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ABSTRACT
Calcein dye was used to determine the deposition rate of growth bands on snow
crab gastric mill ossicles, although this was unsuccessful due to dye leaching. Annual
deposition of growth bands was, however, corroborated based on age estimates from sizefrequency histograms. There is limited understanding of the effects of temperature on
snow crab growth and sexual maturation. Band counts revealed no significant difference
in size-at-age, size-at-maturity, and age-at-maturity between crabs inhabiting “colder”
and “warmer” waters around Newfoundland, but a significant difference in size-at-age
and size-at-maturity between males (larger) and females (smaller) was found. Some of
my findings were consistent and others inconsistent, with the literature, which may have
been partly due to a warming trend preceding this study and/or crab movements. Future
studies should attempt to relate snow crab growth and maturation to the temperature they
experience throughout their lifetime, which should assist fisheries management in a
rapidly changing climate.
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Introduction
1.1 Newfoundland Snow Crab Fishery
In the 1990’s, many of the large fisheries in Newfoundland, such as Atlantic cod
(Gadus morhua) and American plaice (Hippoglossoides platessoides), were closed due to
declines in stocks (Mullowney et al., 2014). These declines resulted in the layoff of
30,000 people, the largest mass layoff in Canada’s history (Mullowney et al., 2014). It
was then that many Newfoundland and Labrador fishermen started fishing snow crab
(Chionoecetes oplilio), which were increasing in abundance (Mullowney et al, 2014).
Commercial fishing of snow crab in eastern Canada began in the 1960’s and has since
become the country’s second largest fishery, after American lobster (Homarus
americanus; Fisheries and Oceans Canada, 2018). In 2016, landings of snow crab in
Canada were more than 80,000 tonnes, valued at $592 million, and Newfoundland
accounted for 52% of these landings (41,000 tonnes, valued at $274 million; Fisheries
and Oceans Canada, 2018). The male-only fishery is managed within crab management
areas (CMAs) using minimum legal sizes, quotas, maximum number of traps, and fishing
seasons (Sainte-Marie et al., 1995; Fisheries and Oceans Canada, 2009, Fisheries and
Oceans Canada 2015). The fishing season typically occurs from April until November
and the minimum legal size in Canada is 95 mm carapace width (CW), which helps to
ensure that only males are caught, since females grow no more than 95 mm CW but
males can grow up to 165 mm CW (Saint-Marie and Hazel, 1992; Agriculture and AgriFood Canada, 2009; Fisheries and Oceans Canada, 2015). Management also considers the
incidence of soft-shelled (i.e., recently molted) crabs. If a high proportion, typically
1

>20%, of soft-shelled crabs is caught in a particular area, that area is closed for the
remainder of the season, since recently molted crabs do not have any commercial value
and are important for protecting future recruitment to the fishery (Fisheries and Oceans
Canada, 2015). If females, undersized males, or soft-shelled crabs are caught, they are
returned to the ocean alive (Fisheries and Oceans Canada, 2015).

1.2 Snow Crab Biology
Snow crabs are decapod crustaceans that live in the Northwest Atlantic off
Newfoundland, New Brunswick, Nova Scotia, Prince Edward Island, and Quebec, as well
as in the North Pacific Ocean (including the Bering Sea near Alaska), the Sea of Japan,
the Barents Sea, and the Kara Sea (Foyle et al., 1989; Agriculture and Agri-Food Canada,
2009; Alaska Department of Fish and Game, 2015; Bakanev, 2017). They are typically
orange-brown in colour and have eight long, slender walking legs with two legs that have
been modified for grasping prey and mating interactions. Snow crabs are a cold-water
stenothermic species and mainly a “deep-water species”, but have a depth range of 1-600
meters in Atlantic Canada (Mullowney et al., 2014; Fisheries and Oceans Canada, 2015).
They live on sandy or muddy bottoms in cold waters ranging between -1.5°C and 4°C
(Mullowney et al., 2014; Fisheries and Oceans Canada, 2015). Life expectancy of snow
crabs is thought to be 13 and 19 years for males and females, respectively (Comeau et al.,
1998; Comeau et al., 1999). Larvae mostly eat phytoplankton while adults are
opportunistic omnivores that will eat just about anything, but typically prey on other
invertebrates and fish (Squires & Dawe, 2003; NOAA Fisheries Service, No Date.).
2

Crustaceans, including the snow crab, grow via a process called molting. The crab
will begin to produce a new shell beneath the old shell, and once this process is complete
and there are favourable conditions, the old shell will split at the back and the crab will
back out of the old shell (Fisheries and Oceans Canada, 2015). The crab then
immediately begins to absorb water to swell to a new size, and over the following 2
months, the soft new shell will gradually harden and tissues will replace the water that
was absorbed (Fisheries and Oceans Canada, 2015). Crabs that have just molted are
“soft-shelled”, and they have no commercial value (Fisheries Resource Conservation
Council, 2005; Pinfold, 2006). In early years (i.e. instars I-VI), snow crabs molt more
frequently, in part because energy does not need to be allocated to reproduction, which
allows for more somatic growth (Sainte-Marie, 1993; Sainte-Marie et al., 1995). Once
snow crabs reach approximately instar VI (>20 mm CW), which is around the time when
maturation processes begin (i.e., ovary or testis/vas deferens development), molting
typically occurs once a year (Hebert et al., 2002; Dawe et al., 2012). Snow crabs are
sexually dimorphic in that males tend to grow much larger than females. A final molt,
known as the terminal molt, occurs in both male and female snow crabs. For females, the
terminal molt occurs before reproduction, at a size between 30-95 mm CW (Sainte-Marie
et al., 1996; Dawe et al., 2012). Male snow crabs undergo two critical molts. The first
critical molt brings the male individual from the immature stage to the adolescent stage
(see below), while the second critical molt, which is the last (i.e., terminal) molt, brings
the male from the adolescent stage to the adult stage (see below; Conan & Comeau,
1986). Terminal molts can occur in males between 60-120 mm CW, however very few
terminal molts occur at the lower end of this size range (Conan & Comeau, 1986). Snow
3

crabs that have undergone terminal molts can usually be identified visually, based on the
shell condition; if the shell is very hard and fouled, the crab has more than likely
undergone a terminal molt (Sainte-Marie et al., 1996). Terminal molt can also be
identified by the chela-carapace width relationship (Conan & Comeau, 1986). It is
thought that snow crabs only live 5 to 7 years after their terminal molt (Dawe et al.,
2012). Snow crabs are also known to occasionally skip an annual molt (referred to as
skip-molting, or skip-molters), which seems to occur mainly in larger-sized individuals
and when temperatures are low (Donaldson, 1981; Hebert et al., 2002; Dawe et al.,
2012). Most, if not all, snow crabs that undergo skip-molting have a carapace width of 50
mm or more (Dawe et al., 2012).
Male and female snow crabs have three sexual maturity stages, i.e., immature,
adolescent, and adult, although in many studies females are categorized simply as
immature or mature. Adult males have developed spermatophores, making them
functionally mature (i.e., biologically able to reproduce), and a large enough claw to
successfully grab and hold a female for the copulatory embrace, which makes them
morphometrically mature (i.e., physically capable of reproducing; Conan & Comeau,
1986; Elner & Beninger, 1995; Sainte-Marie et al., 1995). Adolescent males have
developed spermatophores but do not have a large enough claw to successfully undergo
the copulatory embrace in a competitive setting, making them functionally mature but
morphometrically immature (i.e., physically incapable of reproducing in a competitive
setting; Conan & Comeau, 1986; Elner & Beninger, 1995; Sainte-Marie et al., 1995).
Immature males have neither a large claw nor spermatophores, and therefore are neither
functionally or morphometrically mature. Immature females are defined by their flat,
4

narrow abdomen and absence of ripened ovaries. Adolescent and adult females both have
ripened ovaries, but only adult females have an enlarged abdomen that is capable of
carrying eggs. After reaching maturity, first time spawning females are referred to as
primiparous and mate earlier in the season, while multiple-time spawning females are
called multiparous females, and mate later in the season (Comeau et al., 1999). Female
snow crabs produce a lifetime average of 2 broods, and can store sperm in order to
produce broods in subsequent years (Sainte-Marie, 1993; Sainte-Marie & Carriere, 1995;
Comeau et al., 1999). Snow crab mating has been observed in the wild around
Newfoundland between April to June, when multiparous females release their previous
brood and, as is also done with primiparous females, undergo a courtship embrace with a
male that can last up to two months, after males have competed for access to the female
(Elner & Beninger, 1992; Comeau et al., 1999). Once the eggs of a female snow crab
have been fertilized (internally, either from the release of newly received or stored
sperm), they are moved under the female abdomen to develop for a period lasting up to 2
years, at which point the larvae will be released into the water column (Comeau et al.,
1999; Fisheries Resource Conservation Council, 2005; Pinfold, 2006). While in the water
column for a period ranging between 2-8 months, the larvae first develop into zoea stages
I and II, then megalopea (Davidson et al., 1985; Sainte-Marie et al., 1995; Fisheries
Resource Conservation Council, 2005; Pinfold, 2006). This larval development period,
along with settlement, is dependent on temperature (Sainte-Marie et al., 1995; SainteMarie & Carriere, 1995; Fisheries Resource Conservation Council, 2005). The
megalopea larvae eventually settle on the ocean bottom, undergo a molt to become
juveniles (i.e., the first benthic stage), and then undergo a series of molts (referred to as
5

instars I-XIV). For males, this series of molts occurs between 0.5-11 years, leading
individuals to sexual maturity between instars IX-XIV, with molts becoming annual
around 2-4 years at instar VI (Lovrich et al., 1995; Sainte-Marie et al., 1995; Hebert et
al., 2002; Pinfold, 2006; Dawe et al., 2012; Marcello et al., 2012).

1.3 Ageing Snow Crabs and Other Marine Species
Ageing marine species can be useful for understanding population dynamics and
supporting management, as it enables direct estimation of natural mortality, growth, and
maturation in relation to age. Hard structures, such as vertebrae, otolith bones, and scales,
can be used, depending on the species (i.e., sharks, fishes, etc.), to directly determine an
individual’s age (Campana, 2001). In species that do not have hard structures, indirect
methods of ageing, such as length-frequency analysis, can be applied; however these
indirect methods are, in general, not as accurate as direct methods (Hartnoll, 2001; Vogt,
2012). Age validation (i.e., determining how many growth bands are deposited per year)
has not yet been attempted for snow crab.
Age validation is used to determine how many growth bands are deposited on a
hard structure each year, therefore allowing us to use band counts to determine an
individual’s age. For example, if an individual is found to have 14 growth bands, but it
has been determined that the species produces 2 bands per year, then the individual can
be confirmed as being 7 years old. A common method of age validation is to mark a hard
structure using a chemical marker, and then count how many bands are present beyond
this chemical mark after a known time period (typically one year). Calcein is a
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fluorescent chemical marker that binds to calcium and has been used in many growth and
ageing studies with various species and hard structures (van der Geest, 2011; Kilada et
al., 2012; Leland et al., 2015). When chemical markers cannot be used to validate ages,
corroboration is a method than can be used (Campana, 2001). Corroboration is a method
that compares a direct age determination method (i.e., growth band counts) to an indirect
age determination method (i.e., size-frequency estimated ages), to determine if the direct
age determination method is a valid indicator of age.
It has long been assumed that age could not be directly determined for
crustaceans, since hard structures are thought to all be discarded and replaced during
molting. Kilada et al. (2012) reported a strong relation between growth band counts from
the gastric mill and estimated ages in four decapod crustacean species (American lobster,
snow crab, sculptured shrimp [Sclerocrangon boreas], and northern shrimp [Pandalus
borealis]), and also suggested that the gastric mill may be retained during molting in
some species and can be used as an age indicator. The gastric mill is a structure located in
the stomach that is used to grind up food (Huespe et al., 2008). It is composed of multiple
ossicles, some of which have been shown to have “growth bands”. However, it has been
shown by Sheridan et al. (2016) that Norwegian lobster lose the entire gastric mill during
molting, and the authors hypothesized that this may be the case for other decapod
crustaceans as well. Gnanalingam et al. (2018) suggest that bands are deposited annually
in the Caribbean spiny lobster based on known-age animals, and further report that unlike
the crabs and clawed lobsters listed above, the gastric mill of this species did not appear
to be lost during molting. Additional evidence suggests bands accumulate annually,
regardless of size. For example, although the Antarctic krill shrink in size after reaching
7

sexual maturity, band counts continue to increase with known age (Kilada et al., 2017).
Other studies have found corroborative evidence that these bands indicate age by
comparing ages estimated by band counts to ages inferred by length frequency analysis
(Kilada et al., 2012; Kilada & Acuna, 2015). Although the mechanism of accretion of
growth bands in the crustacean gastric mill is still unknown, these bands have now been
observed, and concluded to be indicators of age, in a number or species (Red swamp
crayfish, Procambarus clarkii & Northern clearwater crayfish, Orconectes propinquus,
Clore, 2014; Redclaw crayfish, Cherax quadricarinatus, Leland et al., 2015; Antarctic
krill, Euphausia superba, Kilada et al., 2017; and Caribbean spiny lobster, Panulirus
argus, Gnanalingam et al., 2018).

1.4 Effects of Temperature on Snow Crabs
Many studies have attempted to determine the effects of temperature on
crustacean, including snow crab, biology. A review by Hartnoll (2001) found that “warmwater” crustaceans (i.e., average range 11.1-18.2°C) generally have reduced molt
increments but more frequent molting (i.e., shorter intermolt periods) with increasing
temperature, with the overall effect being greater growth rates in warmer waters as the
effect of temperature on molt frequency outweighs that on molt increment. However, the
same review (Hartnoll, 2001) found the opposite pattern, or no relation between
temperature and growth, in some of these warm-water species, suggesting that this
relationship is species-specific, as has been seen in some fish species (Johnston et al.,
1973; Houde, 1989; Nathanailides, 1996). This species-specific relation between
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temperature and growth may be true for colder-water species as well, although it has not
been well documented. Few studies have investigated the effect of temperature on snow
crab, one such “cold-water species”. An unpublished study by Currie (2015), based on
counts of gastric mill growth bands of male snow crabs sampled from a fall temperature
range of -1.5 to 4 °C, suggests that these crabs grow faster in colder waters; the growth
rate of females was not investigated in this study. In contrast, a study by Dawe et al.
(2012), based on crabs sampled from a multi-year spring/summer-fall temperature range
of -1 to 6 °C, found that male and female snow crab skip-molting frequency was
inversely related to temperature, which is expected to result in slower growth rate in
colder water. The reason for these opposing results is not known.
Moriyasu and Lanteigne (1998) studied the effects of temperature on snow crab
egg development and determined that shorter egg development occurs in warmer waters,
which has to do with the effect of temperature on embryo diapause . In colder water
temperatures (-1 to 1°C), embryos go through two periods of diapause, which causes their
development to be about two years long; the first period of diapause occurs at the gastrula
stage (stage 4 of embryo development) and lasts approximately 6 months. The second
diapause stage happens at the eye pigment stage (or 11th stage of embryonic
development) and lasts between 3 to 4 months. In contrast, in warmer waters (1.8-3.8°C)
they do not enter diapause and develop in one year (Moriyasu & Lanteigne, 1998).
Size-at-sexual maturity has been determined for snow crabs based on
relationships between abdomen width and carapace width for females, and claw height
and carapace width for males, first by Comeau & Conan (1986) and Saint-Marie et al.
(1995), and later by Dawe et al. (2012), with the latter considering the effect of
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temperature on these relations. Dawe et al. (2012) used wild-caught snow crabs to study
the effects of temperature (-1 to 4°C) on size-at-terminal molt, and hence maturity, and
discovered that for both males and females, size-at-terminal molt is positively related to
temperature (i.e., the terminal molt occurs at larger sizes in warmer waters). This
relationship was, however, less clear for males than for females, and in particular it
seemed to erode at higher temperatures (around 3 and 4°C) for males, which was
proposed to be due to low sample sizes due to low number of large males inhabiting
warmers areas (Dawe et al., 2012).
Foyle et al. (1989) discovered that temperatures near or above what snow crabs
typically experience (ranging from 7-18°C) has a negative effect on snow crab
movement, feeding, and mortality. It has also been determined by Dawe et al. (2012) that
fishing catch decreases with increased temperatures (temperatures ranged from -1 to
4°C). A review by Sainte-Marie et al. (2008) that looked at papers with temperature
ranges between -1.5 to 5°C, determined that warming waters may cause increased
fecundity, increased size-at-adulthood (terminal molt), and increased mortality, as well as
a decrease in spatial habitat. If snow crabs (that live in colder areas with a temperature
range of -1.5°C to 4°C) were to experience higher water temperatures due to the warming
of the ocean, we may see decreased catch, behavioural changes, changes in size-at-sexual
maturity, increased mortality, and/or a loss of habitat for this species (Foyle et al., 1989;
Sainte-Marie et al., 2008).
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1.5 Project Objectives and Significance
My study has two broad objectives. The first objective is to investigate the
hypothesis that snow crabs deposit annual growth bands in their gastric mill. Although a
previous study (Kilada et al., 2012) “corroborated” the annual deposition of growth bands
in this species by comparing the number of these bands to ages inferred from sizefrequency analyses, this study is the first to attempt to “experimentally validate” (using a
fluorescent chemical marker) this annual deposition of growth bands. The second
objective is to compare size-at-age, size-at-maturity, and age-at-maturity of male and
female snow crabs inhabiting different temperature regimes using counts of these growth
bands. It is hoped that addressing these two objectives will increase our understanding of
geographic variation in snow crab life-history, and will enable us to better estimate and
predict estimates of climate change on snow crab biology and demography, which in turn
could provide useful information for management of this important fishery.

Methods
2.0 Study Area and Sampling
This study looked at a total of 321 snow crab (Chionoecetes opilio) individuals
(male=231; female=90) ranging in size between 10 and 170 mm carapace width (CW).
All samples were collected by the Canadian department of Fisheries and Oceans (DFO)
in 2015 during spring and fall multi-species offshore trawl surveys and inshore trap
surveys from the Northwest Atlantic Fisheries Organization (NAFO) Divisions 3K 3L,
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3N, 3O, 3P, and 2J, off Newfoundland and Labrador (Figure 1). Using the same
geographical divisions as recent studies in the area, which are based on depth relative to
the cold intermediate layer (Mullowney et al., 2014; Mullowney et al., 2017), more
northern NAFO divisions 2J and 3K were considered “warm areas” (ntotal=167, nmale=128,
nfemale=39), while more southern divisions 3LNOP were considered “cold areas”
(ntotal=154, nmale=103, nfemale=51; Table 1, Figure 1). Consistent with this division, the
mean and minimum temperature recordings made during sampling were higher in the
more northern “warmer” areas (n: 184; mean: 2.7◦C; minimum: 0.0◦C) than in the more
southern “colder” areas (n: 163; mean: 1.1◦C; minimum: -1.4◦C). However, the highest
temperature was actually observed in the more southern cold areas (maximum: 5.1◦C),
rather than in the more northern warm areas (maximum: 3.4◦C), where the exceptionally
high temperatures were associated with deeper water, on the slopes of the Grand Bank in
southern NAFO divisions 3L and 3N. In fact, 6 of the 21 “southern sites” (n=12 crabs; 8
males, 4 females) were at markedly greater depth (297-460 m) than all other southern
sites (65-200 m), but at comparable depth (and temperature) to the northern sites (198526 m). In order to determine whether these “anomalies” affected inferences, analyses
were done with samples from these 6 sites (i) pooled with those from other southern sites,
(ii) pooled with samples from the northern sites, and (iii) removed from the analyses
altogether.

12

3N

Figure 1. Map of NAFO fishing divisions (2H, 2J, 3K, 3L, 3N, 3O, 3P, 4R, 4S, 4T, 4V, 4W, 4X) off
Newfoundland and Labrador showing “warm” (red diamonds) and “cold” (yellow circles) sampling
sites from 2015.

In order to get samples that are representative of the entire population (i.e., crabs
that reside in both inshore and offshore areas, including areas inaccessible to trawling),
two types of samples were collected and used for this study in 2015; offshore samples
were collected during DFO’s spring and fall multi-species trawl surveys, and inshore
samples were collected during DFO’s 2015 trap surveys. There don’t appear to be any
fundamental differences in terms of development stages between the trap and trawl
surveys, since adequate numbers of immature and mature crabs were captured in both
areas. Offshore surveys were conducted using two fisheries research vessels: the CCGS
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Alfred Needler (50.3 m in length), and the CCGS Teleost (63 m in length). The CCGS
Alfred Needler was used in NAFO divisions 3LNOP during the spring (April-June), and
CCGS Alfred Needler and CCGS Teleost were used in NAFO divisions 2J3K during the
fall (August-November). Seasonal temperature differences are unlikely since bottom
temperature and cold-intermediate layer (CIL) temperature have been found to be
consistent throughout the year (Colbourne et al., 2005). The randomly stratified offshore
trawl surveys were conducted using a Campelen 1800 shrimp trawl with 18” rockhopper
footgear towed at 3 knot speeds for 15 minutes at each station at a depth range of 90-530
m. Crabs were kept frozen until processed. An instrument that measures conductivity,
temperature, and depth, referred to as a CTD, was attached to the headrope of each
survey set to record near-bottom temperatures (approximately 3 m off the bottom).
The random stratified trap surveys occurred inshore in Bonavista Bay, in NAFO
division 3L, in mid-July to early August of 2015. Traps were set in long-lined fleets of
eight traps, alternating commercial-sized (5.25” mesh) and small-mesh (1” mesh) traps at
a spacing of 46 meters with a depth range of 90-310 m. Traps were baited with 2 kg of
squid (Illex spp.), with the end traps left without bait, and set on skewers, to prevent gear
tangling. Most fleets of gear were deployed for 24-48 hours, but longer soaks occurred
during foul weather events. All crabs captured were kept frozen as had been done with
the trawl surveys. A CTD cast was made at most survey set locations to record bottom
temperatures (approximately 3 m off the bottom).
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Table 1. Characteristics of snow crab samples obtained in 2015 in different NAFO divisions:
“temperature category” of each NAFO division (based on earlier studies), average and range CTD
bottom temperature and depth, total number of crabs sampled (numbers for males and females in
parenthesis), and crab size range.
NAFO
Division

Temperature
Category

3L

Cold

3N

Cold

3O

Cold

3P

Cold

2J

Warm

3K

Warm

2015 Average
and Range
CTD Bottom
Temperature
(◦C)
1.90
[(-1.4) - 3.4]
2.24
[1.0 - 4.0]
0.75
[(-1.1) - 5.1]
-0.37
[(-1.1) - (-0.1)]
2.70
[1.6 - 3.4]
2.64
[0.0 - 3.4]

2015 Average
and Range CTD
Depth (m)

Total Number of
Crabs Sampled
(Male/Female)

Size Range
(CW, mm)

316.60
(160.00-403.00)
235.40
(65.00-460.00)
99.00
(94.00-110.00)
116.29
(96.00-136.00)
356.46
(198.00-526.00)
336.40
(236.00-427.00)

53 (32/21)

30.16-143.63

14 (13/1)

23.74-124.10

34 (26/8)

20.37-111.50

53 (32/21)

11.11-166.84

55 (43/12)

10.42-139.87

112 (85/27)

14.68-151.57

2.1 Sample Processing
First, measurements of carapace width (CW) were recorded, using digital Vernier
calipers (± 0.01 mm), for all individuals (Figure 2), since CW is a standard measurement
of crab size (Conan & Comeau, 1986; Sainte-Marie, 1993). Gender was then determined
by inspecting the abdomen (Mullowney, 2015). Females were easily identified by a
wider, more rounded abdomen, which becomes particularly large once they’ve matured,
for carrying eggs. Males have a much narrower, non-rounded abdomen (Figure 3). Once
the gender was determined, measurements were taken, using digital Vernier calipers (±
0.01 mm), of the abdomen width (AW) for females, and the right crusher claw height
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(CH) for males, since these are standard measurements used to assess sexual maturity of
female and male snow crabs (Figure 2; Conan & Comeau, 1986; Sainte-Marie, 1993).
Females were visually determined to be immature or mature based on the size and shape
of the abdomen, with mature females possessing a much broader and protruding rounded
abdomen compared to the much narrower and flatter abdomen of immature females
(Figure 3). Males were determined to be immature or mature based on the relation
between carapace width and right claw height (for consistency, since both crusher claws
are relatively the same size (Dutil et al., 2000)), and using the following equation from
Dawe et al. (1997):

B

𝐹 = 0.0806 ∗ (𝐶𝑊 1.1999 )

where F represents a value that specifies how large a claw must be in order for a male
individual of a particular carapace width (CW), or overall size, to be considered mature.
Use of this critical F value as an indicator of maturity is based on the fact that claw size
increases markedly when males advance from the adolescent to the adult stage, in order
to increase their ability to compete for females. If the claw height of the individual crab is

A

less or greater than the value of F, the crab is considered immature or mature (i.e. adult),
respectively. Twenty-five male individuals ranging in size between 10-120 mm CW were
removed due to either having no claw (n=23), or a recently regenerated claw (n=2);
where the claw to be measured had been lost and regrown, which makes the claw appear
smaller since it takes multiple molts to regain proper size, and therefore makes the
individuals appear immature when they are potentially mature, and hence cannot be
reliably used as an indicator of maturity.
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Figure 2. Outlined measurements of carapace width (A), claw height for males (B), and abdomen
width for females (C) that were taken for snow crab samples. The left panel shows the measurements
that were taken on dorsal side of a snow crab, while the right panel shows the measurement taken
from the ventral side.

Next, the cephalothorax was lifted, and the stomach was taken out and cleaned by
removing surrounding tissues to gain access to the gastric mill, which is inside the
stomach (Figures 4 & 5). The zygocardiac, pterocardiac, and urocardiac/mesocardiac
ossicles (Figure 5) of the gastric mill were then separated from one another and
embedded in a 5:1(volume) industrial epoxy-resin : hardener mixture, which was then left
to harden for 48 hours (Figure 6). The urocardiac ossicle was not used in this study since
its dark chitin-based tissues made it very difficult to see growth bands.
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Figure 3. Female snow crab abdomens showing a mature female (A) with a broad, protruding
abdomen, and an immature female (B) with a narrow, flat abdomen.

Figure 4. The dissected stomach of a snow crab.
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Figure 5. The dissected gastric mill of a snow crab, showing the zygocardiac (A), urocardiac (B),
mesocardiac (C), and pterocardiac (D) ossicles, along with the cutting axes used for each ossicle
(dashed lines). Transverse cuts were used for the zygocardiac (A) ossicle, while longitudinal cuts were
used for the mesocardiac (B) and pterocardiac (C) ossicles.

Figure 6. Snow crab gastric mill ossicles after being properly cut and placed in silicone wells to be
embedded in a 5:1 epoxy-resin : hardener mixture.

2.2 Identifying the Best Method to Prepare Ossicle Thin Sections
Once the embedded ossicles had hardened, the zygocardiac, mesocardiac, and
pterocardiac ossicles were cut using an IsoMet low-speed saw (Figure 7) to create thin
sections ranging between 100-400 μm, depending on which thickness produces the best
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clarity for each ossicle. In order to determine which ossicle produces the clearest growth
bands and would be used throughout the rest of the study, it was first determined, through
qualitative visual inspection, what section thickness should be used for each ossicle based
on growth band clarity. It was then determined that reflected light was better for viewing
thicker sections, while transmitted light was better for viewing thinner sections, again
based on qualitative visual inspection. Based on this preliminary work, it was decided
that zygocardiac and pterocardiac ossicles would be cut transversely (Figure 5) at a
thickness of 400 μm, and viewed using reflected light, but that mesocardiac ossicles
would be cut longitudinally at a thickness of 100-200 μm (Figure 5) and viewed using
transmitted light. Observations were made with a SZX16 Olympus dissecting
microscope, and images were taken using a DP72 Olympus camera attached to the
microscope. Images were enhanced using Adobe Photoshop, and enhanced images were
used to visually count growth bands. Growth bands were distinguished from the narrower
lines within the endocuticle, called lamellae, by being thicker, continuous, and evenlyspaced bands that could be seen from one side of the ossicle to the other without fading
(Amato et al., 2008; Kilada et al., 2012). The zygocardiac ossicle was found to give the
clearest images to observe and count growth bands, and was therefore used in the rest of
this study.
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Figure 7. An Isomet low-speed saw used to cut the hardened embedded gastric mill ossicles of snow
crab.

2.3 Size-at-Age
Size-at-age was first analyzed by determining the von Bertalanffy growth models
of snow crabs sampled from the different temperature regimes (cold and warm), based on
carapace width and band counts. This model is used to convert length into age, and has
often been used with decapod crustaceans, although it was first created to use with fish
that have continuous growth (Vogt, 2012). The von Bertalanffy growth model shows a
relationship between the body size (generally length), and age of an individual according
to the following equation:
𝐿𝑡 = 𝐿∞ (1 − 𝑒 −𝑘(𝑡−𝑡0) )
where Lt is the predicted length at age t, L∞ is the asymptotic length, k is the growth
coefficient, t is age, and t0 is the hypothetical age at which length is zero (Kimura, 1980;
Vogt, 2012, Leland & Bucher, 2017). In my case L was replaced by CW as the indicator
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of snow crab body size. The likelihood ratio method was then used to test the null
hypothesis of equality of the von Bertalanffy growth function between “populations”
(i.e., either between temperature regimes or between sexes with temperature regimes
pooled), as well as the equality of each of the von Bertalanffy model parameters (CW∞, k,
and t0) between these populations. Since CW∞ is commonly compared between
populations due to its biological importance when comparing size (and importantly sizeat-terminal molt) between populations, I was particularly interested in this parameter and
therefore include the confidence intervals for this parameter. The hypothesis testing was
done by fitting the data to 4 models with various imposed constraints on each model
parameter (Kimura, 1980). Models H1, H2, and H3 had linear constraints of equal (i.e.,
null hypothesis) CW∞, k, and t0 values, respectively, and model H4 had linear constraints
of equality on all three of the model parameters. I then used lowest AIC values to
determine which model best fit the data, including in this comparison a fifth nullhypothesis model (Ho) based on different estimates between populations for each
parameter. ∆AIC values were also used to determine how much better one model was
compared to other models, based on thresholds from Burnham & Anderson (2002). I did
these analyses first on the raw data, and secondly using average size estimates for each 1
year age class, as is often done in the literature when there is high variability and to more
readily compare to other results. The two approaches yielded the same results, with one
exception. For simplicity I present the results based on the raw data only, although I do
address the one exception in the Discussion. Analyses were done in R statistical program
(version R x64 3.6.1) using the vblrt function from the fishmethods package (Nelson,
2016).
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2.4 Size- and Age-at-Maturity
Size-at-maturity and age-at-maturity were estimated by using logistic regression
to estimate the size or age at which 50% of the population is estimated to be mature
(CW50 and A50) using R statistical program (version R x64 3.6.1) and the following
equation:
𝑃=

𝑒 𝐴+(𝐵∗𝐶𝑊)
1 + 𝑒 𝐴+𝐵∗𝐶𝑊

where, P is the probability of being mature at a given size (or age), CW is carapace width
(or age), and A and B are fitted constants (i.e. the fitted intercept and slope of the logistic
regression). CW50 (and A50) was then calculated as -A/B.
A generalized linear model with a binomial link function was then used to
determine if there was a significant difference in size- or age-at-maturity between
temperature regimes or sexes. Analyses were conducted using the FSA, FSAdata, and car
packages in R (Ogle, 2016; Fox & Weisberg, 2019).

2.5 Age Validation
Age validation is a process that is used to confirm the accuracy of an age
indicator, such as growth bands. I used a fluorescent dye (i.e., calcein) to mark the outer
layer (i.e., growing edge) of a hard structure (i.e., the gastric mill), allowed the
individuals to grow over a period of one year, and then removed the structure to see if
new growth bands had formed since the fluorescent marking.
Since this was the first time calcein had been used to validate growth band
deposition in snow crab, the most appropriate concentration and exposure duration
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needed were unknown. I therefore ran a preliminary experiment with 20 live crabs (60-90
mm CW) that involved all combinations of two calcein concentrations (250 and
500mg/L) and two exposure durations (18 and 24 hours). Exposure to calcein was done
by placing eight crabs in two different 20-liter tanks with oxygen, each with one of the
two different concentrations of calcein, and removing four crabs from each tank after 18
hours, and the remaining four crabs after 24 hours. A 20-liter control tank was also used,
and held the remaining four crabs. Five days after these treatments were completed, the
animals were sacrificed, and the gastric mill ossicles were cut in 200-400 μm thin
sections that were analyzed under a fluorescence confocal microscope to investigate the
deposition and clarity of the calcein mark at the growing edge of the processed structure.
The calcein concentration and exposure time that gave the clearest results in the
preliminary experiment (i.e., 250 mg/L for 18 hours) was applied to 50 live crabs ranging
in size from 60-130 mm CW in a large tank with dimensions of 96.52 cm width, 109.22
cm length, and 68.58 cm depth. These crabs were tagged with numbered yellow ties and
then housed in a large communal tank of well-oxygenated sea water at ambient
temperatures (i.e., between 0 and 4°C) and fed capelin twice weekly (Figure 8). All
molting and mortality events were recorded during the entire housing period. After 360
days, the crabs were sacrificed and their zygocardiac and mesocardiac gastric mill
ossicles were processed using the methods described in section 2.2, but analyzed under a
fluorescence confocal microscope to determine how many growth bands had been
deposited after the calcein mark.
Given the uncertainty associated with the calcein method, I also attempted to
corroborate the growth bands as an indicator of age using the methodology described in
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Campana (2001), where age estimates obtained from length frequency analysis are
compared to growth band counts (see also Kilada et al., 2012). If these growth bands are
an indicator of age, I expect growth band counts to lie within the estimated age range for
a particular size range of individuals. I compared my band counts to age estimates
derived from size-frequency analyses of a snow crab population from Baie SainteMarguerite, in the Gulf of Saint Lawrence (Sainte-Marie et al., 1995). Although these
samples are from a different region than mine, the age estimates they produced have been
used by DFO in other studies in Newfoundland and Labrador (Dawe et al, 2012;
Mullowney et al., 2014), and growth is thought to be sufficiently similar in these regions
for these samples to be a useful tool to corroborate my band counts. There doesn’t
currently exist any age estimates based on crabs sampled within my sample area.
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Figure 8. The housing set-up for the 50 study crabs after the calcein treatment. Two tanks with 90.17
cm depth and 62.23 cm radius were used to house 25 crabs. Well-oxygenated flow-through sea water
and food were provided for 360 days before the crabs were sacrificed.

2.6 Differences in Counts Made by Two Independent Readers
In order to test if there exists a bias in band counts assessed by independent
readers, growth band counts of the zygocardiac ossicle from 38 randomly chosen
individuals ranging in size between 10-170 mm CW were made independently and
blindly by two observers, who had no knowledge of the size or sampling area of the
individuals that were processed or of the other person’s readings. An age-bias plot was
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created to compare growth band counts made by the primary reader (with more
experience) to those made by the secondary reader (with less experience) (Campana et
al., 1995 Campana, 2001). For all crabs that were measured at a particular band count by
the primary reader, the secondary reader’s band count estimates for the same individuals
were expressed as an average ± 95% confidence intervals. A 1:1 zero-bias regression line
(intercept of zero) was plotted on this figure and was compared visually to the mean and
95% confidence intervals of the second reader’s band counts. If the 95% confidence
intervals overlap with the 1:1 regression line, then measurements made by the two
readers were not significantly biased relative to one another. A coefficient of variance
was also estimated to determine the precision between two readers. This was done by
having each reader estimate the number of growth bands once for each of the 38 samples
(i.e., two readings per sample), and then calculating the coefficient of variance for each
sample as follows:

𝐶𝑉𝑗 =

√∑𝑅 (𝑥𝑖𝑗 − 𝑥𝑗 )
𝑖=1
𝑅−1
𝑥𝑗

2

∗ 100%

where 𝐶𝑉𝑗 is the coefficient of variation of the age estimate for the jth sample, 𝑥𝑖𝑗 is the
ith age estimate of the jth sample, 𝑥𝑗 is the mean age estimate of the jth sample, and 𝑅 is
the number of times each individual was aged (Campana, 2001), which in this case is two
for each sample. An average CV was then calculated based on the CV for each sample.
I also conducted a linear regression between age estimates of the two
readers for the 38 gastric mill samples, and tested the null statistical hypotheses that the
slope of this regression line did not differ from 1, and its elevation was not different from
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0, as an additional test for the presence of a significant bias in the readings made by the
two readers. Analyses were conducted using the smatr package in R (Warton et al.,
2018).

Results
3.0 Identifying the Best Method to Prepare Ossicle Thin Sections
After observing thin sections of zygocardiac, mesocardiac, and pterocardiac
ossicles under transmitted and reflected light, it was found that thicker sections (~400
μm) under reflected light provided the clearest images for the zygocardiac and
pterocardiac ossicles, while thinner sections (~100-200 μm) under transmitted light
provided the clearest images for the mesocardiac ossicle. Overall, it was found that the
zygocardiac ossicle examined under a dissecting microscope with reflected light offers
the clearest images to observe and count growth bands compared to the other ossicles
(Figure 9). The mesocardiac and pterocardiac ossicles were very dark, likely due to the
presence of chitin and lamellae, which make these ossicles appear to be missing bands
that can be seen in the zygocardiac ossicle. Since all three ossicles were cut to the same
thicknesses and viewed, the difference in clarity of images obtained with the different
ossicles is not due to differences in section thickness.
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Figure 9. Representative thin section images showing the clarity of the pterocardiac (A), mesocardiac
(B), and zygocardiac (C) gastric mill ossicles with section thicknesses of 400 μm, 180 μm, and 400 μm,
respectively, of one warm-location snow crab individual with a carapace width of 105.20 mm. Blue
dots show the observed growth bands for each ossicle at 3, 3, and 11 for the pterocardiac,
mesocardiac, and zygocardiac, respectively. The zygocardiac shows much clearer growth bands
compared to the other two ossicles, which appear to have more chitin and lamellae that make the
ossicles darker and the bands less clear.

3.1 Age Validation
The attempt to validate the annual deposition of growth bands using calcein was
unsuccessful, because the calcein did not behave as expected. Rather than producing a
single, clear band as had been expected, it appeared as though the calcein leeched
throughout the entire structure (Figure 10). Since the entire structure was covered in
calcein, including the area that was present before the calcein staining and the outer area
that represented new growth, it was impossible to determine if new bands were produced
after the calcein treatment. None of the crabs molted while being housed, but there were
11 deaths that occurred before the intended sacrifice date.
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Figure 10. Confocal microscopy image showing a zygocardiac ossicle from a snow crab individual
that was stained with calcein and housed in a flow-through seawater system for 360 days. Ossicle
shows leaching of the green calcein throughout the entire structure (including the area present before
the calcein staining), rather than a single, clear calcein band, formed when the animal was immersed
in the calcein solution, which prevented verification of the annual deposition of growth bands.

Since the calcein method of age validation was unsuccessful, I also attempted to
corroborate the growth band age estimates using published estimates of snow crab age
based on cohort analysis. Results showed that the average number of growth band counts
for crabs of each size bin was consistent with the age range previously estimated for
snow crab on the basis of cohort analysis (Sainte-Marie et al., 1995; Figure 11), provding
support for the hypothesis that snow crabs deposit growth bands annually. Note,
however, that the growth band counts tended to be more comparable to the estimated
ages for individuals ranging between 0 and 40 mm CW than for those larger than 40 mm
CW, and therefore suggest that maturity allows for a discrepancy between growth band
counts and estimated ages because males begin to invest in maturity at approximately 40
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mm CW (Sainte-Marie & Hazel, 1992; Sainte-Marie et al., 1995; Dawe et al., 2012).
Most of the average growth band counts for crabs larger than 40 mm CW were found to
be somewhat higher than the ages estimated from cohort analysis, which may in part be
due to skip-molting and terminal molts (see discussion).
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Figure 11. Average (±95% CI) age based on growth band counts (blue solid line) recorded in this
study for male snow crabs in different size ranges, compared to high and low age estimates (red
dashed and solid lines, respectively) of same-size male crabs based on cohort analysis (Sainte-Marie
et al., 1995). Numbers above data points represent the number of animals processed for each size bin.
The estimated age range for the largest size bin was arbitrarily capped at 15 years because the
estimated age range for this size bin in Sainte-Marie et al. (1995) was 10+ years with no upper limit,
and it has been suggested that male snow crabs live up to 15 years.
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3.2 Differences in Counts Made by Two Independent Readers
Measurements of the two readers were strongly correlated to one another
(R2=0.98), and they were also not significantly biased relative to one another, since all
95% confidence intervals of the bias plot overlapped the 1:1 zero-bias regression line
(Figure 12) and the estimates of slope (slope estimate=0.915) and intercept (elevation
estimate=0.598) did not differ significantly from 1 (P=0.153, LCI=0.809, UCI=1.035)
and 0 (P=0.259, LCI= -0.460, UCI=1.656), respectively. A mean CV of 11% was found,
which compares favourably to other studies (see Discussion). This suggests that the
zygocardiac ossicle contains growth bands that can be read consistently by different
observers, and that these two particular readers are precise in reading growth bands
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Figure 12. Age-bias plot comparing band counts from the primary (Raouf Kilada) and secondary
(Nicole Catlin) readers with a 1:1 regression line indicating zero bias. Error bars are ± 95%
confidence intervals of the secondary reader’s mean growth band counts for samples that were
assessed as being of a particular number of bands by the primary reader. Numbers above data points
represent the number of animals processed for each estimated age.
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3.3 Size-at-Age
There was no significant difference in the von Bertalanffy growth function of
males in warm and cold areas (i.e., hypothesis that all three parameters are the same for
males of each origin is not rejected; χ2=4.18, df=3, P=0.243), and also no significant
difference in any of the 3 parameters when considered on their own (CW∞: χ2= 0.05,
df=1, P=0.823; k: χ2= 0.08, df=1, P=0.777; t0: χ2= 0.26, df=1, P=0.610; Figure 13, Table
2). AIC indicated that the model that best fit the data was the one with separate k and t0
(but the same CW∞) for males in warm and cold areas (AIC=2099.61), although this
model was only very moderately better (∆ AIC= 0.13) than the one assuming the three
growth parameters were the same between males from warm and cold areas
(AIC=2099.74), or than any of the other models (AIC 2099.64-2101.56). When I
removed the 6 anomalous sample sites (i.e., cold-origin sites with depth and temperature
recordings more similar to warm-origin sites), or moved them from the cold areas to the
warm areas, these conclusions were largely unchanged; there was still no significant
difference between von Bertalanffy growth models for cold and warm areas (removed:
χ2=3.13, df=3, P=0.37; moved; χ2=0.03, df=3, P=0.862), and no significant difference in
any of the 3 parameter estimates when considered on their own (removed: CW∞: χ2=0.08,
df=1, P=0.777; k: χ2=0.14 , df=1, P=0.708; t0: χ2=0.04, df=1, P=0.841; moved: CW∞:
χ2=0.03, df=1, P=0.862; k: χ2=0.07, df=1, P=0.791; t0: χ2=0.07, df=1, P=0.791), however
in both cases AIC indicated that the model where CW∞, k, and t0 values are the same
(AICremoved=2027.46; AICmoved=2099.74) was a moderately better fit model than the other
models (AICremoved=2028.37-2030.33; AICmoved=2101.00-2102.97).
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Results for females were very similar to those for males. There was no significant
difference in the von Bertalanffy growth function of females in warm and cold areas
(χ2=1.06, df=3, P=0.787), and also no significant difference in any of the 3 parameter
estimates when considered on their own (CW∞: χ2= 0.01, df=1, P=0.920; k: χ2= 0.01,
df=1, P=0.920; t0: χ2= 0.01, df=1, P=0.920; Figure 14). AIC indicated that the model that
best fit the data was the one with the same CW∞, k, and t0 for females in warm and cold
areas (AIC=668.76, compared to AIC 671.71-673.70 for other models). When I removed
the 6 anomalous sample sites, or moved them from the cold areas to the warm areas, there
was no change to any of the conclusions; there was no significant difference between von
Bertalanffy growth models from cold versus warm areas (removed: χ2=0.94, df=3,
P=0.82; moved: χ2=0.86, df=3, P=0.0835), no significant difference in any of the 3
factors when considered on their own (removed: CW∞: χ2=0.25, df=1, P=0.617; k:
χ2=0.29, df=1, P=0.590; t0: χ2=0.10, df=1, P=0.752; moved: CW∞: χ2=0.11, df=1,
P=0.740; k: χ2=0.16, df=1, P=0.689; t0: χ2=0.06, df=1, P=0.806), and AIC indicated that
the model where CW∞, k, and t0 values are the held equal across cold and warm was the
best fit model (AICremoved=641.84; AICmoved=668.76) compared to other models
(AICremoved=645.01-64.90; AICmoved=671.96-673.90).
There was, however, a significant difference in the von Bertalanffy growth
function between male and female crabs (pooled from cold- and warm-areas; χ2=87.36,
df=3, P<0.001), although no significant difference was noted in any of the 3 parameter
estimates when considered on their own (CW∞: χ2= 1.26, df=1, P=0.262; k: χ2= 0.11,
df=1, P=0.740; t0: χ2= 2.94, df=1, P=0.086; Figure 15). AIC indicated that the model that
best fit the data was the one with a separate CW ∞ and t0 (but the same k) for male and
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female crabs (AIC=2834.98). Based on AIC thresholds from Burnham & Anderson
(2002) this model was markedly better than the one comprising a single parameter
estimate for CW∞, k, and t0 (AIC=2918.233), but only moderately better (largest ∆ AIC=
2.83) than others with different combinations of the 3 parameter estimates considered the
same or different between males and females (AIC=2836.13-2837.81). When I removed
the 6 “anomalous” sample sites, or moved them from the cold areas to the warm areas,
there was no change to any of the conclusions; there was a significant difference between
von Bertalanffy growth function for males and females (removed: χ2=84.57, df=3,
P<0.001; moved: χ2= 87.36, df=3, P<0.001), no significant difference in any of the 3
parameter estimates when considered on their own (removed: CW∞: χ2=1.23, df=1,
P=0.267; k: χ2=0.09, df=1, P=0.764; t0: χ2=3.04, df=1, p=0.081; moved: CW∞: χ2=1.26,
df=1, P=0.262; k: χ2=0.11, df=1, P=0.740; t0: χ2=2.94, df=1, P=0.086), and AIC
indicated that the best model was the one with a separate CW∞ and t0 (but the same k)
(AICremoved=2730.90; AICmoved=2834.98) compared to other models (AICremoved=2732.042811.34; AICmoved=2836.13-2918.23).

Table 2. Von Bertalanffy growth model parameter estimates, with upper and lower 95% confidence
intervals for CW∞, and sample sizes for the different data sets.
Temperature
Regime
Cold
Warm

Sex

LCI

UCI

Males

CW∞
(mm)
160.856

57.15563

264.5564

0.0789

0.1218

103

Males

149.2802

99.73249

198.8279

0.09377

-0.38094

128

Pooled

Males

155.7643

108.4589

203.0693

0.08643

-0.03829

231

Cold

Females

75.50831

41.43039

109.5862

0.10095

-2.59893

58

Warm

Females

72.2452

22.88923

121.6011

0.1134

-2.9622

32

Pooled

Females

72.94387

49.90934

95.97523

0.11399

-2.36944

90

35

K

t0

n

Figure 13. Relation between length (carapace width) and age (based on corroborated growth band
counts) of male snow crabs in warm (red circles) and cold (black circles) areas, modeled (black and
red lines) based on different assumptions (5 panels) of equality of von Bertalanffy growth parameters
(CW∞, k, and t0) in the different thermal regimes (see panels). There was no significant difference
between von Bertalanffy growth functions for males in warm and cold areas, and no significant
difference in any of the 3 parameter estimates when considered on their own (see results), as
evidenced by the similarity of the cold- and warm-water relations modeled in all five panels. AIC
indicated that the model that best fit the data was the one with a separate k and t 0 (but the same
CW∞) for cold- and warm-water area (Model H1, AIC=2099.61), although all models produced very
similar AIC values.
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Figure 14. Relation between length (carapace width) and age (based on corroborated growth band
counts) of female snow crabs in warm (red circles) and cold (black circles) areas, modeled (black and
red lines) based on different assumptions (5 panels) of equality of von Bertalanffy growth parameters
(CW∞, k, and t0) in the different thermal regimes (see panels). There was no significant difference
between von Bertalanffy growth functions for females in warm and cold areas, and no significant
difference in any of the 3 parameter estimates when considered on their own (see results), as
evidenced by the similarity of the cold- and warm-water relations modeled in all five panels. AIC
indicated that the model that best fit the data was the one with the same CW∞, k, and t0 (Model H4,
AIC=668.76).
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Figure 15. Relation between length (carapace width) and age (based on corroborated growth band
counts) of male (red circles) and female (black circles) snow crabs, modeled (black and red lines)
based on different assumptions (5 panels) of equality of von Bertalanffy growth parameters (CW ∞, k,
and t0) between sexes (see panels). There was a significant difference between von Bertalanffy growth
functions for males and females, although no significant difference in any of the 3 parameter
estimates (CW∞, k, and t0) when considered on their own (see results), as evidenced by the difference
in the male and female relations modeled in all five panels. AIC indicated that the model that best fit
the data was the one with a separate CW∞ and t0 (but the same k) (Model H2, AIC=2834.98).
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3.4 Size- and Age-at-Maturity
There was no significant difference in size-at-maturity (i.e., the rate of increase in
maturation likelihood with size) between temperature regimes for both males (LR=0.773,
df=1, P=0.439) and females (LR=1.476, df=1, P=0.116; Figure 16), and also no
significant difference in age-at-maturity between temperature regimes for both males
(LR= 0.840, df=1, P=0.401) and females (LR=0.537, df=1, P=0.591; Figure 17, Table 3).
There was, however, a clear and significant difference in size-at-maturity between males
and females (LRT=4.153, df=1, P=3.29x10-5) when crabs originating from warm and
cold sampling areas were pooled (Figure 18), with females becoming sexually mature at a
smaller size than males. There was no significant difference in age-at-maturity between
males and females (LR=1.111, df=1, P=0.266; Figure 19). When I removed the 6
“anomalous” sample sites (i.e., cold-origin sites with depth and temperature recordings
more similar to warm-origin sites), there was no change to most of the results; there was
still a significant difference in size-at-maturity between males and females (LR=3.872,
df=1, P= 108x10-4), no significant difference in size-at-maturity between cold and warm
areas for males (LR=0.673, df=1, P=0.501) or females (LR=1.168, df=1, P= 0.204), and
no significant difference in age-at-maturity between cold and warm areas for males
(LR=0.652, df=1, P=0.514) or females (LR=1.221, df=1, P=0.22). There was, however, a
significant difference found in age-at-maturity between males and females (LR=4.208,
df=1, P=2.58x10-5), where males were found to become mature at a younger age than
females. When I moved the 6 sample sites from the cold areas to the warm areas, there
was no change to most of the results; there was a still a significant difference in size-atmaturity between males and females (LR=4.153, df=1, P= 3.29x10-5), no significant
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difference in size-at-maturity between cold and warm areas for males (LR=0.574, df=1,
P=0.566) or females (LR=3.069, df=1, P=0.999), and no significant difference in age-atmaturity between cold and warm areas for males (LR=0.495, df=1, P=0.621) or females
(LR=1.425, df=1, P=0.154). There was, however, a significant difference found in ageat-maturity between males and females (LR=4.579, df=1, P=4.67x10-6), where males
were found to become mature at a younger age than females.

Table 3. Size and age (based on corroborated growth band counts) at which 50% of male and female
snow crabs sampled from cold-water, warm-water, and pooled (thermal regimes pooled for males or
females) areas are estimated to be sexually mature (CW50 / A50), along with the lower and upper 95%
confidence limits (LCI and UCI) around these estimates.
Temperature
Regime
Cold

Sex
Males

Warm

CW50
75.37

CW
LCI
75.29

CW
UCI
75.56

Males

75.03

74.96

Pooled

Males

75.52

Cold

Females

Warm
Pooled

9.17

Age
LCI
8.73

Age
UCI
10.10

75.14

8.17

7.78

8.90

75.44

75.65

8.65

8.21

9.34

49.42

49.27

49.97

7.42

6.73

29.67

Females

53.35

53.03

88.84

8.49

8.11

9.97

Females

52.02

51.85

52.62

7.94

7.33

9.21

40

A50

Figure 16. Size-at-maturity data showing no significant difference between snow crabs sampled from
warm (red triangles and dashed sigmoid curve) and cold (blue circles and solid sigmoid curve) areas
for males (LR=0.773, df=1, P=0.439) and females (LR=1.476, df=1, P=0.116). Shaded areas represent
95% confidence limits, and black lines represent cold (solid line) and warm (dashed line) CW 50
values (CW50, cold males=75.37, CW50, warm males=75.03, CW50, warm females=53.35, CW50, cold females=49.42).
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Figure 17. Age-at-maturity data based on corroborated growth band counts showing no significant
difference between snow crabs sampled from warm (red triangles and dashed sigmoid curve) and
cold (blue circles and solid sigmoid curve) areas for males (LR=0.840, df=1, P=0.401) and females
(LR=0.537, df=1, P=0.591). Shaded areas represent 95% confidence limits, and black lines represent
cold (solid line) and warm (dashed line) A50 values (A50, cold males=9.17, A50, warm males=8.17, A50, warm
females=8.49,

A50, cold females=7.42), respectively.
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Figure 18. Size-at-maturity data showing a significant difference between female (red circles and
solid sigmoid curve) and male (blue triangles and dashed sigmoid curve) snow crabs (LR=4.153,
df=1, P=3.29x10-5) sampled from cold and warm areas pooled. Shaded areas represent 95%
confidence limits, and black lines represent male (dashed line) and female (solid line) CW50 values
(CW50, male=75.51, CW50, female=52.02), respectively.
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Figure 19. Age-at-maturity data based on corroborated growth band counts showing no significant
difference between female (red circles and solid sigmoid curve) and male (blue triangles and dashed
sigmoid curve) snow crabs (LR=1.111, df=1, P=0.266) sampled from cold and warm areas pooled.
Shaded areas represent 95% confidence limits, and black lines represent male (dashed line) and
female (solid line) A50 values (A50, male=8.66, A50, female=7.94), respectively.

Discussion
4.0 Overview
This is the first study to compare growth rates and sexual maturation of male and
female snow crabs inhabiting different thermal regimes using direct estimates of age
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derived from growth band counts, and to attempt to determine the deposition rate of these
growth bands using a fluorescent chemical marker. Results revealed some patterns that
were consistent and others that were inconsistent with our current understanding of the
biology of the species. Consistent patterns were that size-at-age (growth rate) and size-atmaturity differed between males and females, with males reaching a larger size-at-age
and having a greater size-at-maturity than females. Patterns inconsistent with the
literature were that size-at-age and size-at-maturity did not differ between crabs
inhabiting different thermal regimes (see below). It is possible that these inconsistencies
were due to the growth bands not being indictors of age, as the calcein experiment that
was meant to validate the deposition rate of growth bands was unsuccessful. However,
given the consistent results concerning differences in growth rates between males and
females, and for other reasons I discuss below, I do not believe this to be the case.

4.1 Age Validation
Growth bands observed in this study resembled those found in recent studies on
crustaceans (discussed later), but I was unable to validate their deposition rate using
calcein dye due to leaching of the calcein within the ossicle, preventing determination of
whether a band had formed after the chemical marking. This leaching may have been
caused by the calcein not binding to the calcium hydroxyapatite in the gastric mill
ossicles of the snow crab, in the same way that it binds to calcite or aragonite in fish
otoliths and mollusc shells, although this seems very unlikely since Kilada et al. (2012)
found that calcein does bind to the American lobster’s gastric mill, which is also thought
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to be mainly composed of calcium hydroxyapatite (Campana, 2001; Kilada et al., 2012,
Gnanalingam et al., 2018). Another possible factor that may have made this experiment
unsuccessful could be the time and/or duration of calcein staining, although I also find
this unlikely given that the times and durations tested were based on previous studies that
successfully stained gastric mill ossicles in lobster and crayfish (Kilada et al., 2012;
Leland et al., 2015).
The use of calcein staining to validate the deposition rate of growth bands for
crustacean species has had mixed results. Studies by Kilada et al. (2012), Leland et al.
(2015), Sheridan et al. (2016), and Gnanalingam et al. (2018) all attempted to determine
the deposition rate of growth bands using calcein (unknown, 500 mg/L for 72 hours, 500
mg/L for 72 hours, and 500 mg/L for 48 hours, respectively). Kilada et al. (2012) and
Leland et al. (2015) found that the calcein staining on American lobster and a subtropical
freshwater crayfish, respectively, left a single, clear fluorescent band and that bands form
annually. In contrast, Sheridan et al. (2016) and Gnanalingam et al. (2018) found that the
calcein leached throughout the structures of Norwegian lobster and Caribbean spiny
lobster, respectively, as was seen in my study (see below).
A challenge of this chemical age validation method in crustaceans, and of the
significance of growth bands more generally, is the lack of a known mechanism of how
the growth bands are deposited and whether or not they are retained through molts.
Kilada et al. (2012) and Gnanalingam et al. (2018) both hypothesized that gastric mill
ossicles demineralize partially but are retained during molting. Kilada et al. (2012) found
evidence of this when they used calcein dye with American lobster, since careful
dissections failed to detect the mesocardiac ossicle in the exuvia at molt and found it in a
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relatively hard state only one-hour postmolt. They also found evidence that some mineral
features may be retained through molting, as the calcein staining produced a single, clear,
fluorescent band that had been retained through molts. Sheridan et al. (2016) similarly
found evidence of gastric mill demineralization with Norwegian lobster, however in this
study all ossicle minerals appeared to be resorbed into the gastrolith (including the
calcium to which the calcein binds) or shed, and a new cuticle was formed with the stored
minerals in the gastrolith. These authors believe that the growth bands are a result of
post-molt calcification processes and do not reflect annual periodicity.
In animals with skeletons that accrete calcium as they grow and do not molt, live
stains like calcein and tetracycline represent useful time markers (e.g., fish otoliths).
However, in skeletal elements that are lost, such as the exoskeleton and gastric mill of
crustaceans, the use of chemical markers to validate age may only work for some species
(Vatcher et al., 2015; Sheridan et al., 2016; Becker et al., 2018; Sheridan & O’Connor,
2018). Two alternative approaches to calcein staining that have been successfully used to
confirm the deposition rate of growth bands are the use of captive known-age individuals
(Euphausia superba; Kilada et al., 2017; Panulirus argus, Gnanalingam et al., 2018), and
comparison to age estimated by size-frequency analyses (Kilada et al., 2012; Kilada &
Ibrahim, 2016; this study[see below]).
Although the calcein staining experiment was unsuccessful, annual deposition of
growth bands in snow crabs was corroborated in this study by comparing my growth
band counts to ages estimated for same-size individuals based on size-frequency analysis
in Sainte-Marie et al. (1995). The growth band counts observed in this study showed a
good fit to ages estimated by Sainte-Marie et al. (1995), particularly in the case of
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smaller (<40 mm CW) crabs, although for larger crabs (40-135 mm) band counts tended
to be somewhat greater (i.e., suggesting older) than the ages estimated by Sainte-Marie et
al. (1995). I believe this discrepancy is likely due, at least in part, to the processes of
skip-molting and terminal molting, which would both contribute to underestimates of age
at size by size frequency analysis. As previously mentioned, snow crabs begin terminally
molting (i.e., stop molting, and hence growing) at approximately 40 mm CW (females)
and 60 mm CW (males; Conan & Comeau, 1986; Sainte-Marie et al., 1996; Dawe et al.,
2012), and this is where the discrepancy between size-at-age using growth band counts in
my study and estimated ages from Sainte-Marie et al.’s (1995) study begins. If the bands
in the gastric mill ossicle are age indictors, then they would continue to be deposited
whether or not an individual grows. Therefore, if a snow crab skips a molt (crabs larger
than approximately 50 mm CW; Dawe et al., 2012) or has terminally molted (>40 mm
CW), growth bands will continue to be deposited despite the fact that the individual is no
longer growing and molting, which would make it younger, based on length frequency
analysis estimates, than it truly is. For example, one crab individual in this study was
measured at 72.89 mm CW, which would correspond to an estimated age of 7-9 years
based on Sainte-Marie et al. (1995), but a growth band count of 14 years was found,
suggesting that this individual may have continued depositing growth bands (and ageing)
after its terminal molt. It is also possible that some of these “extra” bands had been
deposited during a period of skip-molting. It is worth noting, however, that if skipmolting and terminally molting were the only cause of the discrepancy between these age
estimates, I would expect the discrepancy to increase somewhat with size, given that the
larger individuals would have accumulated more bands post terminal molt than the
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smaller ones, which was not observed. One potential explanation for this is that growth
bands may become increasingly difficult to discriminate as the growth of calcified
ossicles decreases in older individuals. Campana (2001) argued that age corroboration
using length frequency analysis was best suited for fast-growing, short-lived (<7 years)
animals, for two reasons. First, as an individual ages, but has stopped growing, growth
bands are deposited closer together, therefore making it harder to distinguish between
bands, which could potentially lead to some bands being missed when counting (and
therefore causing an underestimate of age). Secondly, as discussed above, if an individual
has stopped growing, size-related age estimates would become inaccurate, since bands
would still be deposited despite the halt in growth, making an individual seem younger
than it truly is. Since snow crabs have been known to live longer than 10 years, length
frequency analysis may not be the best method to corroborate these growth bands.
It is also possible that the size-at-age relation differs between the samples used in
my study and the ones used in Sainte-Marie et al.’s (1995) study because these are from
different geographical areas (i.e., the eastern coast of Newfoundland for my samples, and
Baie Sainte Marguerite in the Gulf of Saint Lawrence for samples from Sainte-Marie et
al. (1995). Differences in water temperature, or other environmental factors, could cause
the size-at-age relation to differ between my study and Sainte-Marie et al. (1995). A
report by Bernier et al. (2018) indicates that there is a small difference in temperature of
the cold-intermediate layer (CIL) between these two broad regions, where the CIL in
Newfoundland and Labrador is ~0 ◦C and the CIL in the Gulf of Saint Lawrence is ~1 ◦C.
Given that snow crabs are thought to spend considerable time in the CIL, the warmer CIL
in the Gulf may lead to larger crabs at age, due to less skip-molting, relative to
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Newfoundland crabs, and this is consistent with what was observed in this study (Figure
11). Similarly, Dawe et al. (2012) found skip-molting to be more frequent and, on
average, crabs being larger in the GSL, so there has been some evidence of a difference
between these two areas, and again this was observed in this study.

4.2 Differences in Counts Made by Two Independent Readers
The age-bias plot between readers counting growth bands on the same ossicle
preparations showed relatively little bias and indicated a mean CV value of 11%. This
CV value is somewhat higher than what can be typically achieved with morphometric
measurements, but it is comparable to ageing CV values obtained for bivalves (5-7%),
lobsters (6-7%), crabs (6.3-19%), and shrimp (7.2-11%; reviewed by Kilada & Driscoll,
2017). Precision in counting growth bands can be increased through training, as was
found in a study by Gnanalingam et al. (2018) which found a CV value of 33% for band
counts of Caribbean spiny lobster by untrained readers, compared to 24% for experienced
readers. The linear regression of counts made by the two readers confirmed that there was
no significant bias between the two readers, since the slope and elevation of the line of
best fit did not differ significantly from 1 and 0, respectively.

4.3 Differences Between Crabs Inhabiting Different Temperature Regimes
This study found no evidence that thermal regime affects size-at-age, size-atmaturity, or age-at-maturity of male or female snow crabs, which is not consistent with
the literature. This finding was surprising, given the strong evidence from other studies
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that temperature affects somatic growth and sexual maturation in crustaceans (Foyle et
al., 1989; Lovrich et al., 1995; Alunno-Bruscia & Sainte-Marie, 1998; Hartnoll, 2001;
Dawe & Colbourne, 2002; Dawe et al., 2012; Mullowney et al., 2017). For warm-water
crustaceans, increased temperature almost universally reduces molt increments and
increases molting frequency (i.e., shortened intermolt periods), causing in most instances
an overall increase in growth rates (Hartnoll, 2001), because the effect of temperature on
molt frequency is typically greater than that on molt increment. It has, however, been
proposed that warm- and cold-water species may be affected differently by temperature
(Houde, 1989). Consistent with this hypothesis, an unpublished study (Currie, 2015)
based on growth band counts of male snow crabs sampled from different locations in
Newfoundland, found some evidence of greater growth rates of young males (1-4 years
old) inhabiting colder versus warmer areas, although this conclusion was based on a
relatively small sample size (n=145 crabs) and suggested young cold-water crabs
“catching up” to (i.e., they were smaller at year 1), rather than exceeding, the size of
“warm-water” crabs by age 4. In contrast, a study by Dawe et al. (2012) that estimated
snow crab ages on the basis of size-frequency analyses found that growth rates were
greater in snow crabs originating from warmer waters (i.e., Divisions 2J3K), with molt
frequency increasing, and molt increment staying constant, with increasing temperatures.
Dawe et al. (2012) also found that sexual maturity occurs at larger sizes in warmer than
in colder temperatures.
I do not believe that the absence of a temperature effect on size-at-age or size/ageat-maturity between thermal regimes in my study is due to errors in the age determination
technique (i.e., growth band counts), because I found (see below) gender based
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differences in size-at-maturity that were fully consistent with the literature and our
understanding of crab biology (Donaldson, 1981; Gerhart & Bert, 2008; Kilada et al.,
2012). Furthermore, the size-at-age relations inferred from my band counts were largely
verified by published cohort analyses of snow crab size frequency distributions in SainteMarie et al. (1995), which is consistent with the hypothesis that these growth bands
indicate age and are formed annually.
One potential explanation for the fact that I did not observe a difference in size-atage and size/age-at-maturity of snow crabs sampled from different thermal regimes is that
water temperature was particularly warm in my study area the years preceding the
collection of my samples (i.e., 2012-2016), specifically reaching record highs in 2012 and
2014 (Bernier et al., 2018; D. Mullowney, personal communication). Importantly, if my
crabs only experienced waters <0◦C for a relatively small number of days before I
sampled them, then this would likely have reduced the likelihood of detecting an effect of
temperature on growth, as this effect is thought to be largely driven by crabs skipping
molts (i.e., skip-molting) when water temperature is particularly cold (<0◦C); other things
being equal, crabs that skip molts in very cold waters are smaller at age than crabs that do
not skip-molt (Orensanz et al., 2007; Dawe et al., 2012).
A second potential explanation for the fact that I did not observe a difference in
size-at-age and size/age-at-maturity of snow crabs sampled from different thermal
regimes is that there were relatively few crabs sampled from particularly cold, or from
particularly warm, areas. This in particular led to a difference in analytic approach
between my study and that of Dawe et al’s. (2012), which may have contributed to the
different conclusions of these two studies. More specifically, whereas crabs in my study
52

were sampled using the same methods and from a similar range of temperatures (-1.4 to
5.1 ◦C) overall to those in Dawe et al.’s (2012) study (-1 and 6 ◦C), I obtained insufficient
individuals from the extremes of this range to support statistical comparisons by 1◦C bins,
as was done in Dawe et al (2012). In particular, in my study there were no intermediatesize (~30-89 mm CW) crabs that were sampled in water at -1 ◦C (-1.5 ◦C to -0.49 ◦C) or 4
◦

C (3.50 ◦C to 4.49 ◦C) temperature bins, and all crabs smaller than 30 mm CW were

immature (nwarm=4 ;ncold= 9) and almost all crabs larger than 89 mm CW were mature
(4/4 for warm areas and 17/18 for cold areas), which prevented a useful assessment of
CW50. Importantly, it is between these most extreme temperatures that Dawe et al. (2012)
found the most pronounced differences in CW50, and differences in CW50 between less
different temperature were much less pronounced. Also, the CW50 values of my cold-area
(mean temperature: 1.1 ◦C) and warm-area (mean temperature: 2.7 ◦C) crabs are very
similar to values observed at similar temperatures (1 ◦C and 3 ◦C) in Dawe et al.’s study.
Although my study and that of Dawe et al. (2012) both used point-location
temperatures taken with a CTD device during DFO multi-species offshore trawl surveys
and inshore trap surveys, Dawe et al. (2012) used multiple years of temperature data
(1999-2010) to characterize the environment from which crabs were sampled, whereas I
only used one year of temperature data (2015). Since only one temperature recording was
used for an area, this most likely does not reflect the temperatures that a crab experienced
throughout its lifetime. One concern to this single-year point sampling is that it likely
missed the full impact of the warming trend in my data. In contrast, sampling
temperatures across multiple years, as done in Dawe et al. (2012), is more likely to have
captured the effect of temperature on growth during the lifetime of a crab. Ideally, bottom
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temperatures would be recorded continuously, to provide a complete account of
temperatures experienced by the snow crabs caught in each location. More research could
also be done to determine if there are critical time periods when temperatures may be
having a more pronounced effect on snow crab growth (i.e., perhaps in the months
previous to molting), which would be the best time to sample temperature and assess its
relation to crab growth and sexual maturation.
A third potential explanation for the fact that I did not observe a difference in
size-at-age and size/age-at-maturity of snow crabs sampled from different thermal
regimes is that snow crabs are not sedentary, and thus likely experience important
variation in temperatures that is not captured by my “north/warm” versus “south/cold”
dichotomy. Mullowney et al. (2017) recently found evidence of two types of snow crab
migrations in a large-scale fisheries-based mark-recapture tagging study: down-slope
migrations to warmer waters during ontogeny, and seasonal up-slope migrations to colder
waters for mating and molting. If the crabs that were collected from “warm” or “cold”
areas moved between these temperature regimes, it may help explain why I did not find a
difference between crabs sampled in my cold and warm areas. However, Dawe et al.
(2012) used the same approach and found an effect of temperature, which suggest that
movements may not be the main reason I did not find an effect of temperature.
Notwithstanding the problem of tag loss with molting, it would be very useful for future
studies to equip snow crabs with temperature loggers and/or acoustic tags, so that it may
be possible to determine what temperatures they experience at different times throughout
their lives.
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4.4 Differences Between Male and Female Crabs
This study found differences in size-at-age and size-at-maturity between male and
female snow crabs, that are consistent with our understanding of snow crab, and many
other decapod species, biology and reproduction (Donaldson, 1981; Gerhart & Bert,
2008; Kilada et al., 2012). As previously discussed, snow crabs are known to display
sexual dimorphisms, with females undergoing their terminal molt and becoming sexually
mature at smaller sizes than males (Elner & Beninger, 1992; Sainte-Marie & Hazel,
1992; Sainte-Marie et al., 2008; Mullowney et al., 2017), which is what I found in this
study based on counts of growth bands. It has been stated that at smaller sizes/younger
ages, male and female snow crabs have a similar growth rate, but once individuals begin
to invest in reproductive organs and gametes at approximately 40-50 mm CW, there is a
very clear difference in size/growth, where males grow faster than females (Sainte-Marie
et al., 1996; Dawe et al., 2012; Kilada et al., 2012; and Mullowney et al., 2014). This
difference in growth rates between male and female snow crabs occurs because female
reproduction (i.e., the production of reproductive organs and gametes) is more
energetically costly than male reproduction (Sainte-Marie, 1993; Elner & Berninger,
1995; Sainte-Marie et al., 1995; Dawe et al., 2012). Given the high energetic cost of
reproduction, females stop growing in order to become sexually mature, whereas males
continue to grow while sexually mature, and only stop growing due to energetic
constraints associated with large body size (Dawe et al., 2012). Interestingly, the
differences between von Bertalanffy growth functions that I found in my study seem to
be mainly driven by differences in CW∞ and t0, although none of the factors were
significantly different when considered separately, which was at least partially due to the
55

high variability in size and age among individuals of the same size. In order to address
this problem of high variability in size-at-age, I ran the mean values of size at each age
and the conclusions were mostly the same, except I also found a significant difference
between CW∞ for males and females.
I found no evidence that age-at-maturity differs between male and female snow
crabs, which is a question that has not been empirically addressed before this study. This
study is also the first to use a direct ageing method to compare age-at-maturity between
males and females of any decapod species. That sexual maturity in male and female snow
crabs appears to be occurring at approximately the same age, but at different sizes, is
further evidence that size-at-age differs between males and females. Although this is the
first time age-at-maturity has been investigated for snow crabs, a study by Gerhart & Bert
(2008) involving stone crabs and age estimates from size-frequency distributions
similarly found that age-at-maturity did not differ between males and females, being 2
years for both sexes.

4.5 Critical Analysis of Thermal Categorization
Given our very limited understanding of the thermal history of the crabs sampled,
I based my analyses of temperature effects on coarse spatio-temporal groupings (i.e.,
NAFO divisions) as in previous studies. In general, temperature differs between the more
northern “warm” divisions (2J and 3K) and the more southern “cold” divisions (3LNOP),
due to differences in depth. The more northern divisions are generally deeper, and
therefore warmer, due to the absence of the CIL in deeper waters, whereas the more
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southern divisions are shallower due to the very extensive Grand Banks, and tend to lie
within the CIL, resulting in colder water temperatures. There is, however, considerable
variation in depth (and temperature) within each division, due to ledges and slopes off of
banks. In an attempt to see if variation in depth and temperature within my two areas
might have obscured patterns, I created a bivariate fit plot between temperature and depth
for each of my sample sites to see if any anomalies existed. In the more southern “cold”
divisions (3L, 3N), I found 6 sampling sites on these bank slopes, and therefore had
deeper depths and warmer temperatures that were similar to the more northern “warm”
areas. However, no difference in conclusion was found in size-at-age, size-at-maturity,
or-age at maturity between temperature regimes and between sexes when I reanalyzed the
data without these sites, or when I added them to the more northern warmer areas, with
one exception. The only conclusion that changed was that when moving the 6 sites to
warm areas, age-at-maturity between males and females showed a significant difference,
where males matured at younger ages than females, instead of no significant difference.
Although I am unsure why this pattern changed when moving samples from these 6 sites,
this new pattern is inconsistent with our understanding of snow crab biology, as females
are thought to reach terminal molt (and hence sexual maturity) at smaller sizes (~40 mm
CW) than males (~60 mm CW) (Conan & Comeau, 1986; Sainte-Marie et al., 1996;
Dawe et al., 2012), and hence to sexual maturity at a younger age, given that growth rate
is similar between males and females before they reach maturity (Sainte-Marie et al.,
1996; Dawe et al., 2012; Kilada et al., 2012; and Mullowney et al., 2014). Although I am
confident that my more southern crabs on average experienced colder water than my
more northern crabs during their lifetime, the coarse temperature categorizations used in
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this study may have masked more subtle effects of temperature on snow crab growth and
sexual maturation. Future studies should attempt a comparison of samples based on their
sampling depths in relation to the depth of the cold intermediate layer, rather than simply
based on geography.

4.6 Conclusions
The purpose of this study was to validate the deposition rate of growth bands in
the gastric mill of the snow crab, Chionoecetes opilio, and increase our understanding of
the effect of temperature on this species’ growth and sexual maturation. I found no
evidence that temperature affects size-at-age, size-at-maturity, or age-at-maturity in snow
crabs around Newfoundland. Although there are few studies on the impacts of
temperature on snow crab growth and sexual maturation, these size-at-age and size-atmaturity results are inconsistent with a comparable study (Dawe et al., 2012), while ageat-maturity has never been studied for snow crab. I do not believe this lack of relation
between temperature and growth/maturation are due to the age determination technique
employed in my study, since growth bands were corroborated using ages estimated from
length-frequency histograms, and growth band counts revealed well-established
differences in size-at-age between male and female snow crabs. Instead, I believe that a
small number of samples originating from the coldest and warmest areas, and a limited
understanding of crab movements between thermal regimes, may have contributed to this
study not finding an effect of temperature on snow crab growth and sexual maturation.
Future studies of snow crab growth and sexual maturation should better characterize the
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thermal regime individuals experience throughout their lifetime, including inter-annual
and seasonal variation in temperature, as well as changes in temperature related to
ontogenic and seasonal migrations. Monitoring snow crabs with temperature and depth
loggers may help to better identify these patterns. Warming waters could be detrimental
to snow crab since they are a cold-water species with an optimal temperature range of 1.5 to 4 ◦C. If waters begin to warm, we may see changes in snow crab molting
frequency, size-at-sexual maturity, movement, feeding, and mortality (Foyle et al., 1989;
Sainte-Marie et al., 2008; Dawe et al., 2012). Molting events would likely increase with
warmer temperatures, which may result in snow crabs attaining larger maximum sizes.
This would affect snow crab fisheries, given that snow crabs need to attain a certain size
(95 mm CW) before they can be legally harvested, but they also need to reach sexual
maturity in order to contribute to the recruitment of the population/fishery. This would
mean that new regulations concerning minimum legal size may need to be envisaged,
considering the trade-off between implementing a smaller legal size that increases the
number of individuals that can be harvested, and a larger maximum legal size that
increases the likelihood that individuals reproduce before they are harvested. Better
understanding of changes in snow crab biology in the face of climate change should help
enhance the sustainability and profitability of the fishery.
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