy 1996), silting or excess sediment input (Galtsoff 1964, Comeau 2014),
and predation (Eggleston 1990, Grason and Buhle 2016). There have been some success
stories involving, for example, the construction or restoration of oyster reefs and the
protection of oyster “sanctuary” areas (e.g. Powers et al. 2009, Schulte et al. 2009).
However, numerous management efforts to restore beds and reefs have been ineffective
(e.g. Mann and Powell 2007). In Atlantic Canada, in particular, many public oyster beds
(naturally occurring oyster populations outside aquaculture operations) are still
commercially fished and managed by the federal government (Department of Fisheries
and Oceans). In addition, anecdotal evidence from fishermen in the region suggests that
numbers of marketable size oysters are declining in numerous areas.
The importance of crab predation as a source of mortality of shellfish and other
benthic organisms is well known (e.g. Quijón and Snelgrove 2005). However, predation
on shellfish has been recently exacerbated by the arrival and establishment of invasive
species, some of which have proven to be eager predators of commercial bivalves
(Grosholz et al. 2000, Waser et al. 2015). The European green crab (Carcinus maenas)
has well documented impacts on shellfish and other invertebrates throughout its native
and invaded ranges (Elner 1981, Flimlin and Beal 1993, Behrens Yamada and Gillespie
2008, Lutz-Collins et al. 2016). This species is a significant predator of small sized
cockles (Katelysia scalarina), soft-shell clams (Mya arenaria), blue mussels (Mytilus
edulis), ribbed mussels (Aulacomya atra), and American oysters (Crassostrea virginica)
(Dare et al. 1983, Le Roux et al. 1990, Mascaro and Seed 2001, Walton et al. 2002, Floyd
and Williams 2004, Miron et al. 2005, Matheson and McKenzie 2014). Not surprisingly,
predators in general and non-indigenous green crabs in particular, have become a concern
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in areas with productive oyster beds that are important to local economies. Although
specific to regions where invasions take place, the interactions between non-indigenous
predators and native prey are also central to the broader understanding of the ecology and
sustainability of coastal ecosystems (e.g., Simberloff 2011, Katsanevakis et al. 2014).
Often, the study of recently established predators focuses first on their diet (e.g. Bourdeau
and O’Connor 2003, Muñoz et al. 2011). However, the overall impact of these nonindigenous species will be not fully understood until their interactions with native prey
are studied in a range of sites or locations and experimental approaches have been applied
to quantify their effects (Thrush et al. 2000).
Green crabs first arrived in Prince Edward Island (hereafter PEI) nearly two
decades ago, around 1997 (Audet et al. 2003, Klassen and Locke 2007). They continue to
spread and are now established in much of the Eastern and Southern shores of the island
(Northumberland Strait) (McNiven et al. 2013) where they currently co-exist with native
species like the rock crab (Cancer irroratus) and the mud crab (Dypanopeus sayi)
(Gehrels et al. 2016, in press). Relatively small oysters in these areas may be vulnerable
to green crab predation (Miron et al. 2005, Murray et al. 2007, Pickering and Quijón
2011). This is troubling for the region’s oyster aquaculture industry that still relies on
public oyster beds for part of their operations (i.e. spat supply), as well as for oyster
fishermen. Oyster beds in PEI lack effective green crab control measures to contain or
counterbalance this predator’s effects. There are ongoing enhancement efforts such as the
seeding of juvenile oysters of a size estimated to be less vulnerable to predation, the
movement of broodstock oysters to important seed collection areas, and the spreading of
shell to increase the recruitment of oysters and indirectly increase the productivity of
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oyster fishing areas. Despite these efforts, oyster fishermen have repeatedly reported
decreasing catches in historically abundant areas (Champion 2014). That preliminary
study (Champion 2014) was conducted in southern PEI and found that numbers of small
oysters were declining and suggested an association with crab predation. Hence, the
objectives of this study were to assess oyster mortality across multiple sites in the island
and to evaluate the potential influence of green crabs on oysters in the size range known
to be vulnerable to predation.

4.3 Methods

Two approaches were used to assess oyster mortality and the potential influence
of green crab predation. In 2014, we assessed the mortality rate of different sized oysters
during the summer and autumn grow-out period for ten estuaries across PEI. Based on
those results (see below), two field trials were conducted in 2015 to test the direct effects
of green crab predation on small oysters using exclusion and inclusion cages.

4.3.1 Study Areas and Collection of Green Crabs and Oysters
In 2014, ten estuaries distributed across PEI were chosen for sampling following
two criteria: the presence of mid-sized (approximately 600 m2) scattered oyster beds that
had been subject to wild oyster fishing (commonly referred to as “public beds”), and
historical records documenting the distribution of green crabs (with the purpose of having
a range of areas from heavily invaded to uninvaded estuaries) (e.g. Pickering and Quijón
2011, McNiven et al. 2013). Boughton River, East River, North River, Dunk River,
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Wilmot River, Kildare River, Hills River, Mill River, Cascumpec Bay, and Bideford
River were selected to represent a gradient of green crab invasion (Figure 4.1).
We identified two oyster bed sites in the shallow subtidal zone of each estuary for
sampling in early summer and late autumn. Initially, we intended to sample these oyster
beds after the oyster recruitment set that usually occurs in early summer, followed by a
second sample in the autumn to observe differences in population structures over time.
These sampling periods were chosen to capture the period when green crabs were
expected to be most actively feeding. Unfortunately, due to a late 2014 spring season, the
early June samples did not capture the recruitment in many of the river systems (i.e.
summer data are not reported here). Nonetheless, in October, we were able to identify
oysters from different size categories, as well as recently deceased animals, which
enabled us to determine the mortality of oysters by size during the period between
summer and autumn. The water temperature in each system was recorded using Hobo®
Pro V2 temperature loggers, and salinity was measured during sampling times using a
YSI multi probe meter. These measurements suggest that physical conditions were
similar among estuarine systems (see Appendix Table 1): salinities ranged from 17.5 to
28.6 whereas sampling-day temperatures ranged from 9.2 to 14.9°C (season-long
temperatures followed closely similar patterns in the 10 systems).
At each site (two per estuary), three samples were collected using a 1 m2 frame
randomly placed on the selected oyster bed. In one very densely populated oyster bed
(North River) we used a 0.5 m2 quadrat instead of the 1 m2 quadrat. Due to weather
issues, data could not be collected from 2 samples at Site 2 of Mill River. Every live and
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Figure 4.1 Map outlining the location of Prince Edward Island (PEI) and the ten estuaries
with oyster beds surveyed in 2014: Boughton River (BOR), East River (EAR), North
river (NOR), Dunk River (DUR), Wilmot River (WIR), Kildare River (KIR), Hills River
(HIR), Mill River (MIR), Cascumpec Bay (CAB) and Bideford River (BIR). 2015 Field
experiments were conducted in Boughton River (BOR), adjacent to one of the oyster beds
sampled in 2014.
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“recently dead” oyster was carefully collected from within the quadrat and transported in
labelled bags to the laboratory to be frozen until they could be analyzed. In our study,
oysters that were unopened or oysters that were slightly open due to the freezing process
but still retained all internal organic material were considered to have been alive at the
time of sampling. Oysters where the resilium ligament at the dorsum near the umbo of the
animal was still intact, but no organic material remained inside the two halves of the
shell, or oysters that showed “partial crushing” indicative of damage by predators were
considered recently dead. All oysters that were of a size that was discernible (i.e. > 1.7
mm) in the samples were measured for length to estimate size class. Width was measured
at the widest part of the bill whereas length was measured from umbo to the bill, and
depth from the fullest point of the cup of the oyster. Density of the oyster beds was
calculated based on the number of oysters per m2. All measurements were made using a
Mitutoyo® Vernier caliper accurate to 0.02 mm. In this study we only report shell length
(SL).
Data on oyster SL’s was subsequently used to categorize oysters according to
size. Size classes for the oysters sampled were defined as 0-35 mm, 35-55 mm, 55-75
mm, 75-95 mm, and 95 mm+ SL. Frequency histograms on a percentage scale of all live
and recently dead oysters (stacked bars) were then built. Based on previous studies in the
region (Pickering and Quijón 2011), oysters under 40 mm SL were a priori considered
potentially vulnerable to crab predation and were subsequently used as a reference size
for field experiments (see below). To explore the levels of mortality in oysters susceptible
to predation over the growing season we calculated mortality rates for oysters that were
either smaller than 40 mm SL or larger than 40 mm SL, separately. To calculate these
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site-specific mortality rates, we divided the number of oysters recently dead by the total
number of oysters (dead + alive) in the corresponding size range at each site.
To obtain a standard (and most current) estimate of green crab abundance, we
deployed Fukui traps (60 cm x 45 cm x 20 cm high, with a 40 cm opening at each end) at
all oyster bed sites between 23 July and the 7 August 2014. Three traps baited with
approximately 100 g of frozen Atlantic mackerel (Scomber scombrus) were placed within
10 m of the oyster beds over 2 days. All crab species caught were recorded and their
carapace width was measured with calipers. Relative estimates of crabs trap-1 day-1 were
obtained for each site. Due to the low crab densities in some sites, and no crabs in others,
we dichotomized these variables for our logistic analysis into presence or absence of
crabs by species. To account for the presence of alternative prey for crabs in the
immediate vicinity of the oyster beds, we collected three samples of soft shell clams
using 11 cm diameter cylinders inserted 10 cm into the sediment, and sieved them
through a 1 mm mesh to quantify their density. We also recorded the presence of large
mussel beds within 500 m from the oyster bed.
We used a mixed-effects logistic regression model to assess whether the
probability of mortality for oysters < 40 mm SL was associated with the presence of
green crabs, rock crabs, and mussel beds at that site. We used a logistic regression model
because our outcome of interest was a discrete dichotomous variable (i.e. [recently] dead
or alive oysters). The fixed predictors in our model included presence or absence of green
crab and rock crabs, density of oysters, mean number of soft shell clams and presence of
large mussel beds within 500 m. We also included an interaction term between the green
crabs and mussel beds to determine if the effect of green crabs on oyster survival was
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different when there was a mussel bed in the area (i.e. within an arbitrary distance of 500
m). Mussels are generally preferred over oysters as a prey for crabs (Pickering and
Quijón 2011, Hogan and Griffen 2014, Duermit et al. 2015). Lastly, we controlled for the
site and estuary effects by including these factors as nested random effects in the model.
Model coefficients were converted to odds ratios where appropriate by exponentiation of
the parameter coefficient. Odds ratios are used to compare the relative odds of the
occurrence of the outcome of interest, in this case an oyster <40 mm being found dead,
given exposure or presence of a variable of interest. Odds ratios greater than 1 signify a
positive association between the variable of interest and the outcome whereas odds ratios
less than 1 signify negative associations between the factor of interest and the outcome.
In the case of our significant interaction terms, we conducted an overall test of
significance for the term and we plotted the probability of oyster mortality based on our
model fixed effect predictions for each level of the interaction.

4.3.2 Field experiments
Two consecutive field trials to assess green crab predation rates on oysters were
conducted during August 2015 in Boughton River (Figure 4.1). Oysters within the size
range considered vulnerable to predation (30-40 mm SL; Pickering and Quijón 2011)
were obtained from a private oyster grower. Large male green crabs (>50 mm CW) were
captured nearby in Boughton River, and were starved for 24h prior to the beginning of
the experiment. Based on densities described in the literature (Miron et al. 2005, Palacios
and Ferraro 2003, Pickering and Quijón 2011), 30 oysters were randomly tethered to
small concrete slabs (approximately 20 x 8 x 4 cm height) using a non-toxic construction
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adhesive (PL Premium®) previously tested in the laboratory and the field. Using this new
methodology, oysters were tethered ventral side down, mimicking more closely natural
oyster calcification with the umbo and hinge free of adhesive. Cages used for inclusion
and exclusion of crabs were constructed of plastic coated wire (50 cm x 50 cm x 75 cm
high) with square mesh openings of 1 x 1 cm. Cages had open bottoms and were inserted
5-10 cm into the sediments of the lower intertidal zone to avoid crab escape and prevent
the entrance of additional crabs or other predators. Green crabs were in direct contact
with the seafloor and therefore had access to alternative (potential) prey. However, at the
time the cages were placed, visible epibenthic organisms (such as L. littorea) or shellfish
were not visible or were removed by hand. Sediments were not excavated and/or sieved
to remove smaller infaunal organisms.
Both trials were performed adjacent to one of the sites sampled in 2014, in a
bottom with sparse oyster and mussel coverage and soft sediment. Each trial included 18
experimental units placed approximately 10 m apart in a line parallel to the low tide level.
Six of the 18 experimental units were allocated to each of three treatment groups; cages
with tethered oysters and two large male crabs (positive control), cages with tethered
oysters without crabs (negative control), and open or reference areas with tethered oysters
exposed to the open environment (no cage). Predation rates were monitored every 48
hours for 14 days (Trial 1: 29 July to 12 August, Trial 2: 14 August to 28 August). Oyster
mortality due to predation was confirmed visually by identification of shell fragments and
holes present near the umbo on the upper shell half where crabs have used their chelae to
access the oyster. Additional in situ temperatures were obtained at the benthic surface
near the experimental units using Hobo® Pro V2 temperature loggers. The results of the
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trials were analysed using a mixed effects logistic regression model with an interaction
term between trial and treatment group and experimental unit as a random factor in
Stata® statistical software.

4.4 Results

4.4.1 Oyster Bed Surveys
Average oyster densities per site are summarized in Table 4.1. Densities ranged
between 20 oysters per m2 in one of the sites in Boughton River and 746 oysters per m2 in
one of the sites of North River (Table 4.1). However, most sites and estuaries had oyster
densities between 100 and 300 oysters per m2. Frequency histograms of oyster size
classes indicated that small oysters (<35 mm SL) comprised more than 43% of all oysters
for all systems except Boughton River and Kildare River. In Boughton River and Kildare
River the proportion of these small-sized oysters was less than 24% (Figure 4.2). The
highest proportion of dead small oysters was found in Boughton River (74.6% of all
small oysters in the samples), followed distantly by Kildare River and Hills River (Figure
4.2, Table 4.2). With the exception of Boughton River, the proportion of dead oysters
small enough to be vulnerable to predation (<40 mm SL) were all ≤ 36%. (Figure 4.2,
Table 4.2). The proportion of large (>40 mm SL) dead oysters was 33% or less, most
often <20% (14% in the case of Boughton River; Table 4.2). Green crab numbers were
highest in Boughton River with 29 crabs trap-1 day-1 at site 1 and 10 crabs trap-1 day-1 at
site 2 (Table 4.3). Green crab presence was also recorded in East, North and Wilmot
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Table 4.1 Estuaries, oyster bed sites, and average density of oysters in the surveys
conducted in 2014.
Estuary

Boughton River

East River

North River

Dunk River

Wilmot River

Kildare River

Hills River

Mill River

Cascumpec Bay

Bideford River

Site

Average Oyster Density
# (m-2)

SE

1

132.0

57.5

2

20.3

8.1

1

559.0

97.1

2

242.0

18.2

1

333.7

41.3

2

746.0

63.2

1

355.0

32.0

2

370.3

23.1

1

294.0

34. 7

2

327.7

21.3

1

134.7

56.0

2

118.3

12.1

1

136.0

46.0

2

149.0

11.4

1

285.7

39.1

2

304.0

NA

1

144.3

8.0

2

102.0

18.0

1

238.0

19.2

2

284.3

19.3

89

Figure 4.2 Oyster frequency histograms (%) from data collected in autumn 2014 from
the ten estuaries surveyed. The following size classes are identified: 1 (0-35 mm SL), 2
(35-55 mm), 3 (55-75 mm), 4 (75-95 mm), and 5 (95+ mm).
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Table 4.2 Mortality rates (n recently dead/ total number) of oysters greater than and
smaller than 40 mm SL from each of the 10 estuaries surveyed in 2014.
< 40 mm SL

> 40 mm SL

Estuary
Mortality Rate

95 % CI

Boughton River 74.6 % (185/248) 68.8 – 79.6

Mortality Rate

95 % CI

14.3 % (30/209)

10.2 – 19.8
19.5 – 28.2

East River

5.2 % (106/2034)

4.3 – 6.3

23.6 % (87/369)

North River

4.5 % (105/2309)

3.8 – 5.5

13.2 % (123/930) 11.2 – 15.6

Dunk River

1.3 % (23/1808)

0.8 – 1.9

6.0 % (22/368)

3.9 – 8.9

Wilmot River

1.2 % (18/1495)

0.7 – 1.9

4.5 % (15/370)

2.4 – 6.6

Kildare River

24.9 % (57/229)

26.5 – 40.5

17.4 % (92/530)

14.4 – 20.8

Hills River

36.2 (202/558)

35.6 – 44.1

33.3 % (99/297)

28.2 – 38.9

Mill River

3.7 % (31/844)

2.6 – 5.2

7.6 % (24/317)

5.1 – 11.1

Cascumpec Bay

6.8 % (23/339)

4.5 – 10.0

19.8 % (79/400)

16.1 – 23.9

Bideford River

0.96 % (12/1255)

0.5 – 1.7

5.1 % (16/312)

3.1 – 8.2
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rivers but in lower numbers (Table 4.3). Rock crab numbers were highest in Kildare
River (18.7 and 11.7 crabs trap-1 day-1 at sites 1 and 2, respectively) followed by North
River (0.3 and 23 crabs trap-1 day-1 at sites 1 and 2, respectively) although their presence
was also recorded in Boughton River, Cascumpec Bay and Hills River (Table 4.3). With
regards to alternative sources of food for crab species, soft shell clam densities were
highest in Boughton and Hills River (up to 6.7 and 8.7 clams sample-1), but this species
was also found in East, Dunk, Wilmot, Bideford, Cascumpec and Mill Rivers (Table 4.3).
Blue mussel beds were observed in East, North, Dunk, Wilmot and Bideford Rivers with
the largest concentrations being observed in East and North Rivers (Table 4.3).
The mixed effects logistic regression model indicated that the effect of green crab
on the probability of oyster mortality was dependant on the presence of mussels in the
sampling area (significant interaction term in Table 4.4). The association between green
crabs and the probability of dead oysters was much stronger when there were no mussels
at the sample site (Figure 4.3). In other words, in the presence of green crabs (rock crabs
absent), the probability of oyster mortality was 0.44 in the absence of mussels and only
0.015 when mussels were present. We did not detect a significant interaction between
rock crabs and the presence or absence of mussels on the probability of oyster mortality
(P= 0.665). The odds of an oyster from a site with rock crabs being dead was on average
~4 (95% CI – 2.14, 7.10) times greater than an oyster from a site without rock crabs after
controlling for the other predictors in the model (Table 4.4). Oyster density and soft shell
clam density at the site were also included in early iterations of our model, but were not
significant (P values 0.126 and 0.455 respectively).
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Table 4.3 Average density of green crabs, rock crabs, soft shell clams and presence (+) /
absence (-) of surrounding mussel beds, in oyster bed sites surveyed in 2014.
Estuary
Boughton River
East River
North River
Dunk River
Wilmot River
Kildare River
Hills River
Mill River
Cascumpec Bay
Bideford River

Site
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

Green crab
# trap-1 day-1
29.0
10.0
14.3
2.7
11.3
0.0
0.0
0.0
0.7
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Rock crab
# trap-1 day-1
4. 3
0.0
0.0
0.0
0.3
23.0
0.0
0.0
0.0
0.0
18.7
11.7
0.3
0.0
0.0
0.0
9.7
4.3
0.0
0.0
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SS clams
# sample-1
6.67
0.67
4.00
0.00
0.00
0.00
2.33
0.00
3.67
0.67
0.00
0.00
8.67
7.67
5.00
0.00
0.00
2.33
0.00
2.33

Mussels
Pres/Abs
++
++
++
+
+
+
+
+
+
+

Table 4.4 Mixed effects logistic regression model for 2014 oyster bed surveys
Fixed Effects
Presence of green crab
Presence of rock crab
Presence of mussel beds

Odds-Ratio

SE

z value

P>|z|

2.48
1.36
-1.45

0.89
0.31
0.59

2.79
4.46
-2.48

0.005
<0.001
0.013

Green crab and Mussel Interaction*

<0.001

Random Effect
Estuary
Site
Probability > = chibar2 = > 0.001

Estimate
0.56
0.07

SE
0.29
0.067

Random effects parameters are sites (n=20) nested within estuaries (n=10). Green crab,
rock crab and mussel variables were included in binary form (presence/absence).
*Overall P-value obtained with a Likelihood ratio test (chi2 = 21.3).
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Figure 4.3. Modelled predictive probability of mortality from the interaction term
between green crab and mussel presence with 95% CI.
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4.4.2 Field Experiments
Temporal cumulative mortality trends for both trial 1 and 2 were similar (Figure
4.4), with cages with oysters exposed to green crab predation exhibiting the highest
cumulative mortality. Oysters placed in cages with no crabs had the lowest mortalities
whereas those exposed to surrounding conditions (open environment) had mortality
levels in between (Figure 4.4). In trial 1, average cumulative mortality for oysters in
cages with green crabs was 19.5 (SE ±4.9) oysters (65%), those in cages without green
crabs was 1 (SE ±0.5) (3.3%), and those without a cage was 4.8 (SE ±1.9) (16%). In trial
2, average cumulative mortalities were 26.2 (SE ±2.9) (87.3%), 1.0 (SE ±0.2) (3.3%) and
13.0 (SE ±1) (43.3%) for the same treatments (Figure 4.4).
Results from the mixed effects logistic regression model indicated there was a
significant difference in the probability of mortality between open experimental units and
cages with crabs, and cages with no crabs, but the relationship between these
experimental groups depended on the trial (significant interaction between treatment and
trial, Table 4.5 and Figure 4.5). The treatment group with the lowest predicted probability
of mortality was the cages with no green crabs, followed by the open experimental units,
and then by cages with green crabs. Both treatment groups subjected to green crabs
(treatment 1 and 2) had a slightly but significantly higher predicted probability of oyster
mortality during the second trial (Figure 4.5 and Table 4.5). Temperature measurements
taken near the cages detected a ~2°C temperature increase between trial 1 and trial 2.
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Figure 4.4 Mean (± SE) cumulative mortality of oysters (25 – 40 mm SL) resulting from
green crab predation in trial 1 (top) and trial 2 (bottom) in Boughton River.
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Table 4.5 Mixed effects logistic regression model for the field experiments conducted in
Boughton River. Two trials of 18 experimental units with three treatment groups were
used (6 units for each treatment group in each trial). Treatment groups were: Group 1:
Oysters in the open environment, Group 2: Oysters in cage with crabs (positive control),
and Group 3: Oysters in cage with no crabs (negative control). Trial 1 – 29 July to 12
August, Trial 2 – 14 August to 28 August 2015.

Outcome (dead or alive)

Coef.

SE

z

P>|z|

Fixed Effects
Trial
2

1.64

0.27

6.04

<0.001

Treatment Group
2
3

3.15
-1.76

0.93
0.99

3.37
-1.78

0.001
0.075

Trial and Treatment Interaction*
<0.001
Random Effect
Estimate
SE
Experimental Unit
2.16
0.95
Probability > = chibar2 = > 0.001
2
(*) Overall interaction P-value obtained with a Likelihood ratio test (chi = 97.89).
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Figure 4.5 Predicted probability of oyster mortality (+95% CI) based on the fixed portion
of the mixed effects model for the 2015 field experiments. Treatments were oysters in
open cages, oysters in cages with crabs (positive control), and oysters in cages with no
crabs (negative control). Trial 1 – 29 July to 12 August, Trial 2 – 14 August to 28
August.
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4.5 Discussion

Predator-prey interactions involving non-indigenous predators and native prey
have become increasingly important in the study of the ecology and sustainability of
coastal ecosystems (Rilov 2009, Katsanevakis et al. 2014). Crab- bivalve interactions
have been shown to be complex (e.g., Walne and Davies 1977, Wong et al. 2010)
particularly those involving habitat-forming species like oysters (e.g., Peterson et al.
2000, Kimbro et al. 2009, Waser et al. 2015). As this study illustrates, to better
understand the role of newly arrived predators on a coastal system, it is important to
gather information from multiple sites and conduct experimental manipulations (see
Thrush et al. 2000). Our surveys across ten estuaries suggest a relationship between the
mortality of small oysters and the presence of green crab populations that might be
mediated by the presence of alternative prey. Furthermore, our field experiments provide
clear evidence of small oyster consumption that, we argue, is likely to have consequences
for the productivity of this resource and habitat-forming species.

4.5.1 Exploratory Surveys
The aim of our oyster bed surveys was to determine if survival of oysters, of
appropriate size for green crab predation, was negatively impacted by the presence of this
invasive species. We observed a broad range of oyster densities and, more interestingly, a
broad range of mortality levels in the ten estuaries that we sampled in 2014. Although we
did not have dense green crab populations that season (see McNiven et al. 2013), the
rivers with the most abundant populations of green crabs and rock crabs had also the
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highest oyster mortality levels with up to 74% mortality in small oysters in Boughton
River. Although we had fewer oyster beds with green crab populations than we originally
expected, we did detect a significant increase in the probability of oyster death in beds
that had green crabs present compared to oyster beds without green crabs. Moreover, this
relationship was significantly stronger when there were no mussels present at the
sampling site. The latter is consistent with reports that green crab will preferentially eat
mussels over oysters (Pickering and Quijón 2011). In addition to predation, there are
other possible causes of oyster mortality, including disease and siltation. These three
factors could have an effect at the estuary level and are briefly discussed below.
With regards to disease, in other areas of Eastern North America and in PEI in the
early 1900’s, high levels of mortality were indeed associated with the occurrence of
disease (e.g. Bower et al. 1994, Powell et al. 2008). However, disease seems an unlikely
factor in this study as no large scale mortality events have been reported recently in any
of the estuaries on PEI (Aaron Ramsay, PEI Department of Fisheries and Agriculture,
pers. comm.). In addition, due to the ubiquitous nature of most shellfish diseases (Bower
et al. 1994), had disease been present and undetected in the estuaries surveyed, mortality
should have affected all year classes, and perhaps several other sites and estuaries nearby,
which was not the case. Instead, we found that the estuary with the most abundant green
crab population (Boughton River) had precisely the highest (74%) recent mortality in
small oysters and only minor mortality (14%) in larger oysters. Further supporting the
notion that the recent mortality detected in this study was not associated with an outbreak
of infectious disease is the fact that we did not observe a significant association between
density of oysters and the probability of mortality in our logistic regression model. In
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general, the denser an animal population is the greater the impact of an infectious disease
is expected to be (see review by Bidegain et al. 2017). To ensure oyster mortality was not
associated with an infectious agent would have required additional testing, which was not
feasible given our study design. We did however control for spatial clustering, which
would occur with infectious agents, by the inclusion of site and estuary random effects in
our logistic regression model.
Another factor that could potentially cause some oyster mortality is siltation or the
unusual increase in the deposition of fine sediments over oyster beds (e.g. Keck et al.
1973, MacKenzie 1989, Comeau et al. 2012, Comeau 2014). However, siltation is highly
variable spatially and numerous observations and some measurements taken during
sampling for oysters showed relatively low levels of sediment accumulation on the beds.
On average, sediment depth was 0-2 cm deep in most oyster beds and its accumulation
was unrelated with the spatial patterns of mortality observed in our survey. Relatively
low levels of siltation like these are more likely to promote a reduction or a delay in
oyster growth (Gonda-King et al. 2010) than mortality.
Unlike disease and siltation, predation seems a more likely explanation for the
mortality results observed in our surveys. The estuaries with the highest aggregated
densities of green crabs and rock crabs were the areas where the highest oyster mortality
rates were measured. In addition, such mortality was generally limited to the small
oysters (<40 mm SL) in our samples. The differential in the size class that was affected
suggests predation (Miron et al. 2005, Pickering and Quijón 2011, Pickering et al. 2017,
Tummon Flynn et al. 2015). Green crabs in particular have been associated in the past
with the mortality of small oysters (Elner 1981, Grosholz and Ruiz 1995, Mascaro and
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Seed 2001) and our own field experiments provide supporting evidence that green crab
predation causes considerable mortality of small oysters (Pickering and Quijón 2011, this
study). Our mixed effects model suggested that the association between green crabs and
mortality of small oysters was complex: we found a significant difference in the green
crab oyster mortality association when there were mussel beds in the area (see Figure
4.5). Mussel beds represent an important alternative food source for green crabs in the
region (Miron et al. 2005, Pickering and Quijón 2011) and in studies conducted with
other crab predators elsewhere (e.g. Hogan and Griffen 2014, Duermit et al. 2015).
Interestingly we did not find a significant association with our estimate of soft shell clams
in the area. Green crabs generally favour soft shell clams over mussels and oysters
(Pickering and Quijón 2011), but it is possible that our small sample size limited our
ability to detect an association between the probability of oyster mortality and the density
of soft-shell clams.
We initially were hoping to capture the new recruitment class of oysters in our
summer surveys (not shown) and examine the pattern of mortality of this specific year
class into the autumn. Unfortunately, Atlantic Canada experienced an unusually long
winter in 2014 (Environment and Climate Change Canada 2015) which in addition to
possibly lowering green crab populations, delayed the natural set of oysters, and we were
unable to capture the set when it first appeared. Despite this delay, we were able to detect
evidence of heavy recruitment in most estuaries during the autumn surveys (small sized
oysters). By separating the oysters by size and evaluating the recent (within a few
months) mortality of oysters we were able to capture the health of different year classes
in different rivers for the summer of 2014, and these data suggest a plausible association
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between oyster mortality and presence of green crab. The lack of a clearer green crab
density gradient across our sample sites limited our ability to detect a possible dose
response between green crab density and oyster mortality. However, none of the estuaries
with low green crab abundance showed high mortality of small oysters. We can speculate
that a threshold level in crab abundance is necessary before there is a detectable level of
predation on the oyster populations in river systems. Finally, we acknowledge that some
oyster mortality in our study was likely not accounted for; however, the pattern of
mortality and oyster size distribution in our samples was consistent with those observed
in a separate study (Champion 2014), suggesting our sampling was not necessarily
biased. Furthermore, the small coefficient for the site within estuary random effect
suggests our sample findings between sites within estuaries were consistent. Further
research is clearly required to elucidate the relationship between the density of green
crabs and oyster mortality in river systems on PEI and elsewhere.

4.5.2 Experimental Manipulations
To further investigate the plausibility of green crab predation as a causal factor of
oyster mortality we conducted inclusion/exclusion experiments in the field. Previous
experimental manipulations conducted in the region concluded that green crabs had the
potential to consume a considerable number of small oysters, particularly those < 25 mm
SL (Miron et al. 2005, Pickering and Quijón 2011, Tummon Flynn et al. 2015).
Furthermore, Miron et al. (2005) and Murray et al. (2007) found that when presented
with a choice, green crabs preferred small over large oysters. Feeding rates in general are
expected to decline with an increase in prey size given the increase in the level of

104

difficulty involved to break or open shells (Elner and Hughes 1978, Smallegange and
Van Der Meer 2003). Preference for small oysters also can be related to crab avoidance
to prevent potential chela wear as a result of repeated (unsuccessful) attempts to open
larger and thicker shells (Juanes and Hartwick 1990). Our experimental results are
consistent with those studies, and show that green crabs can cause a considerable level of
mortality on oysters up to 40 mm SL.
Feeding rates on oysters placed either in the natural environment with green crabs
or in cages with this species were substantial (as high as 65% and 87% for oysters caged
with crabs in trials 1 and 2 respectively). Mortality rates for oysters in the open
environment were on average 14% and 43% depending on the trial and, in comparison,
oysters placed in identical cages but without green crabs experienced practically no
mortality (1% in average). These results suggest that green crabs may account for
considerable amounts of oyster mortality in Boughton River, where the experiments were
conducted. Differences in oyster mortality among treatments were consistent and we
argue that they were unlikely related to potential cage artifacts resulting from the
placement of cages into a sedimentary bottom (see e.g. Hulberg and Oliver 1980). Unlike
long (> 1 month) cage manipulations, our experiments were relatively short in duration
and in our frequent check of the units, no signs of detritus, sediment or seaweed
accumulation were observed. Occasional eelgrass shoots uprooted due to green crab
grazing or other causes (see Malyshev and Quijón 2011) and being caught in the cages
were manually removed within 24 h. Interestingly, we did find some differences in
predation rates between the two trials (both in open cages and in green crab inclusions).
These differences were potentially related to the 2°C increase in water temperature over
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the course of the manipulations. Several studies have already reported that predation rates
may be correlated to water temperature (e.g. Elner 1981, Sanchez-Salazar et al. 1987,
Freitas et al. 2007, Matheson and Gagnon 2013). And while the temperature increase
between trials was small, it remains a potential driver of higher predation rates. Despite
this and other sources of natural variation present in field manipulations (Connell 1974),
the results of our experiments support the notion that increased (recent) mortality of small
oysters from Boughton River was associated with green crab predation.
One relevant difference between our study and prior studies was the use of
attached (tethered) oysters. Although tethering as a methodology is not new and has
limitations (e.g. Barbeau and Schiebling 1994, Aronson and Heck 1995), we argue that it
provided an additional level of “realism” to the assessment of green crab-oyster
interactions. Tethered oysters cemented to a substrate do more accurately reflect the
physical position of oysters and the handling required by predators to consume them.
Bivalves generally exhibit anti-predator responses to avoid consumption. These responses
can be behavioural (burrowing refuges in sediment; Blundon and Kennedy 1982),
numeric (density refuges reduce predator-prey encounter rates and the individual prey’s
probability of being consumed) (Sponaugle and Lawton 1990) or morphological (aimed
to increase predator’s investment on handling) (Vermeij 1987). American oysters likely
rely on this latter response: morphological armouring from heavy calcification increases
the strength of the shell and attachment to a substrate increases the difficulty for predators
to handle and break them (Menge and Lubchenco 1981). Moreover, the tethering of
oysters allowed us to visually confirm that oyster mortality was due to crab predation, by
observing shell fracture and opening and also shell remnants which were fairly similar to
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those observed and collected in the surveys. This is an advantage of this new approach
(oyster tethering by gluing) that adds credence to our conclusions on the role of green
crabs on mortality of oysters.
The results of our tethering experiments were generally similar to those conducted
by Miron et al. (2005) and Pickering and Quijón (2011) and cumulative predation rates
recorded here were in general consistent with those studies, taking into consideration the
duration of the manipulations. Interestingly, a majority of the oysters used in our
experiments were close to 40 mm SL (the upper limit in the size range), and despite that,
were subject to considerable predation. In the past, proposed oyster refuge sizes were
smaller than that (see Miron et al. 2005, Pickering and Quijón 2011). Of note are small
differences in methodology, however, as Miron et al. (2005) exposed concurrently
multiple size classes of oysters to green crabs in their trials. Our experiments exposed
green crabs to a uniform size class of oysters. Hence the refuge size proposed by Miron et
al. (2005) likely reflects preference rather than the inherent capability of green crabs to
exploit a particular size of oyster.

4.5.3 Implications
The establishment and expansion of green crab populations across Prince Edward
Island (PEI) is likely similar to some of the aspects involved in the spread of this species
in other regions (e.g. Cohen et al. 1995), and other non-indigenous predators invading
productive coastal ecosystems elsewhere (e.g. Kimbro et al. 2009). Since the arrival of
green crab populations on PEI around 1997, populations have gradually spread to
multiple estuaries across the island (Audet et al. 2003). Although green crab densities
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have historically been higher in several of the estuaries surveyed in this study (e.g. North
and East River, Dunk and Wilmot River) (McNiven et al. 2013), we were still able to
measure an effect of this species on (<40 mm SL) oyster mortality. The fact that the
green crab populations were lower than usual in numbers during the 2014 field season
suggests that under more “normal” years with higher crab densities, the effect of green
crabs on oyster populations in PEI may be greater. Such a suggestion is supported by our
field experiments where the density of crabs intended to reflect relatively high crab
densities. Currently, our results are most directly applicable to estuaries located in the
east and south coasts of PEI, where large green crab populations are well established, and
are therefore expected to cause an impact on small oysters. However, as green crab
populations continue to grow and spread, these results will become quickly applicable to
the estuaries recently invaded and those likely to be invaded in the next few years.
Data on natural oyster predation rates and size vulnerability can be used by the
shellfish industry to prepare and adapt their oyster recruitment and growing strategies.
The results herein indicate that oysters up to 40 mm SL are, in fact, vulnerable to
predation by green crabs, and at least some of the mortality observed in our surveys, may
be associated with the presence and foraging of this non-indigenous species. It is also
reasonable to assume that significant effects on small oysters would have subsequent
consequences on larger sizes of oysters, including those that a few seasons later reach
commercial size. This has been demonstrated in several studies elsewhere (e.g. Bisker
and Castagna 1987, Newell et al. 2000) although we are cautious as we lack temporal
data to support such a conclusion. Our results also have implications for oyster
aquaculture and enhancement operations taking place in different estuaries of the island.
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No enhancement operations like seeding of <40 mm SL oysters have taken place in
Boughton River, so these seeds are not present in the autumn survey to this area.
However, as our experiments suggest, enhancement with <40 mm SL oysters may indeed
be ineffective in other estuaries with high green crab densities. As suggested already by
Pickering and Quijón (2011), an increase in the period of time oysters should be grown in
protective bags before being used for bottom culture or enhancement is prudent. From an
ecosystem perspective, further studies should be conducted to assess the potential
ramifications of the continued decline of oyster beds (see Peterson et al. 2000). Of special
concern are areas recently invaded (e.g. Gehrels et al. 2016) and those where invasions
are deemed imminent.
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4.7 Appendix Tables
Appendix Table 4.1 Estuaries, oyster bed sites, their geographic location and sampling details for summer and autumn surveys.
Temperature values are in °C and salinities in ppt. Asterisk next to systems indicate that a scientific research survey has historically
noted green crab presence prior to 2014.

Estuarine system
Boughton River*
East River*
North River*
Dunk River*
Wilmot River*
Kildare River
Hills River
Mill River
Cascumpec Bay
Bideford River*

Site
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

Latitude
46.2656
46.2755
46.2970
46.2699
46.2308
46.2473
46.3719
46.3531
46.3879
46.3837
46.8260
46.8326
46.7774
46.7744
46.7623
46.7645
46.7439
46.7250
46.5916
46.5870

Longitude
-62.4796
-62.4935
-63.0413
-63.0786
-63.1491
-63.1722
-63.7954
-63.7370
-63.7698
-63.7622
-64.0324
-64.0404
-64.1206
-64.1168
-64.1255
-64.1332
-64.0619
-64.0636
-63.9096
-63.9094

Date
12-06-2014
25-06-2014
17-06-2014
17-06-2014
11-06-2014
24-06-2014
16-06-2014
18-06-2014
16-06-2014
16-06-2014
19-06-2014
23-06-2014
18-06-2014
18-06-2014
18-06-2014
18-06-2014
23-06-2014
23-06-2014
23-06-2014
23-06-2014

Summer surveys
Temperature
16.94
16.51
17.94
17.72
15.64
16.51
15.44
16.17
17.38
15.99
17.28
18.63
17.49
17.47
17.52
17.35
18.73
19.93
22.41
22.49
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Salinity
28.61
27.96
26.7
27.48
27.59
27.6
26.35
20.69
27.03
25.38
26.11
23.56
20.54
20.3
22.33
21.87
26.24
24.29
15.92
15.97

Date
20-10-2014
20-10-2014
4-11-2014
4-11-2014
14-10-2014
14-10-2014
29-10-2014
29-10-2014
29-10-2014
29-10-2014
3-10-2014
3-10-2014
4-10-2014
4-10-2014
4-10-2014
4-10-2014
3-10-2014
3-10-2014
29-10-2014
29-10-2014

Autumn surveys
Temperature
14.29
14.1
9.23
9.56
12.65
13.1
9.81
10.23
9.84
9.65
12.14
11.25
14.52
14.89
14.2
14.51
13.51
12.21
10.43
11.21

Salinity
26.51
26.95
26.85
26.12
28.51
28.64
24.98
18.54
28.62
24.15
25.1
22.56
19.36
20.14
21.15
22.85
24.85
21.47
17.85
17.46

CHAPTER 5. MOULTING SYNCHRONY IN GREEN CRABS (CARCINUS
MAENAS) FROM PRINCE EDWARD ISLAND, CANADA

Published as:
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Moulting synchrony in green crabs (Carcinus maenas) from Prince Edward Island,
Canada. Marine Biology Research 12: 969–977.

5.1 Abstract

The growth and spread of non-indigenous green crabs (Carcinus maenas) in
Atlantic Canada is of concern to the sustainability of shellfish resources, particularly in
areas recently invaded. Commercial green crab fishing has been initiated on Prince
Edward Island to help control this species and provide a new resource for inshore
fishermen. Developing a soft-shell crab product modeled after the Venetian “Moleche”
would provide an economic incentive beyond the existing hard-shell crab bait market.
However, answers to questions such as the timing and characteristics of green crab
moulting, are required. A pilot study conducted in 2014-2015 collected seven groups of
crabs and held them in individual compartments for 2-4 weeks to record moulting rates
and physical characteristics. We found that a synchronized “moulting window” occurs
during July for male crabs. Field experiments in 2015 had an average moulting rate of
34%, with group-specific rates as high as 60%. The same cohort of crabs held in the
laboratory, had an average moulting rate of 48% with group specific rates as high as
75%. We observed a gradual increase in moulting rates from early to mid-July, after
which all crabs caught had recently moulted, with evidence of new carapaces on all crabs.
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In 2015, the moulting window followed a 5oC increase in water temperature. Regarding
morphology, the presence of a “halo” on the episternites of the carapace from the process
of apolysis was an indicator that a crab would soon moult. These promising results
represent the first step in assessing the feasibility of a soft-shell green crab industry.

5.2 Introduction

European green crabs Carcinus maenas (Linnaeus, 1758) have invaded
ecosystems worldwide and their populations continue to expand into new regions (Elner
1981, Cohen et al. 1995, Grosholz et al. 2000, Audet et al. 2003). These areas include
multiple locations in the Atlantic provinces of Canada, including Prince Edward Island
(PEI), where this species was first confirmed in 1997 (Audet et al. 2003, Klassen &
Locke 2007). Control measures are required in areas most recently invaded, where the
effects of this species can be most detrimental (e.g. Malyshev & Quijon 2011, Garbary et
al. 2014). Although targeted, one-off harvests have been temporarily successful in
reducing crab numbers (Pasko et al. 2014), green crab populations rebound within a short
period of time (Department of Fisheries and Oceans 2011). A federal (pilot) green crab
fishery was established in 2014 in the Maritimes, Canada (Kim Hill, pers. comm.), but its
long-term viability is uncertain due to the lack of suitable markets for the harvested crabs.
The difficulty of removing meat from the carapace by conventional methods and the
small size of this species renders a traditional meat-yield crab fishery impractical
(McNiven et al. 2013).
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An alternative option is the development of a soft-shell green-crab product,
similar to the Moleche industry in Venice, Italy. This industry harvests recently moulted
males of the Mediterranean crab (Carcinus aestuarii, Nardo 1847), a species
morphologically similar to the green crab (although COI genes confirmed their separate
status: Roman & Palumbi 2004). Moleche crabs have a market value considerably higher
than processed hard-shell products, such as bait for the lobster industry, flavouring
pastes, and concentrates. Prices for Moleche change widely depending on supply, but as a
reference, the Food and Agriculture Organization of the United Nations reports an
average price of €51.14/kg during 2014 (Cataudella et al. 2015).
The harvesting of Moleche is seasonal (Bonesso 2000, Antonetti et al. 2000) and
relies heavily on the identification, sorting, and holding of male crabs that are about to
undergo ecdysis. Moult-specific external physical characteristics are subtle, and
identification requires a trained eye (Varagnolo et al. 1968). Such information on
moulting characteristics and timing is currently unavailable for Atlantic populations of
green crabs.
Reid et al. (1997), McGaw et al. (1992) and Styrishave et al. (2004) provided
insight into the physical characteristics of crabs in various moult phases, specifically
regarding colour variation of the carapace. However, these authors did not outline drivers
of moulting synchrony or recognizable morphological features, promoters, or indicators
of pre-moulting crabs, and this remains a relatively understudied area of green crab
morphology. Hence, the main objective of this study was to explore whether green crabs
in PEI follow a predictable moulting pattern similar to that observed with Mediterranean
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crabs and whether discernible morphological features are available to identify premoulting crabs.

5.3 Methods

5.3.1 Collection of Crabs
During June and July of 2014 and 2015, seven groups of green crabs (three in
2014 and four in 2015) were captured from Montague River (Figure 5.1) using a 24-h
baited trap (Table 1). In 2014, all crabs were retained at the Atlantic Veterinary College
aquatic animal care facility for observation for at least 13 d (mean 26.3 d) in separate
containers labelled by area of origin and group number. In 2015, only male crabs were
retained, based on results from 2014 indicating that males moulted predominantly during
the summer months. These crabs were held at the Atlantic Veterinary College animal care
facility and in floating cages in the Hillsborough River, PEI, (Figure 5.1) and observed
for at least 26 d. Sex, weight, and carapace width were recorded for each crab. In 2015,
based on information on pre-moult external indicators used by Italian fishermen
(Valentina Melli 2014, pers. comm.), the darkness of the shell apex line (near the telson),
the presence of a halo or greying circle on episternites, carapace opaqueness, and
carapace looseness where it meets the abdomen were recorded as present or absent
(Figure 5.2).
The first two groups of green crabs captured (2014 - Groups 1 and 2) were held in
33-L tanks with 10 crabs randomly assigned per tank. The remaining five groups of
crabs, captured in 2014 and 2015 (Groups 3-7), were held in individual housing units to
aid in identification of moulting and to reduce rates of cannibalism (see Table 5.1). Field
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Figure 5.1 Map of Prince Edward Island, Canada. Red star (left inset) indicates holding
area in the Hillsborough River. Charlottetown is immediately North of the red star. Blue
star (right inset) indicates crab capture area in Montague River.
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Figure 5.2 Top – Male PEI green crab exhibiting 3 external characteristics that were
recorded (A) Presence of a halo or greying circle on the episternites, also viewable in
inset. (B) Darkening of the Apex line. (C) Location where shell looseness was
determined (where abdomen meets posterior carapace). Bottom – Two green crabs
exhibiting characteristics of imminent moulting – (D) Left, Shell opaqueness present.
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Table 5.1 Moult rates and related descriptors for European green crab captured in 2014 and 2015 in PEI. CW: carapace width of crabs
that moulted. Weight: only of crabs that moulted. Average temperature at moult: average temperature at the holding site for each
group of the 2015 field experiment.
Year, Area held, Group #
2014, Lab, Group 1
2014, Lab, Group 2
2014, Lab, Group 3

Date
Captured

°C
at
capture

Sex

11/6/2014

12.5

17/6/2014
9/7/2014

15.2
17.5

Moults
(n)

Non-Moults
(n)

Moult
(%)

Ave
°C at
moult

M

0

6

0

F

0

20

M

27

F

1

M
F

Days to moult

CW (mm)

Weight (g)

Weight gain
(g)
Mean SD

Mean

SD

Mean

SD

Mean

SD

-

-

-

-

-

-

-

-

-

0

-

-

-

-

-

-

-

-

-

21

56.3

-

20.9

6.2

54.8

4.4

36.8*

8.9

18.8*

4.9

11

8.3

-

28

-

48.7

-

*

*

*

*

0

43

0

-

-

-

-

-

-

-

-

-

0

0

0

-

-

-

-

-

-

-

-

-

6.4

9.6

10.2

2015, Lab, Group 4

19/6/2015

11.0

M

10

26

27.8

-

21.8

12.3

42.7

5.3

18.1

2015, Lab, Group 5

24/6/2015

11.9

M

13

35

27.1

-

29.4

9.2

52.5

6.7

34.2

12

13.6

8.4

2015, Lab, Group 6

7/7/2015

16.0

M

35

13

72.9

-

16.7

6

51.8

6.1

32.7

11.2

19.5

8.1

2015, Lab, Group 7

14/7/2015

19.1

M

15

5

75.0

-

12.6

4.5

51.1

5.2

30.7

9.5

19.1

10.2

M

73

79

48

-

18.8

9.3

50.5

6.6

30.6

11.5

17

8.8

2015, Field, Group 4

19/6/2015

11.0

M

5

39

11.4

18.6

36.2

8

42

7.3

**

**

**

**

2015, Field, Group 5

24/6/2015

11.9

M

32

56

36.4

19.1

34.8

10.2

50.2

4.5

**

**

**

**

2015, Field, Group 6

7/7/2015

16.0

M

19

25

43.1

19.1

23.4

6.5

58

4.7

**

**

**

**

2015, Field, Group 7

14/7/2015

19.1

M

12

8

60.0

18.2

12.9

6.4

51.3

6.6

**

**

**

**

M

68

128

34.7

18.8

27.9

12

52

6.7

**

**

**

**

2015 Lab Total

2015 Field Total

(*) Only 7 of 28 lab 2014 moults were measured for post-moult weight
(**) Weight was not recorded in the 2015 field season
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housing units (4-inch diameter circular PVC pipe, 5 inches deep) for the crabs were held
in floating Logtek® lobster crates (44 housing units per crate) in the Hillsborough River,
specifically Charlottetown Harbour, as it was close to the University and secure. In 2015,
an attempt was made to capture an additional group of crabs after Group 7 (July 21,
2015); however, once captured, most crabs exhibited distinct bright green-yellow
colourations and shell softness, both indicative of post-moult, so the collection of crabs
for our moulting experiment was terminated. Similar colouration and softness were also
apparent for most crabs from Group 3, captured in 2014.

5.3.2 Environmental Conditions 2014-2015
In 2014 and 2015, water salinity in our laboratory tanks was maintained at 28 to
30 ppt using Instant Ocean® Sea Salt and ground water. The water temperature was held
constant at 18 °C, based on historical water temperatures in the area. Temperatures in the
field were monitored using Hobo® Pro v2 loggers placed in the field holding area in the
Hillsborough River and the Montague River capture site.

5.3.3 Data Collection
Crabs were checked daily to record incidences of moulting. When a crab moulted
in the 2014 laboratory experiment, post-moult weight (blotted on a paper towel) was
measured to the nearest 0.1 g; however, post-moult weight was only recorded for 7 of the
28 moults in 2014 because of cannibalism of early moults. In the 2015 lab experiment,
post-moult crabs were weighed and carapace width was measured to the nearest 0.1 cm
between the fifth carapace teeth with a Mitutoyo® Digital caliper. In the 2015 field
experiment, only post-moult carapace widths were taken.
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We evaluated the association of pre-moult carapace width, pre-moult weight, and
the presence of the four external characteristics with the probability of moulting
(dichotomous outcome) in each of the trials separately, using a stepwise backwards
binary logistic regression analysis. For the 2014 laboratory trial, only Group 2 had crabs
that moulted, so we limited our analysis to that group. Odds ratios were calculated and
model fit was assessed using Hosmer-Lemeshow tests. Odds ratios are used to compare
the relative odds of the occurrence of the outcome of interest, in this case moulting, given
exposure or presence of a variable of interest (e.g. four external characteristics). Odds
ratios greater than 1 signify a positive association between the variable of interest and the
outcome whereas odds ratios less than 1 signify negative associations between the factor
of interest and the outcome. In our comparison among groups in 2015, we used group 4
as our initial reference group because it was the first group of crabs collected that season,
although we did compare the other groups against each other as well. Statistical analyses
and descriptive statistics were completed and figures were created using R software (R
Development Core Team, 2015).

5.4 Results

5.4.1 2014 Laboratory Trial
All crabs that moulted were from Group 2, collected on June 17th, and yielded a
moult rate of 46.7% (Table 5.1). All but one of the crabs that moulted were males,
resulting in a male-specific moult rate of 56.3%. Mean holding time to moult (± standard
deviation) for male crabs in Group 2 was 20.9 d (± 6.2 d). Mean pre-moult carapace
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width of males that moulted was 54.8 mm (± 4.4 mm). Data on the change in weight, post
ecdysis, was incomplete (7 of 28 moults); however, an average increase of 18.8 g (± 4.9
g) or 47.5 % (± 12.6 %) was observed for the seven crabs measured (Table 5.1).
Results from the binary logistic regression analysis indicated that the average
odds of a male crab moulting from Group 2 was 14.1 (95% Confidence Interval: 1.7,
118.4) times greater than a female crab from the same group (P=0.015). Carapace width
was not significantly associated with the probability of moulting in our sample
(P=0.985); however, there was little variation in carapace width within this group (crabs
that did not moult: 54.3 mm ± 5.2 mm; crabs that did moult: 54.8 mm ± 4.4 mm). The
Hosmer-Lemeshow test was not significant (P>0.1), suggesting that our data fit the
logistic regression model.

5.4.2 2015 Laboratory Trial
Groups 4, 5, 6, and 7 had moult rates of 27.8%, 27.1%, 72.9%, and 75.0% (mean
50.7 ± 26.9), respectively, and an overall trial moult rate of 48.0% (73 of 152 crabs
moulted) (Figure 5.3). The mean number of days to moult after capture for crabs in
Groups 4, 5, 6, and 7 were 21.8 (± 12.3), 29.4 (± 9.2), 16.7 (± 6.0), and 12.6 (± 4.5),
respectively. The mean carapace width of crabs that moulted was 50.5 mm (± 6.6 mm),
and there was an average carapace width increase of 10.2 mm (± 3.51 mm) post moult.
The mean pre-moult weight of crabs that moulted was 30.6 g (± 11.5 g), with an average
increase in weight of 17.0 g (± 8.8 g) post moult (Table 5.1). Seventy-three of the 152
crabs in our 2015 laboratory trial moulted.
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Figure 5.3 Moult rates for green crabs in 2015 laboratory and field experiments with
temperatures at day of capture in the holding area (Hillsborough Bay, PEI).
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Pre-moult weight, carapace width, carapace opaqueness, apex line darkness, and
shell looseness were removed from our logistic regression model as predictors of
moulting because they were not significant (P>0.05). However, the presence of a halo on
the episternites was significantly associated with an increase in the odds of moulting of
6.1 (95% CI: 2.4, 15.4, p<0.001), controlling for Group effect. In general, crabs with a
halo had 6.1 higher odds of moulting than crabs without halos.
Crabs in Group 5 had, on average, similar odds of moulting as the crabs in the
reference Group 4 (P=0.202; see also moult rates presented above for both groups). The
odds of a crab moulting in Groups 6 and 7, caught later in the summer, were, on average,
6.5 (95% CI: 2.3, 18.7, P<0.001) and 4.9 (95% CI: 1.3, 18.5, P=0.021) times greater,
respectively, than a crab in Group 4. In addition, crabs in Groups 6 and 7 averaged 13.0
(95% CI – 4.6, 36.6, P<0.001) and 9.7 (95% CI – 2.7, 34.2, P<0.001) greater odds of
moulting than crabs in Group 5, respectively. Crabs in Groups 6 and 7 did not have
statistically different odds of moulting (P=0.656).

5.4.3 2015 Field Trial
Groups 4, 5, 6, and 7 had moult rates of 11.4%, 36.4%, 43.2%, and 60.0%, (mean
34.7 ± 20.1) respectively (Figure 5.3). There was an increasing trend in the moult rate
until the final catch (Group 7). The mean number of days to moult after capture decreased
from 36.2 (± 8.0), 34.8 (± 10.2), 23.4 (± 6.5), and 12.9 (± 6.4) days for Groups 4, 5, 6,
and 7, respectively. The mean carapace width of crabs that moulted was 52.0 mm (± 6.7
mm) (Table 5.1). The average water temperature in the Hillsborough River when crabs
moulted was 18.9 °C (± 1.2 °C) (Figure 5.4).
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Figure 5.4 Daily average temperatures with daily minimums and maximums for
Montague River (Capture site), and Hillsborough River (Holding site).
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Carapace width, carapace opaqueness, apex line darkness and shell looseness
were not significant predictors of moulting in our logistic regression model, but the
average odds of a crab moulting when it had a greying circle or halo on its episternites
was 9.5 (95% CI: 4.2, 21.6, P<0.001) times greater than for a crab without this
characteristic.
Crabs in Groups 5, 6 and 7 all had greater odds of moulting than crabs in Group 4
(earliest caught crabs). The average odds of moulting for crabs in these groups were, 3.6
(95% CI: 1.2, 10.6, P=0.022), 10.1 (95% CI: 2.9, 35.1, P<0.001) and 12.1 (95% CI: 2.9,
50.6, P=0.001) greater than crabs in Group 4, respectively. Additionally, crabs in Group
6 and 7 did not have significantly different odds of moulting (P=0.774), but had 2.8 (95%
CI: 1.1, 7, P=0.026) and 3.4 (95% CI: 1.1, 10.7, P=0.037) times greater odds of moulting
than crabs in Group 5.
Temperature data collected in 2015 from our holding and collection sites was
similar and indicated an increase over the 20 day period between the capture of Group 5
(06/24/2015) and Group 7 (07/14/2015) (11 °C to 16.7 °C at the capture site and 14.3 °C
to 18.6 °C at the holding site) (Figure 5.4).

5.4 Discussion

Our results identified temporal moulting patterns in green crabs collected from
PEI estuaries. Within these patterns, there was distinct clustering of moulting events, not
only by sex (2014 data), but also by time of collection (group) within the sample year.
This moulting period was different for 2014 and 2015, and both time periods were later in
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the year than had been reported in Italy (Varagnolo et al. 1968, Bonesso 2000). We
hypothesize that this may be associated with differences in water temperature and crab
species (Figure 5.4).
The disparity in moulting rates between groups of crabs caught at different times
in 2014 and 2015 suggests that there is an optimal fishing period for harvesting crabs
about to moult, and that this window is not very long. This short window is based
primarily on the low moulting rates of the groups fished earlier, and many of our crabs in
Group 3, analyzed in 2014. This also is consistent with observations of crabs collected
after Group 7 that had already moulted when caught. The short moulting window and the
varying optimal timing of the window will make it difficult to time the fishing season
accurately for soft-shell crabs. However, it would be advantageous for processors as it
suggests the species has a relatively synchronized natural moulting window and, if timed
properly, would not require a long holding period.
The drivers of a narrow and shifting “moulting window” for green crabs are
unknown; however, temperature regimes figure prominently among existing hypotheses
because they are precursors of moulting events in other crab species (Stoner et al. 2010,
Brylawski & Miller 2006). We hypothesize that an increase in temperature may lead to
physiological changes that trigger moulting. In the 2015 experiment, higher moulting
rates were observed in Groups 6 and 7 than in Groups 4 and 5, which coincided with the
sudden increase in temperature (~5 °C between Groups 5 and 7) (Figure 5.4). In Italy, the
ideal time to catch crabs for moulting is in April (Varagnolo 1968), when the water
temperature is approximately 17 °C (Stazione Idrobiologica – Universita di Padova
2015). In our studies in PEI, this temperature occurred in late June or early July in 2015
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but water temperature fluctuates from year to year. If attaining a temperature of
approximately 18°C is the trigger for moulting, then the timing for fishing could vary
from year to year. We did observe a difference in the timing of moulting between 2014
and 2015; however, we do not have temperature data in our first year to fully evaluate
whether this was associated with a variation in water temperature between years. Despite
that limitation, another factor that suggested the moulting window was linked to water
temperature was that the moulting rates in the laboratory trial in 2015 were slightly better
than in the same cohort of crabs held under field conditions. Hence, our findings suggest
we may be able to improve the synchronization of the moulting process under controlled
water temperature conditions.
Our study identified one external characteristic, a halo on the episternites of crabs
(see Figure 5.2), that was a predictor of moulting. This particular external characteristic
has also been used by fishermen in Italy as one of the indicators of a crab about to moult
(V. Melli pers. comm.). Using this feature to sort crabs may help in the selection and
retention of crabs most likely to moult, reducing costs associated with holding crabs for a
soft-shell crab industry. A second characteristic of pre-moult crabs described by Italian
fishermen was an opaque appearance of the abdominal shell (Figure 5.5). The outer-most
shell layer takes on a dull, grey-yellow colouring as the new shell underneath begins to
develop and the old shell becomes more of a “husk” or exuviae. This has been described
and observed in-situ (Varagnolo et al. 1968) and may also be useful for sorting pre-moult
green crabs in PEI. However, unlike the Italian fishermen who have developed their
observational skills over many generations, at this time we were unable to use exterior
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Figure 5.5 Left: Pre-moult dull grey-yellow colouration on a male green crab from PEI
about to undergo moulting, with halos on episternites highlighted by black arrows. Right:
A green crab from PEI undergoing ecdysis with bright yellow-green colouration.
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carapace colour to reliably discern pre-moult stages in PEI green crabs. With time and
practice, we expect we would be able to use this characteristic as an indicator for
moulting. An additional limitation to our methodology was that we only recorded these
characteristics once.
Italian fishermen devote considerable time on the identification of pre-moult crabs
in order to reduce the risk of cannibalism. They hold crabs in large containers together
and if they do not separate crabs that are within a few days of moulting from the crabs
that are still eating, the crabs will cannibalize each other (Bonesso 2000). We observed
this in 2014, before we moved to individual crab housing.
Although we had difficulty in identifying crabs that were within a few days of
moulting, based on physical characteristics, we were able to identify the colour of the
abdomen immediately post-moult, which was consistently a bright green-yellow (see
Figure 5.5). This allowed for the identification of crabs that had recently moulted and,
consequently, will not moult again for some time. Most crabs in Group 3, captured in
2014, and crabs captured after Group 7 in 2015, exhibited a bright green-yellow abdomen
and their carapaces were still relatively soft, indicating that they had recently moulted.
We observed the same colouration in our laboratory-held crabs after the moulting
process. This consistent colour across entire groups of crabs fished in PEI estuaries adds
further evidence that moulting events may occur synchronously under field conditions,
similar to what is observed in crabs caught and held in the laboratory setting.
Our study indicates that European green crabs in PEI are potential candidates for
a soft-shell crab industry because they undergo relatively synchronized moulting events
and exhibit external characteristics that can be used to identify crabs close to moulting.

134

Future studies addressing the potential for this type of industry should focus on methods
of reducing cannibalism and identifying factors that promote moulting, in order to
develop a larger-scale synchronization of ecdysis. In particular, we perceive as priorities
the exploration of the effects of changes in temperature and other water quality
parameters, and changes in crab external physical features, particularly the presence of
the greying halo on the episternites. A soft-shell crab industry could provide a financial
incentive for fishermen to harvest this invasive species.
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CHAPTER 6. A NOVEL BYCATCH REDUCTION DEVICE (BRD) AND ITS USE
IN A DIRECTED FISHERY FOR NON-INDIGENOUS GREEN CRABS (C.
MAENAS) IN ATLANTIC CANADA

(*) Submitted for publication as:
Poirier, L.A., Tang, S., Mohan, J., O’Connor, E., Dennis, E., Abdullah, M., Zhou, D.,
Stryhn, H., St-Hilaire, S., Quijón, P.A. A novel bycatch reduction device (BRD) and its
use in a directed fishery for non-indigenous green crabs (C. maenas) in Atlantic Canada.
Fisheries research (Submitted in July 2017).

6.1 Abstract

The European green crab (Carcinus maenas) is one of the world’s most successful
invasive species. Most attempts at control of this species have failed but a recently
implemented fishery in Atlantic Canada aims to control its populations and mitigate its
negative effects. The use of fyke nets to capture green crabs could reduce the cost of
fishing and increase the financial incentive to harvest this species. However, these nets
are currently not permitted for fishing this species because they potentially capture large
amounts of bycatch in a sensitive ecological zone. Hence, the primary goal of this study
was to design and evaluate the effectiveness of a novel bycatch reduction device (BRD)
installed on traditional fyke nets that were intended for fishing green crabs. Fyke nets
were deployed in pairs at four shallow subtidal sites in eastern Prince Edward Island and
sampled over 16 days in summer 2016. Both catch (green crab) and bycatch counts in the
original fyke nets were significantly higher than in the nets equipped with a BRD.
However, bycatch diversity was significantly lower in the BRD equipped nets, and
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proportionally less detrimental to three economically and ecologically important bycatch
species.

6.2 Introduction

Over the past several decades, the non-indigenous European green crabs
(Carcinus maenas), has colonized much of the Northeastern United States and Atlantic
Canadian coastlines, including most recently, the Gulf of St. Lawrence and Prince
Edward Island (hereafter PEI) (Audet et al. 2003, Klassen and Locke 2007). Green crabs
have the potential to disrupt native communities (Grosholz et al. 2000, Lutz-Collins et al.
2016) and commercial shellfish resources (Floyd and Williams 2004, Miron et al. 2005,
Pickering and Quijón 2011, Pickering et al. 2017, Poirier et al. 2017). Unfortunately,
there are currently no effective measures to manage the population growth and spread of
this species. A directed fishery to control this species has been recently implemented in
the southern Gulf of St. Lawrence, Atlantic Canada (see Poirier et al. 2016, St-Hilaire et
al. 2016). Furthermore, Poirier et al. (2016) specifically suggested the harvesting of green
crabs undergoing moulting to develop a profitable soft-shelled crab product modelled
after the Italian “moleche” industry in the Veneto province (Varagnolo 1969, Antonetti et
al. 2000). This would potentially provide a financial incentive to fishermen to ensure the
sustainability of the initiative (K. Hill pers. comm.).
The development of a new fishery requires the selection of appropriate fishing
gear. Fyke nets are the natural choice for a directed fishery of green crabs, as this type of
gear is readily available and used locally, primarily for the American eel fishery

138

(Anguilla rostrata) (Cairns et al. 2007). This type of gear is also similar to the multiple
fyke net system used by traditional fishermen in Italy to capture the Mediterranean crab
(Carcinus aestuarii) (Bonesso 2000), a species physically and genetically similar to the
green crab (Geller et al. 1997). PEI eel fishermen also have access to the new green crab
licences and could potentially use their gear to harvest green crabs. Unfortunately, fyke
nets are also prone to capturing bycatch, a major concern for fishery biologists, managers
and regulatory agencies (Davis 2002, Lewison et al. 2004, Read et al. 2006). The
unintentional loss of a large number of non-target species lowers yields, has a negative
effect on recruitment and biomass of bycatch species, and can have collateral effects on
ecosystems (Saila 1983, Alverson et al. 1994). In PEI, using fyke nets out of the
American eel fishing season is under strict regulation due to their potential to collect
commercial species and species at risk (Draganik et al. 2004, Colotelo et al. 2013).
Species of commercial value sharing habitat with green crab include, among others, the
American eel, American lobster (Homarus americanus) and winter flounder
(Pseudopleuronectes americanus) (McCracken 1963, Cooper and Uzmann 1980, Cairns
et al. 2014).
Attempting to reduce commercial and non-commercial bycatch in fyke nets may
allow this type of gear to be used for green crab fishing. There is currently a dearth of
information on fyke net bycatch outside the autumn American eel season, particularly
during the summer months, which coincidently is when green crabs are abundant and
moult in PEI (Poirier et al. 2016). Given the likelihood of bycatch during these times,
innovative net designs or Bycatch Reduction Devices (BRD) are alternatives worth
exploring (Perra 1992, Ward 1994) to minimize the ecological and economic impacts of
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this new fishery. Without disregarding possible differences in catchability (sensu Breen
and Ruetz 2006), the potential benefits of a BRD include a reduction in quantity or
diversity of bycatch, particularly in relation to commercial and at-risk species. This study
describes and assesses the ability of a novel BRD applied to a traditional fyke net to
reduce potential bycatch while catching green crabs. By comparing green crab catches
and bycatch of original and modified fyke nets in multiple sites of an eastern PEI
embayment, we evaluated the suitability of this BRD for its use in a directed fishery for
green crab.

6.3 Methods

6.3.1 Design of a Fyke Net Bycatch Reduction Device (BRD)
Through a partnership with UPEI’s School of Sustainable Design Engineering, a new
fyke net BRD was designed and fabricated in 2016 (Fig. 6.1). This modification was
designed to be a one-piece 30° barricade ramp attached to a hoop with an entrance slit,
with two attached side wings and the leader resting on top of the ramp. The modification
was lined up and attached to the first original hoop of the fyke net (Fig. 6.1). Side wings
were constructed of netting and attached to the sloped barricade hoop so that they could
be easily removed allowing the fyke net to be reversed back to its original form to allow
for the use of the net in the American eel fishery. No escape mechanisms were considered
in the fabrication of this BRD. Rather, the barricade ramp and entrance slit serve as an
impediment to prevent the entry of non-target species.
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Figure 6.1 An illustration of a modified fyke net with the reversible BRD differentiated
by darker shade (barricade ramp with removable hoop with an entrance slit, and attached
side wings).
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6.3.2 Assessment of Bycatch in Original and Modified Fyke Nets
An experimental trial was conducted between July 12 and 28, 2016 at four sites
(A-D) located in Murray Harbour, PEI (Fig. 6.2). This area was deemed representative of
the island’s eastern coast where green crabs have well-established populations (McNiven
et al. 2013, Poirier et al. 2017). Sites were chosen based on their habitats, which included
the presence of saltmarshes with scattered beds of American oyster (Crassostrea
virginica), blue mussels (Mytilus edulis), and eel grass (Zostera marina). Two nets (one
original and one modified net per site) were deployed at each site at least 100 m apart
from each other to minimize potential interaction. A total of eight fyke nets, four of
which were equipped with reversible BRDs were simultaneously used for consecutive
deployments over the course of the trial.
At the beginning of the deployments, fyke nets located north and south within
each site were arbitrarily called 1 and 2 (i.e. labelled A1, A2, B1…D2; Fig. 6.1). At each
site, the removable BRD was randomly assigned to either net 1 or 2. Four consecutive 24
h deployments were conducted (defined as one capture period) and immediately
afterward, the BRD was switched between nets 1 and 2 to avoid collecting data that was
potentially location-specific within each site. BRDs at each site were switched three
times, providing a total of eight 24-h trapping days, or two capture periods for each type
of fyke net (original and modified) at each of the four sites (A-D). Given that green crabs
are very active and are known to exhibit both circadian and circatidal rhythms (Naylor,
1996), potential tidal influence was accounted for by having the highest tide (full moon)
at the midway point of the experiment (19-20 July), between capture period 2 and 3.
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Figure 6.2 Map outlining the Gulf of St. Lawrence, Prince Edward Island (PEI), and the
approximate location of Murray Harbour. The right inset provides the approximate
location of sites (A-D) and fyke nets within Murray Harbour.
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After each individual 24-h deployment, fyke nets were fished at low tide,
identifying to the species level and counting all the catch and bycatch in the nets. On one
occasion (24 July) the low tide occurred relatively late at night rendering fishing
impossible, so the fyke nets were reset after 12 hours, and allowed to capture for the
standard 24-h and fished on July 25. Catch and bycatch counts were tabulated by type of
net (original or modified), net position (1 or 2), and site over the course of the
experiment. Species richness indices (Reciprocal Simpson Index) were calculated for
bycatch for each fyke net type over the course of the experiment. CPUE was defined as
the number of green crabs caught in each type of fyke net in 24 h (crabs trap-1d-1).

6.3.3 Data Analysis
Green crab capture counts were transformed to the fourth-root scale in order to
meet the linear mixed model assumptions (i.e., normality of errors), and bycatch counts
were modelled using a negative binomial mixed regression. The transformed green crab
counts were analyzed by a linear mixed model with day, site, and net type as fixed
effects. Net location nested within site, and capture period nested within net location and
sites were used as random effects in accordance with our experimental design.
Additionally, an autocorrelation term across the four days within each site-locationperiod was included, with the estimated correlation parameter being the correlation in the
errors between two observations one day apart. Bycatch counts were analyzed using a
mixed effects negative binomial model with similar model structure, and regression
coefficients were converted to mean-ratios. Both regression analyses were carried out
using Stata statistical software (Stata Corp. College Station, TX, USA).
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Data on species composition and abundance was also used to assess the potential
influence of the BRD on bycatch diversity. Reciprocal Simpson’s Indices were
calculated, and to assess the statistical significance of the difference between nets, we
used a permutation test (two-sided, with 10,000 permutations) whereby at each day and
site the species counts were randomly reallocated to the two nets. Bycatch was also
assessed in relation to the catchability (sensu Sainte-Marie and Turcotte 2003) of original
fyke nets. Catchability (q) can be defined as a species’ vulnerability to a given type of
fishing gear, and can be estimated from the catch per unit of effort (CPUE) of the fishing
gear and the density of the target species (D) (Morgan 1974, Miller 1990): q = CPUE ⋅ D1

. The density of green crabs was unknown but for measurements conducted in a small

area and during a relatively short period of time, it can be assumed to be fairly constant
across our study areas, so for comparative purposes q was tentatively considered to be
proportional to CPUE. Catchability ratios of the nets were then calculated for green crabs
and for three species of commercial interest within the bycatch, with one also being
considered at risk (American eel, American lobster, and winter flounder) (McCracken
1963, Miller 1990, Cairns et al. 2014).
We also used a non-metric Multi-Dimensional Scaling (nMDS) measure based on
Bray Curtis similarities (Clarke 1993) to visually inspect for differences between
assemblages of species collected with original versus modified fyke nets. Data were
square-root transformed to proportionally reduce the dominance of green crabs. In
addition, data from a single net (in B2) that did not trap any species on a given date was
removed from the analysis. The goodness of fit of the MDS plot was assessed using the
stress value (Clarke and Warwick 2014), in which values below 0.2 are considered
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suitable and values below 0.15 are expected to provide a good representation of the actual
differences among samples (Clarke 1993). Samples were compared in relation to type of
net (original versus modified) and site (A, B, C, D) using a two-way Analysis of
Similarity (ANOSIM). For each of these factors, this analysis tested the null hypothesis
that the average rank similarity between objects between groups being compared was the
same as the average rank similarity between objects within a group. Additionally, a
Similarity Percentage (SIMPER) analysis (Clarke and Warwick 2014) was used to
calculate the contribution of the species driving the dissimilarity between original and
modified nets. ANOSIM, nMDS, and SIMPER analyses were conducted using PRIMER
6 software (Clarke and Warwick 2014).

6.4 Results

6.4.1 Catch
A total of 6637 and 1791 green crabs were caught in the original and modified
fyke nets, respectively (Table 6.1; Fig. 6.3). Mean individual CPUE among original fyke
nets was widely variable among sites and nets, with highest values in the second net of
site A (or A2) and lowest in D2 (166 and 18 green crabs net-1d-1, respectively; Fig. 6.3).
With regards to modified fyke nets (with the BRD), highest and lowest mean CPUE
values were recorded in D1 and B2 (48 and 9 green crabs net-1d-1, respectively) (Fig. 6.3).
The catchability ratio (CPUE for modified nets / CPUE for original nets) for green crab
was 0.27 (i.e. a modified net trapped approximately a third of the catch of an original net)
(Table 6.2).
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Table 6.1 Cumulative abundance of green crab catch and bycatch over the 24 h deployments conducted with either original or
modified (with BRD) fyke nets at each corresponding site.
Species
American eel (Anguilla rostrata)
American lobster (Homarus americanus)
Winter flounder (Pseudopleuronectes americanus)
Mummichog (Fundulus heteroclitus)
Atlantic tomcod (Microgadus tomcod)
Grey seal (Halichoerus grypus)
Atlantic silverside (Menidia menidia)
Brown trout (Salmo trutta)
White perch (Morone americana)
Atlantic mackerel (Scomber scombrus)
Atlantic herring (Clupea harengus)
Rock crab (Cancer irroratus)
Green crab (Carcinus maenas)

A1
23
1
9
14
0
0
0
0
0
0
0
9
1107

A2
8
2
3
0
0
0
0
0
0
0
0
21
1330

Original fyke nets
B1
B2
C1
0
2
0
3
10
3
17
14
15
2
1
0
1
0
0
0
1
0
0
0
1
1
0
0
0
0
0
0
1
0
0
0
1
16
17
11
217 1084 704
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C2
3
3
19
26
0
0
0
1
0
0
0
18
761

D1
1
1
11
0
0
0
0
0
1
0
0
13
1294

D2
0
0
4
0
0
0
0
0
0
0
0
8
140

A1
2
0
0
1
0
0
0
0
0
0
0
3
247

A2
1
0
0
2
0
0
0
0
0
0
0
5
333

Modified fyke nets
B1
B2
C1
C2
0
0
0
0
0
0
0
0
1
1
3
0
0
2
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
7
1
10
12
130 68 267 278

D1
0
0
5
1
0
0
0
1
0
0
0
9
381

D2
0
0
3
0
0
0
0
0
0
0
0
1
87

Figure 6.3 Mean (+S.E.) CPUE (green crabs net-1d-1) caught in original and modified
fyke nets (open and filled bars) at each of the sites (A-D).
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Results of the multiple mixed linear regression showed a strongly significant
difference between net types (P<0.001; Table 6.3) and overall significance Wald tests
demonstrated significant differences between days (P=0.015; Table 3), and only minor
differences between sites (P=0.233; Table 3). Crab counts were higher in the original nets
compared to modified nets, with estimated median counts (for Site A) ranging across
days from 54.8 (95% CI 21.0 – 118.7) and 13.0 (95% CI 3.0 – 37.7 on Day 1 to 181.2
(95% CI 91.0 – 326.1) and 65.6 (95% CI 26.3 – 137.9) on Day 7, respectively.

6.4.2 Bycatch
A total of 316 and 72 bycatch individuals were caught in the original and
modified fyke nets, respectively. Mean individual bycatch CPUE with original nets
ranged from 1.5 to 9 individuals net-1d-1, and were collected from the second nets in D (or
D2) and C (or C2), respectively (Fig. 6.4). Bycatch CPUE means were lower in modified
nets: from 0.5 individuals net-1d-1 in B2 and D2 up to 2.0 individuals net-1d-1 in D1 (Fig.
6.4). The catchability ratios for rock crab, American eel, American lobster, and winter
flounder were 0.42, 0.08, 0.00 and 0.14, respectively (Table 6.2.).
Results of the multiple mixed negative binomial regression showed a strongly
significant difference between net types (P<0.001; Table 6.4) and overall significance
Wald tests showed significance differences between days (P=0.0116; Table 6.4), and only
minor differences between sites (P=0.125; Table 6.4). The bycatch counts were higher in
original nets compared to modified nets, with estimated mean counts (for Site A) ranging
across days from 1.5 (95% CI 0.1 – 3.0) and 0.4 (95% CI 0.01 – 0.7) on Day 11 to 10.3
(95% CI 4.0 – 16.6) and 2.4 (95% CI 0.9 – 3.9) on Day 6, respectively. The mean ratio
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Table 6.2 Catchability ratios calculated from cumulative abundance values of green crab
and four species of interest within the bycatch (Rock crab, American eel, American
lobster and winter flounder).
Species

Original fyke
net count

Modified fyke
net count

Catchability
ratio

6637
113
37
23
43

1791
48
3
0
7

0.27
0.42
0.08
0
0.14

Green crab (Carcinus maenas)
Rock crab (Cancer irroratus)
American eel (Anguilla rostrata)
American lobster (Homarus americanus)
Winter flounder (P. americanus)
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Table 6.3 Mixed effects linear regression model for green crab counts. Counts were 4th
root transformed. Random effects were net locations nested with sites, and capture
periods nested within net locations nested within sites to account for the hierarchical
nature of our experimental design. Capture period was included to account for the
switching of the BRD between net locations at the site level. An autocorrelation term for
the four days within each period was included, with the estimated correlation parameter
being indicated by rho. Overall significance for Day and Site fixed effects were assessed
using a Wald test and are indicated by (*). Significant fixed effects are indicated in bold.
Response: Green crab counts ^ 0.25
Fixed Effects

Coef.

95% CI

z value

P>|z|

Net Type

0.823

0.541 – 1.104

5.72

<0.001

Day

multiple coefficients

(not shown)

0.0153*

Site

multiple coefficients

(not shown)

0.233*

Estimate

Std. Err.

95% CI

Net Location nested within Site (variance)

0.0669

0.0553

0.0132 – 0.338

Capture Period nested within
Net Location nested within Site (variance)

<0.0001

<0.0001

not estimated

0.652
0.269

0.0743
0.0517

0.482 – 0.775
0.185 – 0.392

Random effects

Autocorrelation
Error variance
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Figure 6.4 Mean (+S.E.) bycatch CPUE (individuals net-1d-1) caught in original and
modified fyke nets (open and filled bars, respectively) at each of the sites (A-D).
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Table 6.4 Mixed effects negative binomial regression model for bycatch captured.
Random effects were net locations nested with sites, and capture periods nested within
net locations nested within sites to account for the hierarchical nature of our experimental
design. Capture period was included to account for the switching of the BRD between net
locations at the site level. Overall significance for Day and Site fixed effects were
assessed using a Wald test and are indicated by (*). Significant fixed effects are indicated
in bold.
Response: Bycatch Counts
Fixed Effects

Mean Ratio

Net Type

4.378

95% CI
3.072 – 6.238

z value

P>|z|

8.17

<0.001

Day

multiple coefficients

(not shown)

0.0116*

Site

multiple coefficients

(not shown)

0.125*

Random effects

Estimate

Std. Err.

95% CI

Net Location nested within Site (variance)

0.0238

0.0842

0.000 – 1.502

Capture Period nested within
Net Location nested within Site (variance)

0.0615

0.067

0.071 – 0.531
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for bycatch counts occurring in an original fyke net was, on average, 4.4 (95% CI 3.073 –
6.238, P<0.001) times greater than by-catch counts in a modified fyke net (Table 6.4).

6.4.3 Species Composition and Abundance
The bycatch collected with original and modified fyke nets included 12 and 5
species, respectively (Table 6.1). The reciprocal Simpson index for bycatch diversity in
the original nets was twice the one estimated in modified nets (4.034 and 2.078,
respectively). Results of the permutation test indicated that they were significantly
different (p=0.0001). The MDS plot (Stress = 0.11; Fig. 6.5) summarizes the similarity in
composition and abundance of 64 samples collected with original and modified nets
(white and black symbols, respectively). Although there was some overlap, these two
groups of samples clustered apart along the horizontal axis (Fig. 6.5). The two-way
ANOSIM comparison confirmed that the differences between nets was significant
(Global R[type of net] = 0.291; p=0.001). With regards to differences among sites (identified
with subscribed letters A-D in Fig. 6.5), ANOSIM also found significant differences but
the R value suggested that “site” has a comparatively smaller effect than “type of net” on
variation (Global R[site] = 0.07; p=0.002). The SIMPER analysis applied to the main
variable of interest (type of net) identified the 4 species that contributed the most to their
dissimilarity. These species were green crab (62.3%), rock crab (12.2%), winter flounder
(11. 8%), and mummichog (4.9%), all of which were at least twice more abundant in the
original than in the modified fyke nets.
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Figure 6.5 Multidimensional scaling plot based on Bray-Curtis similarity of square-root
transformed data. Open and filled symbols stand for samples collected with original and
modified fyke nets. Letters close to symbols stand for the sites in which the nets were
located.
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6.5 Discussion

Original and modified fyke nets caught highly variable numbers of green crab and
bycatch. The addition of the BRD reduced the capture (CPUE) or catchability of green
crabs. However, the BRD was also able to reduce the amount and diversity of bycatch,
and proportionally reduced the catchability of three important commercial species much
more than the green crab (see Table 6.2). We consider these latter results (reduction in
bycatch quantity and quality) encouraging, as they are consistent with the goals of
modern fishery management strategies (Hall et al. 2000, Pikitch et al. 2004). These
strategies have gradually evolved from single species-based regimes towards a more
holistic approach where ecosystem integrity is best maintained by minimizing harmful
stressors such as bycatch of multiple species (Pikitch et al. 2004, Dobrzynski et al. 2002).
Our multivariate analysis confirmed that the assemblages captured with original and
modified fyke nets were significantly different, further suggesting that the BRD may be
useful for reducing bycatch should a green crab fyke net fishery fully develop.
The change and reduction in bycatch was likely due to the sloped ramp and
barricade design of the BRD (see Fig. 6.1). These alterations reduced the catchability
ratios of two transient estuarine fish (i.e. American eel, winter flounder) to levels
considerably lower than the green crab catchability ratio. It is possible that the barricade
ramp prompted the fish to swim up and over the fyke net entrance, while the thin slot at
the top of the ramp prevented them from entering the net. The shape of the slit was
designed to select for relatively flat crustaceans such as crabs, while preventing taller
species, particularly commercial species such as lobsters, from entering the net, which
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may explain the higher catchability ratio for rock crabs. No lobsters were trapped in the
modified net, which is consistent with what we expected. In the future, the size of the slit
could be made smaller in an attempt to prevent rock crabs from entering the net. The
novel attributes of the BRD address one of the current challenges facing the
establishment of a directed fyke net fishery for green crab: the potential for large bycatch
incidence during the months when there may be worth harvesting for a green crab market
(Poirier et al. 2016). Protection of vulnerable species like eels from being caught as
bycatch is currently identified as a priority (e.g. Fratto et al. 2008, Oksanen et al. 2015).
The same applies to commercial species like lobster and flatfish, which represent
alternative resources or play important roles within the trophic structure of benthic
communities (Draganik et al. 2004, Quijón and Snelgrove 2005, Cairns et al. 2014).
The BRD designed and tested in this study has two additional benefits for inshore
fishermen. First, considering that a vast majority of inshore fishermen with licenses for
green crab fishing already own fyke nets (DFO 2010, D. Cairns DFO Pers. Comm.), it
represents the least expensive start-up option for those aiming to participate in a green
crab fishery. Second, the BRD is designed to be fully reversible, and easy to fabricate
with readily available low-cost materials, which would allow for the use of fyke nets
during both the summer green crab season and the autumn American eel season. Public
consultations suggest that easing the financial burden on fishermen is a key first step in
increasing the odds of a new fishery to become successful (Gray and Hatchard 2008).
However, considering the differences in catchability between original and modified nets
(the latter caught nearly a third as many green crabs as the former) further work on the
BDR design is clearly necessary. Although the reduction in diversity and composition of
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bycatch and the proportional reduction on the three commercial species referred to earlier
were evident, future studies should be directed towards further minimizing bycatch while
increasing the crab catch. This would help develop a fishery that is effective in helping to
control the negative effects of green crabs while minimizing the harm to native species
(Pikitch et al. 2004).
Other small-scale crab fisheries employ baited pots (Edwards 1989, Miller 1990),
which are currently the likely alternative for green crab fishing. Their use may be
problematic for three reasons. First, bait shortage and cost has become a growing issue in
the Atlantic Canadian region (Essington et al. 2015), with increased demand for species
such as Atlantic herring (Clupea harengus) and Atlantic mackerel (Scomber scombrus).
This issue may cause the harvesting of green crabs to be too expensive for inshore
fishermen to undertake (St. Hilaire et al. 2016). Second, CPUE of baited traps set in
nearby areas in 2016, and in historical population surveys have been lower than some of
our daily catches in fyke nets (McNiven et al. 2013, Poirier et al. 2017, P. Quijón,
unpublished data). Lastly, baited traps may not be the most efficient way to fish crabs
that are about to undergo moulting as these animals are not aggressively feeding
(O’Halloran and O’Dor 1988) and one of the promising markets for green crab is softshell crab (Poirier et al. 2016).
An advantage of fyke nets is that they are less selective than traps and rely on the
migratory movement of crabs within an estuary and along the shoreline (Hunter and
Naylor 1993, Naylor 1996). Conversely, baited traps typically select for large males,
which prompts females and small and mid-size crabs to avoid these traps (Caroll and
Winn 1989, Potter and de Lestang, 2000, Taggart et al. 2004, Yamada and Gillespie
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2008) which is not consistent with the over-arching goal of a green crab fishery in the
Atlantic region. The trapping of large adult male green crabs does not necessarily aid in
the control of this species. This is most evident by the largely ineffective eradication
strategies that use baited traps (Walton 2000). In contrast, a gear that captures crabs at all
life stages would be more suitable and would aid in developing a soft-shelled crab
product which, as suggested by Poirier et al. (2016), is likely the most lucrative market
option for this species. A fishery for moulting crabs, modelled after the moleche and
massanette industries of the Veneto province of Italy which employs a variant of the
North American fyke net (Antonetti et al. 2000, Poirier et al. 2016) relies on the capture
of small to mid-size green crabs at various moulting stages. Fyke nets equipped with
BRDs are therefore more suitable and, based on our results, less likely to harm other
species.
Ecosystem-based fishery management indirectly promotes the protection of
diversity (Hall et al. 2000) and the interactions among the species being unintentionally
caught. The main assumption of this type of management is that limiting bycatch of
species of ecological or commercial concern will subsequently have trickle-down
ecosystem effects (Alverson et al. 1994). While sound in theory, the implementation of
this type of management has been slow, particularly for small-scale fisheries or, more
topically, new or recently implemented fisheries, such as the one for green crab in
Atlantic Canada. The severe impacts of biodiversity loss accrued through the use of
commonly used bycatch-prone gear such as fyke nets may be addressed with suitable
modifications (e.g., BRDs for turtles; Larocque et al. 2012, Cairns et al. 2013) as this sort
of modified gear seems effective at reducing the catch of non-target species. The
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development of a green crab fishery should aim towards this goal while providing a new
resource for inshore fishermen.
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CHAPTER 7. MAIN RESULTS, CONCLUSIONS, AND FUTURE DIRECTIONS

The research reported in this thesis was developed to address the need for new
knowledge on the ecology and impacts of green crab populations and novel and effective
mitigation measures. The information in Chapters 3-6 addresses some of these needs. The
main results and conclusions of this research are reiterated below, along with some of the
future research needs that have emerged from my findings.

7.1 Main Results and Conclusions

This research project began in 2013 using a framework that concentrated on the
objectives described in the General Introduction. A literature review (Chapter 2) that
focused on invasive species identification and management methods aimed to provide
perspective on prior attempts to mitigate effects and control invasive species. Special
emphasis was placed on green crab species-specific techniques and their associated
successes and failures in order to provide background information for the main research
chapters of this thesis. As noted before, some of the primary goals of this thesis focused
on the further development of a directed fishery for green crabs as a mitigation measure
and as a new economic resource for fishermen who have been economically affected by
this species (Varagnolo 1969, St-Hilaire et al. 2016)
The first research section of this thesis (Chapter 3) analyzed a historical dataset to
document the occurrence of green crab and the species’ range expansion on Prince
Edward Island. The information compiled indicated that throughout the years of 2000-
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2013, green crab expansion rates varied inter-annually and spatially, with higher
expansion rates along the south shore than the north shore of the island. While
differences in expansion rates are common for this species (Thresher et al. 2003) the
reason for the differences in range expansion distances reported here were not as clear,
mainly due to the limitations of the original sampling design. However, the information
gathered allowed the proposal of at least two plausible explanations. The speed of spread
of green crabs may have been related at least in part to the benthic movement of juvenile
and adult crabs. Moreover, it was hypothesized that the dissimilarity in range expansion
rates between shores was related to the higher availability of suitable habitat to sustain
green crab populations along the south shore compared to the north shore (Thiel and
Dernedde 1994, Polte et al. 2005). The potential implications of this continued expansion
into areas with high amounts of commercial shellfish (public oyster beds across PEI in
particular) and sensitive coastal communities were concerning, and this warrants further
focus on these possible impacts.
The second research area of this thesis (Chapter 4) focused on potential impacts
of the expanding green crab populations on shellfish, in particular the economically and
ecologically important American oyster (Crassostrea virginica) (Kimbro and Grosholz
2006, Dumbauld et al. 2009, Grabowski et al. 2012). In this chapter, vulnerable oyster
mortality levels were examined through surveys on multiple oyster beds across PEI. The
main results indicated that the probability of small oyster mortality was significantly
higher in areas where green crabs were present. Further, the presence of other food
sources (i.e. natural mussel beds) caused the probability of mortality to be significantly
lower. The latter may be due to green crab prey preference differences already reported in
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the region (Pickering and Quijón 2011). The effect of green crab predation on small
oysters was further assessed using two field experiments that employed
inclusion/exclusion cages and a novel tethering technique. Results from these
experiments indicated that the odds of small oyster mortality were much higher in
inclusion cages than in the open environment and exclusion cages. Altogether surveys
and experimental results suggested that at least some of the mortality of these oysters
could be causally attributed to green crab predation. The rate of potential predation and
identification of a refuge size for oysters are therefore critical information for both
industry and government (Pickering and Quijón 2011). The industry continues to mitigate
the effects of green crabs by moving towards off bottom culture systems, whereas the
government is moving towards using larger size seed for oyster bed enhancement
(Pickering et al. 2017). However, in addition to the management strategies currently
employed by the industry and due to the range expansion trends discussed in Chapter 3,
there remains a distinct need for additional innovative mitigation measures, such as a
directed fishery for this invasive species.
In order to increase the chance of a successful fishery for the green crab,
marketable products that secure a demand for green crabs are required (St-Hilaire et al.
2016). This was explored in the third data chapter of this thesis. Even though green crabs
are perceived as having a negative impact on to shellfish and the ecosystem, it is
imperative that fishermen have an additional financial incentive to harvest this species.
As a federally implemented fishery for green crab has been initiated in Atlantic Canada,
there is a pressing need to develop these marketable products (St-Hilaire et al. 2016).
Developed through overseas consultations with Venetian fishermen and modelled after
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their “moleche” product (Varagnolo 1969, Pellizzato 2010), a soft-shell green crab
product is expected to provide a lucrative incentive beyond the existing hard shell bait
market. This chapter focused on the preliminary research required to investigate the
timing and characteristics of moulting in green crabs. Results revealed synchronized
“moulting windows”, or times of increased moulting in early summer for male crabs.
Observed moult rates in the laboratory and the field were as high as 75% and 60%,
respectively. In terms of external physical characteristics, the presence of a “halo” on the
episternites of the carapace was an indicator that a crab would moult within 3 weeks.
These promising results represent the first step in assessing the feasibility of a soft-shell
green crab industry on PEI, which could potentially encourage the fishing of this species.
While this initial research was successful, there remain additional barriers to
commercializing this product. For example, we need to find an alternative use for the
crabs that are captured and do not moult.
The further development of a soft-shell green crab product remains in question if
fishermen can only harvest the species using baited traps, which are relatively expensive
as a fishing gear (St-Hilaire et al. 2016). The use of baited traps is also problematic due to
bait shortage in the Atlantic Provinces, the relatively low Catch Per Unit of Effort
(CPUE) of baited traps, and the selectivity bias towards large males (Carroll and Winn
1989, Potter and De Lestang 2000, Essington et al. 2015, St-Hilaire et al. 2016). The use
of fyke nets, which are used in other countries, to commercially capture green crabs was
considered a viable option but is currently not allowed due to potentially high levels of
ecologically and economically important bycatch (DFO pers. comm.). Hence, the fourth
research chapter of this thesis focused on evaluating a novel Bycatch Reduction Device
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(BRD) to be used on fyke nets in the summer fishing season. Fyke nets are a natural
choice for a directed fishery of green crabs, as this type of gear is readily available and
used locally, primarily for American eel (Anguilla rostrata) (Cairns et al. 2007), and a
variant of the fyke net is used in Italy to fish for a similar species of crab (Carcinus
aestuarii) during its moulting season to produce soft-shell crab (Poirier et al. 2017). Once
designed, the BRD was attached to fyke nets, which were deployed in pairs and
repeatedly sampled over 16 days in summer 2016. Bycatch numbers and diversity was
significantly lower in the BRD equipped nets. Although green crab catch was also
reduced by the device, the bycatch of three commercially important species was reduced
even more. Further research is required to improve the green crab catch in the modified
nets while maintaining low amounts of bycatch, but this remains a successful attempt at
demonstrating the effectiveness of fyke nets in capturing green crab specimens that may
be suitable for processing as soft-shell crab.

7.2 Prospective Future Research

There remain multiple overarching research questions in regards to the ecology,
impacts, and the implementation of effective control measures for green crabs. Further, if
these control measures are successful at eliminating or reducing populations, there are
research needs in the areas of ecosystem rehabilitation and recovery post-invasion. In the
context of this thesis, the information and the answers provided raise several questions
and uncover research gaps, including necessary improvements to green crab monitoring
programs, the assessment of ecological tolerances and impacts of green crab, the
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advancement of new fishing technologies, and the establishment of potentially viable
products for a green crab fishery.
As green crabs continue their invasion in Atlantic Canada and other parts of the
world (Jamieson et al. 1998, Audet et al. 2003, Yamada et al. 2017), there is a distinct
need to improve the monitoring of range expansions. While the reporting of “first
sightings” is useful to managers, repeated sampling at designated sites after the invasion
occurs would provide a longer (and more rigorous) time series that could allow
extrapolation or modeling of range expansions. This could be particularly useful at the
edge of the species range, or in other areas considered at risk of invasion. In Atlantic
Canada, the current northern edge of distribution of green crabs is Newfoundland (Best et
al. 2017). With analogous areas along its coastline, studies there should focus on
reporting secondary environmental data (we suggest the collection of in situ
temperatures, for example) in areas most recently invaded to determine which habitat
factors are driving range expansions locally. Once ascertained, these factors may be
useful in predicting range expansions elsewhere. With other invasive species in the
region (i.e. oyster thief, oyster drill, multiple tunicate species) (Miron et al. 2005, Locke
et al. 2009, PEI Department of Agriculture and Fisheries 2016), comprehensive and
holistic surveys provide an approach that may be more successful in monitoring local
range expansions than single-species directed surveys. The quantification of their
individual and collective roles could be helpful in developing overall invasive species
strategies.
Future efforts at researching the effects of green crabs, particularly on native
shellfish, should focus on estuaries most recently invaded. This may help to properly
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maintain the ecological and economic function of shellfish beds post-invasion. This
research could be performed in conjunction with active mitigation strategies in order to
evaluate their effectiveness. For instance, with the introduction of a directed fishery for
green crab on PEI, an oyster bed time series that spans both pre- and post-fishing may
yield insight into whether oyster beds fully recover or not. No research to date has
examined oyster bed recovery after a green crab population decline, likely due to a lack
of historical data or the fact that many known ecosystems have not rebounded postinvasion. One area that is difficult to assess, is an analysis of the tangible economic costs
associated to green crab impacts. In other areas, the monetary value of the impact of
green crabs has been established (Murray et al. 2007), but most estimates in Atlantic
Canada have not been rigorously estimated. A proper valuation of the costs associated
would allow managers to allocate their resources in a more efficient manner. This would
also allow researchers to make a more convincing case to complete studies often regarded
as “basic research” with little applicability to the industry.
The results regarding moulting synchrony are promising, but they should not be
extrapolated without further exploration of the moulting process in additional
waterbodies. This type of research would possibly confirm if the synchronous nature of
moulting extends beyond a single estuarine system and can be adopted island- or regionwide, for example. Furthermore, there is a need to identify other potential drivers of
moulting, particularly environmental factors that may be location-specific such as food
availability or temperature. There is also a need to research how to commercially scale-up
the process of holding and monitoring crabs for moulting, specifically the design of
holding and monitoring systems that streamline the period of time when crabs are held in
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moulting facilities. In order to reduce the skepticism of fishermen, and to have the fishery
succeed as an invasive species management tool, these research needs should be
addressed promptly in an open and collaborative manner. With a cost-effective net
potentially suitable for this type of fishery, continued research into the characteristics and
drivers of moulting is imperative if a soft-shell crab product is to be developed and
commercialized.
As fisheries managers are continually searching for cost-effective techniques and
technologies, the use of fyke nets instead of baited traps to capture green crabs is a
logical alternative. The bycatch reduction device (BRD) developed and assessed in this
thesis was successful at significantly reducing bycatch but it also reduced the number of
green crabs captured. Future iterations of this modified fyke net could be designed and
studied to improve catch rates while still reducing the amount and diversity of bycatch.
For example, the type of net that is used by fishermen in Italy to fish moleche could be
more closely replicated, and side-by-side efficiency trials with North American fyke nets
and traditional baited crab traps would be beneficial. Furthermore, a commercial scale
experiment, wherein multiple estuaries with different densities of crab are targeted could
provide a baseline CPUE estimate that could be generalized for other areas of the region
considering the implementation of a directed fishery.
There is an urgent need to control green crab populations and minimize this
species’ impact on newly invaded ecosystems. The findings from this thesis help address
some of the knowledge gaps towards finding solutions to this global problem.
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