Downloaded from orbit.dtu.dk on: Apr 20, 2024

DTU Library

=
=
—

i

A spatiotemporal model for snow crab (Chionoecetes opilio) stock size in the southern
Gulf of St. Lawrence

Cadigan, Noel G.; Wade, Elmer; Nielsen, Anders

Published in:
Canadian Journal of Fisheries and Aquatic Sciences

Link to article, DOI:
10.1139/cjfas-2016-0260

Publication date:
2017

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):

Cadigan, N. G., Wade, E., & Nielsen, A. (2017). A spatiotemporal model for snow crab (Chionoecetes opilio)
stock size in the southern Gulf of St. Lawrence. Canadian Journal of Fisheries and Aquatic Sciences, 74(11),
1808-1820. https://doi.org/10.1139/cjfas-2016-0260

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1139/cjfas-2016-0260
https://orbit.dtu.dk/en/publications/fe9667d2-0a81-4dda-b9ce-19a2a8bc4230
https://doi.org/10.1139/cjfas-2016-0260

Canadian Journal of Fisheries and Aquatic Sciences

Canadian
Science Publishing

NAC Research Press journals | Publahing Servces

Canadian Journal of Fisheries and Aquatic Sciences
Journal canadien des sciences halieutiques et aquatiques

A spatial-temporal model for snow crab (Chionoecetes
opilio) stock size in the Southern Gulf of St. Lawrence

Journal:

Canadian Journal of Fisheries and Aquatic Sciences

Manuscript ID

cjfas-2016-0260.R2

Manuscript Type:

Article

Date Submitted by the Author:

28-0Oct-2016

Complete List of Authors:

Cadigan, Noel; Memorial University of Newfoundland, Marine Institute
Wade, Elmer; Fisheries and Oceans Canada Gulf Region

Nielsen, Anders; Technical University of Denmark (DTU Aqua), Marine
living resources

Keyword:

Catch per unit of effort, depletion model, density-dependence catchability,
STOCK ASSESSMENT < General, Gaussian markov random field

RONE

https://mc06.manuscriptcentral.com/cjfas—pubs




Page 1 of 278 Canadian Journal of Fisheries and Aquatic Sciences

1 A spatial-temporal model for snow crab (Chionoecetes opilio) stock size in the Southern Gulf of
2 St. Lawrence.
3
4  Noel G. Cadiganl, Elmer Wadez, Anders Nielsen®
5
6  'Centre for Fisheries Ecosystems Research
7  Marine Institute of Memorial University of Newfoundland
8 P.O.Box 4920
9  St. John's, NL
10 Canada A1C 5R3
11
12 ?Aquatic Resources Division
13 Oceans and Science Branch
14 Department of Fisheries and Oceans
15 343 Université Avenue
16  Moncton, NB
17  Canada E1C 5K4
18
19 *National Institute of Aquatic Resources
20  Technical University of Denmark
21  Charlottenlund Slot Jegersborg Allé 1
22 2920 Charlottenlund
23
24 Corresponding author: Noel Cadigan, tel:1 709 778 0603; fax: 1 709 778 0669; email:
25  noel.cadigan@mi.mun.ca
26

https://mc06.manuscriptcentral.com/cjfas—pubs



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Canadian Journal of Fisheries and Aquatic Sciences Page 2 of 278

Abstract

We develop a high resolution spatio-temporal model of stock size and harvest rates for snow
crab (Chionoecetes opilio) in the Southern Gulf of St. Lawrence, which supports an
economically important fishery off the east coast of Canada. It is a spatial and weekly model
during 1997-2014 that utilizes within-season depletion based on catch per unit of effort (CPUE;
kg per pot), and also biomass values from a survey designed specifically for this stock. The
model is formulated in a state-space framework. The main contribution of the model is to
provide a better understanding of fishery-dependent factors that affect CPUE. There is strong
evidence of density-dependence in the relationship with CPUE and stock biomass, in addition to
a general increase in CPUE catchability over time that may be related to changes in gear soak
time, and spatial variation in catchability. We also find that a natural mortality rate of 0.4
provides a better fit to survey results. Model results suggest that there is no evidence of effort

saturation in the fishery.

Keywords: Catch per unit of effort; depletion model; Gaussian markov random field; density-

dependence catchability; stock assessment.

Introduction

Snow crab (Chionoecetes opilio) have been fished commercially in the southern Gulf of St.
Lawrence (sGSL; Figures 1 and 2) since the mid-1960’s using baited traps (i.e. pots). Monitoring
of this fishery is based on logbook data, dockside monitoring of the catch, and at-sea sampling

by observers. Snow crab normally molt every year until maturity (Conan and Comeau 1986)

https://mc06.manuscriptcentral.com/cjfas—pubs
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49  prior to the fishery (e.g. Hébert et al. 2002). After molting, crabs have a soft shell for 8 to 10

50  months. Males live approximately 5 years (Sainte-Marie et al. 1995) to 7.7 years (Fonseca et al.
51  2008) after their terminal molt. The fishery targets hard-shelled adult male animals with a

52 minimum landing size of 95 mm carapace width (CW). The management of this fishery is based
53  on total allowable catch (TAC), effort controls (number of licenses, trap limits, and seasons), and

54 alimit on the percentage of the low commercial value soft-shelled crabs in the catch.

55  This stock is assessed using size and/or stage-based survey indices of biomass and abundance
56  from a post-season trawl survey designed specifically for this stock (Moriyasu et al. 2016;

57  Hébert et al. 2016b). A grid-based sampling design has been used in all survey years, although
58  the survey coverage and grid cell size has changed over time. Total survey biomass for various
59 life stages of crab is estimated using kriging with external drift using depth as a secondary

60  variable (Hébert et al. 2016b). These stages include residual biomass of commercial sized males
61  remaining after the fishery, and recruitment biomass (soft-shelled adult males >= 95 mm CW)
62  that will be available to the fishery in the following fishing season. The exploitable biomass of
63  commercial males is inferred from the residual and recruited biomass from the previous year’s
64  survey. A harvest decision rule including precautionary approach reference points based on

65  commercial biomass is used to provide total allowable catch (TAC) advice (Chaput et al. 2014).
66 A simple model has been used to project biomass in the next several years based on survey

67  estimates of pre-recruit stages (Surette and Wade, 2006). The only other model published for this
68  stock was an age-, sex- and stage-structured model by Siddeek et al. (2009), and the purpose of
69  this model was for developing limit and target harvest control rules, but not directly for stock

70 assessment.
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Commercial catch rates are considered in sGSL snow crab stock assessments but the relationship
between commercial-sized adult male biomass estimated from the snow crab survey and CPUE
calculated from logbooks is weak; r* = 0.22 (Hébert et al. 2016a) and varies across different
locations. This results in differences in perception of stock abundance between the fishing
industry observations and those from the survey. Fishing industry perceptions not only involve
the overall level of CPUE but also the rate of decline in CPUE as the fishing season progresses.
They consider that if CPUE does not decline much then this is an indication of a larger stock size
than when CPUE declines substantially. This is also related to the sedentary nature of snow crabs

(Biron et al. 2008) during the sGSL fishery.

It is possible to estimate absolute biomass based on the within-season rate of decline of a
biomass index in response to the fishery removals. The Leslie method (Leslie 1952) has been
used for many crustacean species (see review by Smith and Addison 2003) and others (e.g.
Bishir and Lancia 1996). Its popularity is partly related to its simplicity. If C; and E; are the catch
and effort of a fishery at time ¢, and CPUE is X; = C/E, and is proportional to stock biomass B,,
then the Leslie method involves fitting the linear model X, = qB, — qK;, where q is the
catchability coefficient, B, is the biomass at the start of the fishing season, and K| is the
cumulative catch at time . These parameters can be estimated using a linear regression of X; on
K. Alternatively, the DeLury method (DeLury 1947) involves fitting to cumulative effort rather
than cumulative catch. Both methods use the rate of decline of CPUE throughout the fishing
season, as a function of either catch or effort, to estimate initial stock size. These are two

examples of depletion models.

In practise there are many problems with assumptions for these simple depletion estimators.

Miller and Mohn (1993) examined issues with the Leslie method for species like crabs and

4
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94  lobsters. An important assumption is that catchability is the same for all individuals throughout
95 the fishing season. Of particular relevance to sGSL commercial snow crab is the potential for 1)
96  achange (decrease or increase) in capture probability depending on how many crabs are in a
97  trap, which will result in density-dependent CPUE catchability, and 2) increased activity in
98  warmer waters could lead to higher catchability in nearshore areas during the spring and
99  summer. The physical habitat and temperature may affect crab walking rates, and current
100  direction and speed may affect the bait “plume” and trap detection. CPUE catchability may also
101 change for many other reasons (also see Miller 1990, Bacheler et al. 2013). Varying
102 characteristics of fishing effort such as soak time, bait type and amount, and trap design and
103 spacing can affect catchability. Trap saturation may happen with longer soak times for many
104  reasons including space limitation of the gear, inter-species or intra-species interactions, or the
105  loss and degradation of bait (Shertzer et al. 2015). However, Charles et al. (2014) found soak
106  time had little effect in a study of sGSL snow crab. Temporal, spatial, and density-dependent
107  variations in CPUE catchability have been examined extensively in the fisheries literature.
108  Density-dependence relationships between CPUE and stock size (i.e. catchability) are commonly
109  reported (e.g. Harley 2001, Ward et al. 2013) but are not ubiquitous (e.g. Zhou et al. 2007).
110  Many factors may produce a power-law relationship between CPUE and stock size (e.g. Cooke
111 and Beddington 1984). If such factors change in a systematic way, bias can be introduced to

112 depletion estimators.

113 Another important assumption is that fishing effort is uniformly distributed over the area
114  occupied by the stock. This is not the case for sSGSL snow crab. Fishing fleets may adjust their
115  fishing locations when catch rates decline and this can mask the decline in stock size due to

116  fishing (e.g. Hilborn and Walters 1987). Depletion methods also require landings and effort to be

https://mc06.manuscriptcentral.com/cjfas—pubs
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accurately reported. Fisheries monitoring for sGSL snow crab is rigorous so reported catch
should be reliable. However, effort is not evaluated in dockside monitoring and may be
inaccurate. The Leslie method assumes a closed population, with no emigration, natural
mortality, or recruitment. The last two issues are relevant for snow crab because of the length of
the fishing season. Concerns about within-season recruitment and fleet movements led scientists
to conclude that the Leslie method was inappropriate for stock assessment of sGSL snow crab
(Loch et al. 1995). Corrections for these problems, when they exist, require additional

information (Miller and Mohn 1993).

Various extensions of depletion models have been proposed to address some of the above
problems. Gedamke et al. (2004) used information from vessel monitoring systems to
disentangle the effects of nonrandom fishing patterns for scallops so that a depletion model could
be applied. They used spatial analyses to define regions where assumptions of the depletion
method were met. Walter et al. (2007) extended this stratification approach and conducted a
geostatistical analysis of their depletion model results. Robert et al. (2010) formulated the
DeLury model in a Bayesian framework and included natural mortality and within-season
recruitment for an octopus fishery, with simulation testing of various model formulations and
data configurations. They also modelled a range of years in a hierarchical framework in which
initial abundance and catchability were related across years. Roa-Ureta (2012) proposed
generalized depletion models for open populations and a nonlinear relationship between catch
and effort. His model allowed for waves of within-season immigration to the fishing grounds. He
applied his model to a squid fishery. Roa-Ureta (2015) extended the generalized depletion model

to be multi-annual and to include multiple fleets with different catchabilities for a Spanish

https://mc06.manuscriptcentral.com/cjfas—pubs
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140  mackerel fishery. Zhou et al. (2011, 2015) presented a generalized Leslie-type model to estimate
141  natural mortality rates as well as stock size and harvest rates in a Bayesian framework. Their
142 multi-annual biomass model included within-season somatic growth and a parametric year-

143 varying catchability function.

144 There is often little evidence of depletion in total fishery CPUE for sGSL snow crab. In the 2014
145  fishery, total CPUE (total catch divided by total effort) increased overall and only decreased for
146  three short periods (Figure 3). Average soak times rapidly increased from about 50 hours at the
147  start of the fishery to about 120 hours by week 25. This may partly explain the stability of CPUE
148  during this period. However, another factor is a change in the distribution of the fishery (Figure
149  4). There is a pronounced change in the fleet distribution starting in August (week 29). This is a
150  consistent feature throughout the time-series. Also, in some weeks there may be a large

151  concentration of effort in just a few grids cells and pots may compete for crab in these cases. If
152 multiple pots are placed within their effective fishing area then this will eventually produce a

153 saturation effect in which catch is no longer proportional to effort. Not surprisingly, in

154  preliminary analyses we found poor correspondence between stock size and harvest rates from a
155  sGSL spatial depletion model and survey results. Hence, in this paper we also explore changes in
156  model catchability assumptions, both temporal and spatial, to account for changes in the fishery

157  to improve this correspondence.

158  We propose a novel CPUE and survey integrated spatial biomass depletion model that provides
159  spatio-temporal estimates of snow crab stock size and also density-dependent and within-season
160  spatio-temporal changes in CPUE catchability. We provide more precision on how to interpret
161  CPUE catchability for snow crab, or more generally for stocks in which it is reasonable to

162 assume that the gear catches all fish in the area the gear fishes. We use high resolution spatio-

https://mc06.manuscriptcentral.com/cjfas—pubs
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temporal (i.e. weeks and grids) catch and effort data, and also spatial survey data, for model
estimation. Extracting more information about stock size using data at the highest resolution
possible can produce more reliable stock assessments and more relevant information for fisheries
managers, but an important cost of doing this is the need for a highly parameterized model that is
potentially computationally complex. Another contribution of this paper is a high resolution
spatial biomass depletion model that is restricted in certain ways to make the model
computationally efficient. We also include a novel effort saturation effect that is spatial because
of differences in the fraction of crab “grounds” within grid cells. Our model is implemented in a
state-space modelling framework which has become a favored approach in modeling time

varying population dynamics (e.g. Nielsen and Berg, 2014; Cadigan, 2016).

Materials and Methods

Model notation and parameters are described in the text and also Table 1. The data we used are
weekly fisherman logbook observations of catch and effort for 314 spatial grid cells in sGSL
during 1997-2014. Also, we use the post fishery snow crab survey trawl catches of hard-shelled
adult males (i.e. exploitable crab). These data are displayed in Supplementary figures, for catch
weight (Figures SC.1-20), effort (Figures SE.1-20), CPUE (Figures SX.1-20), and the snow crab
survey results for exploitable biomass (Figures SSEB.1-19) and total biomass (Figures SSTB.1-
19) although the latter information is not used in our model but is used in the DFO stock

assessment.

The biomass (B) depletion model for grid cell i and week ¢ in year y is

https://mc06.manuscriptcentral.com/cjfas—pubs
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By,t,i = By,t—l,iexp(_zy,t—l,i): (1)

where the weekly total mortality rate is Z,,,; = M/52 + F, +;, Fy, +; is the fishing mortality rate,
and M is an assumed constant annual value for the natural mortality rate which we prorate
equally to weeks. We examine M = 0.2, 0.3, and 0.4 which are values that are consistent with the
survival times in Sainte-Marie et al. (1995) and Fonseca et al. (2008). The depletion model starts
at an initial biomass B,, , ; in year y and we project this to the start of the fishery using Equation
(1) with no F. Our model does not include movement of crab between grid cells which provides
substantial computational efficiencies. Snow crab in the sGSL are relatively sedentary during the
fishery (Biron et al. 2008) but they may move somewhat between grid cells during the winter
months before the fishery so B,, , ; is only a nominal initial biomass for a grid cell and the actual
biomass may be different. However, we assume that }; B, , ; is the total stock biomass at the

beginning of the year because errors due to movements will cancel out in the total biomass. The

catch equation is

Fy.t.i

Zyti

Cy,t,i = By,l:,i{1 - eXp(_Zy,t,i)} 2)

A basic assumption underlying our spatial depletion model is that CPUE = C/E = gB where E is
the effort which we define as the number of pots fished. This implies that the harvest rate is H =
C/B = gF and g represent the harvest rate of a single pot. Some boundary grid cells are small so
an area-adjustment is useful. Let ay; be the area fished by a pot which we assume varies spatially
(7) and temporally (¢) because of a variety of factors related to the fishery (e.g. soak time);

however, we assume the area fished by a pot is constant within a grid cell and a week. Let 4; be

https://mc06.manuscriptcentral.com/cjfas—pubs
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the area of the grid cell and p; be the fraction of area that are crab grounds. If crab are
homogeneously distributed within the crab grounds and if a pot catches all crab within the area it
fishes then the expected catch from a single randomly placed pot in cell i with total biomass By, ;;
1S qy,1,iBy,i/Ai where q,,;; = ag,,/p; 1s the potential area fished; that is, aj,,; < g,,,;. The total catch
from E, ;; pots is Cy,1; = qy,1iE),1iDy,.; Where D,,,; = By,;/A; 1s the biomass density in grid cell i.
Here we assumed that E,,;; << g,,,; so that pots fish independently. Hence the expected CPUE is
X,1i = qy,.iDy,.i. The CPUE biomass catchability is proportional to grid cell size and varies across

years, weeks and grids.

We have incomplete information on the factors that may cause catchability to change over time

but we expect that these factors will be auto-correlated. Hence, we assume that

Qyti = 4y, exp(5y,t,i)' (3a)

where 6, ; are weekly g process errors that we assume for simplicity are AR(1) auto-correlated
normal random variables with mean zero, standard deviation gg, and auto-correlation parameter
@s. These errors are assumed to be correlated across weeks within grid cells and years but
otherwise are independent. Including process error is typical of contemporary stock assessment
models (Maunder and Piner, 2014). The q,,; annual spatial effects are further separated into

independent year and space effects

i = 4y 90 (3b)

The q,, year-effects account for long-term changes in fishing practices and are modelled as a

random walk,

10
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log(Qy+1/Qy)~N(0' Ogy)- (4)

The gq; spatial effects are described below. Hence, we model catchability at high resolution using
correlated spatial effects, a random walk year effect, and auto-correlated weekly process errors

within grid cells.

The idealized maximum effective effort that can be fished without pot competition is Epqy i =
Ai/q,,. This is the total number of distinct pot fishing areas in grid i with total area 4;. The

model-predicted effort corresponding to C,,;; 1s E,,,;= C,,,i/qy,1:Dy,;; and

Cy.t.iAy.t,i

= B = Hy,t,iEmax,y,t,i (5)
qy,t,i y,t,i

yti

We will use Equation (5) to model observed effort. Note that unlike much of the fisheries
literature we do not assume effort is a covariate that is known without error and we are therefore
better able to account for the reliability of this data. However, if there is pot saturation then pots
may compete for crabs and the effective (i.e. independent) effort is less than the model

prediction.

If fishermen randomly chose fishing locations regardless of gear that may already be present then
this behavior can be approximated as a Poisson process. We assume that each grid cell is
comprised of Ep,qy ¢ distinct fishing locations and that all pots within one location exploit the
same as a single pot. Let £, ,,;; be the nominal total effort and let ¥ be the number of pots in a
fishing location which has an approximate Poisson distribution with mean

Ayti = Eoy i/ Emaxyti- The probability that a location has at least one pot is Prob(Y > 0) =

1 — exp(—4,,:). The number of fishing locations with at least one pot, which is the effective
effort Ey, ; ;, is

11
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Ey,t,i = Emax,y,t,i{1 — exp(— Eo,y,t,i/Emax,y,t,i)}- (6a)

However, crab fishermen are aware of gear already present at a location and they will usually
avoid setting new gear close to existing gear. In this case Equation (6a) will under-estimate
effective effort. We propose an alternative smooth “hockey-stick” formulation (e.g. Mesnil and

Rochet, 2010) to account for this behavior,

_ 2
Ey,t,i = 1/2Eo,y,t,i + 1/2Emax,y,t,i {\/ 1+ )/2/4 - \/(Em:(lzx,y,t,iEO,y,t,i - 1) + V2/4'}- (6b)

Note that we modified the model formulation of Mesnil and Rochet (2010) so that y is a fraction

of Emax,y,t,i-

Equations (6a) and (6b) are illustrated in Figure 5 for Epqxy¢i = 2000. We sety = 0.3 in
Equation (6b). Effective effort based on Equation (6b) and nominal effort are almost the same
until effort is close to E,,4, but effective effort based on Equation (6a) is usually much less than
nominal effort unless effort is low. Both Equations (6a) and (6b) imply that E,, ,; < E,, ,, ;;. If
Eoyti < EmaxytithenEy ;= E,, . butaskE,, ; > cothenE, +; = Epgyyri- We can use
the inverse of these equations as functions of £, ,,;; to get the model predicted nominal fishing

effort. For Equation (6a) this is
Eo,y,t,i = _Emax,y,t,ilog(l - Hy,t,i)- (7a)

LetUy,.; = 2H,;; —1—/1+ y?/4. The inverse of Equation (6b) is
Uz, —v%/4
yti Y / } (7b)

Eoyti = Emaxytiyl+
ZUy,t,i

12
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If there is negligible effort saturation then

Eo,y,t,i = Hy,t,iEmax,y,t,i- (7¢)

We also include a density dependence effect in g. Our basic generating equation is CPUE = gD’

and f = I means no density dependence. However, /5 changes the interpretation of ¢ so we use a

slightly modified version, CPUE = qDDSB ~'where D, = D/D is the density relative to the
average over space and time. We computed an average value of D for all years, weeks, and grid
cells in which fishing occurred, using a specific model formulation (M1; see Results) but kept
this same value (i.e. 867 kg/km? or 49 Kt for the sGSL total area) in other model formulations.
The re-scaling of density only affects estimation of ¢ and not 5. When D = D then CPUE = gD,
so g represents catchability at average stock density. Our density-dependence model only

requires modifying Equation (3),

-1
Ay,ti = ny,t,iqy,i exp(ay,t,i)- 3

There is otherwise no change in the way annual and spatial effects (qy,;) or weekly effects (8, ¢ ;)

are modelled. However, this density dependence may be confounded with effort saturation.

There are two groups of spatial effects in our model, the yearly initial biomass densities Dy, ,; =
B, ,,i/A; and the catchabilities g;. We have insufficient data to estimate these effects freely, nor
would this be a good idea because we expect spatial correlation in these effects. Hence, we also
model these spatial effects as latent random variables on the snow crab survey grid. Let G be the
total number of grid cells. The covariance structure we use for these random variables is the
same as that described in Kristensen et al. (2013) and is based on a precision matrix (i.e. inverse

13
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covariance matrix) that implies that a grid cell is, conditional on the cell’s neighbors,
independent of all other cells. The precision matrix Wy for the logs of D,, , ; or g; has i,j 'th

element

-1, if cell i neighbors cell j,
l'pl',j = T(mi + 19), ifi :j, (9)
0, otherwise,

where m; is the number of neighbors of grid cell i which will typically be four but will be less
for boundary cells. The T and 9 parameters are estimated separately for each spatial effect. We
denote these as T, and Jp, etc. The precision matrix approach is typical of those used in
Gaussian Markov random fields (GMRF) and implies that the correlation decreases with distance
traveled through water and not simply the straight-line distance between two grid cells. This is
particularly relevant for the sGSL because of irregular coast lines (i.e. Chaleur Bay) and island
obstacles (i.e. the Magdalen Islands; see Figure 1). Let D,, , be a vector of spatial density effects
for year y. We also expect that the spatial distribution of biomass will be similar from year to
year. We accommodate this behavior by modelling the density in the first year, log(D, ,), as a
GMRF with parameters 7, and 9p4, and the relative difference in densities in successive years,
log (Qy+1,o / Qy,o), as independent GMRFs with parameters 75, and Jp,. These latter parameters
are assumed to be the same for all years. Hence, our model involves a spatially correlated

random walk for biomass density from year to year.

The data available to estimate model parameters (6, see next Section) are spatial catch and effort
measurements each week during 1997-2014, and the snow crab survey catches for the same

years (see Supplementary figures). Our model is for male commercial biomass so we only use
survey catch information for hard-shelled legal size males that were exploited in the same year of
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the survey (i.e. residual exploitable biomass). We assume a small and fixed value for log-catch
measurement error (ME) standard deviation (SD; i.e. o¢ = 0.05) because this data is obtained
from dockside monitoring with reportedly high accuracy. This is approximately the catch
measurement error CV. The state-space model log-likelihood (i.e. observation) equation for

catch is

log(Copsv i) — 1og(Cy ¢
l(9|{Cobs})=Zyztzilogl0c_1%{Og( i) OB )}l (10)

where @y is the standard normal probability density function and {C,;.} indicates the set of all
catch observations. The model values for catches, C,, ;;, come from Equation (2). Effort is not
evaluated in dockside monitoring and is reported less accurately than catches. We assume
multiplicative ME, E;ps, i = E, 5 ¢ ;€74 where the model values for reported effort, E, ¢ ;,
come from Equations (7a), (7b), or (7¢) depending on whether a saturation effect is included or
not, and the type of effect, and ¢ is the effort ME. This ME may be auto-correlated across weeks
within grid cells and years because it is likely that the same fishing crews are involved and they
are likely to report effort with similar error. If there is no effort saturation then using Equations

(3) and (5) we can show that

log(Eobs,y,t,i) = log(Hy,t,i) + log(Ay,t,i) - log(qy,i) tT &y i — (Sy,t,i- (11)

The € effort ME’s and the § catchability process errors are confounded. We can only estimate
their total effect. We still refer to these errors as § process errors although they are a mixture of
changes in catchability and ME in effort. Let ¢, ; denote the first week of the fishery in year y and
grid cell i. We re-define 8, ¢; = 10g(Eops,y,ti) — 108(E, y,::) and the likelihood equation for
effort is
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8uri— @sOyrni
L(BI{Esps}) = Z Z Z log [ag 1¢N{ yti— OO0y e-1i }] (12)
y i t>tf,y,i Os

312 For the first week of the fishery, when t = t¢,,; then §,, .4 ; = 0.

313 The snow crab survey biomass values, Sy i, are assumed to be absolute estimates of the

314  biomass in the trawl swept area. We re-scaled these biomass values to be equivalent to a tow

315  with a standard swept area of 2700 m” which is typical in the survey design. The model predicted
316  survey biomass values are S, ; = 2700B,, 3, ;/A; where the grid cell area is in m”. We assumed
317  this survey occurred in week 34 which is about the end of August. This is considered further in
318  the Discussion. In preliminary analysis we found that the ME SD (o5) did not depend much on
319  predicted values. Also, there are a large number of zero’s in the survey time-series so log-

320  transformation was not an option and did not seem necessary. Hence, the survey likelihood

321  equation is

(O1Sond) = . tog [o5 gy {2 2ut)] (12

322

323 The F’s in Equation (2) are also treated as unstructured random effects with a common mean and

324  variance. Let up = E(F) and 62 = Var{log(F)} . The likelihood equation for F’s is

l({F}|9) — é é é lOg [GFTl(pN{ Og( y.t, Z-F Og(ﬂF)}l (13)
y t i

325  We will show that the estimate of o is fairly large and so the F’s are estimated almost freely.

326 Estimation
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The model is high dimensional, based on 314 spatial grid cells and 936 time steps for the 18
years and 52 weeks per year, resulting in slightly over 290 000 space-time cells. However, there
are only a small number of parameters to estimate. Most of the model effects are random and are
not freely estimated. Fixed effect parameters, denoted collectively as the parameter vector 8, are
estimated via maximum likelihood (MLE) based on the total marginal likelihood, L(8), in which
random effects are “integrated out”. Let /" denote a vector of all random effects. There are 13 or
14 &’s, depending on the model formulation, but there are almost 27 000 /”s. Note that there are
far fewer /s than the total number of space-time model cells because d’s and F’s are only
estimated for cells that had reported catches, and in many weeks there is no fishing in a grid cell

(see Supplementary figures).

Let S denote the set of all survey, catch, and effort data used in the model. The marginal

likelihood is
LO) =[] f2(SIT)g,(O)er, (14)

where fg (S| I") is the pdf of the data and go(T") is the pdf for the I" random effects. The
template model builder (TMB; Kristensen, 2015) package within R (R Core Team, 2016) was
used to implement the model. The MLE’s of # maximize L(#). The user has to provide C++
computer code to calculate fg (S| ") and go(I") but the integration in Equation (14) and
calculation of 8 to maximize this equation is then provided by TMB. The high dimensional
integral is numerically evaluated in TMB using the Laplace approximation. The random effects
I" can be predicted by maximizing the joint likelihood, f4 (S| I")gg (I ). Additional information
on these procedures is provided by Skaug and Fournier (2006). TMB uses automatic

differentiation to evaluate the gradient function of Equation (14) and in the Laplace
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348  approximation. The gradient function is produced automatically from fy(S|T") and go(I"). This
349  greatly improves parameter estimation using a derivative-based optimizer. We use the nlminb

350  function within R (R Core Team, 2016) to find the MLE for 6.

351  The reliability of model estimates was assessed through detailed examination of model estimates
352  and residuals, and also retrospective analyses in which the model was fit to subsets of data with
353  recent years left out. Some covariance parameters are shared across years in the model so it is
354  possible that there may be retrospective patterns in model estimates. This was done for

355  retrospective years 2007 to 2014. Sensitivity analyses to model assumptions about M (0.2, 0.3, or
356  0.4), saturation (none or hockey-stick type), and density-dependence (none or estimated) were

357  also performed, leading to a total of 3x2x2 = 12 model formulations that were fitted.

358

359  Results

360 Including a saturation effect did not make much difference to estimates and model fits because
361  the saturation level was usually estimated to be much greater than typical levels of effort. For
362  example, two models described in Table 2 (i.e. M1 and M2), that differed only in whether a
363  “hockey-stick” saturation effect was included or not, produced nearly identical parameter

364  estimates and the model without effort saturation (i.e. M2) produced a better fit. This was a

365  consistent feature in other model formulations we compared for different values of M and the
366  density dependence parameter 3. There is also no evidence of saturation in plots of catch versus

367  effort (unreported results) for various regions in sGSL.
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The statistical evidence for density dependence was very strong (e.g. compare M2 and M3, and
M4 and M5) and the estimate of § < 1 indicating high hyper-stability in CPUE. This effect
resulted in a much improved fit to the snow crab survey residual biomass values, as evidenced by
the lower value of g for M3 and M4. Density dependence is evident in plots of CPUE versus
mean biomass for each grid cell and year (Figure 6) even from a model (i.e. M2 in Table 2) with
no density dependence. The slope of log CPUE versus log biomass should be close to one if
there is no density dependence but this is clearly not the case. Note that to simplify this figure we
only plotted average CPUE and biomass for all weeks within each grid cell and year. Results
based on weekly values were very similar. Including density dependence also resulted in
substantially different estimates of spatial effects. For example, the total variation, trace(¥ ~1), of
the spatial effects for CPUE catchability (i.e. ¢;) was 303.0 for M2 but only 51.8 for M3,
indicating more between grid variation in ¢ for M2. Conversely, the total variation of the D2
spatial random walk for between year changes in biomass density was 152.1 for M3 but only
69.9 for M2 indicating larger between year changes in the spatial distribution of biomass for M3
compared to M2. The total variation of the D1 spatial distribution of biomass in the first year (i.e.
1997) was 16 221 for M2 and 17 671 for M3. The D1 total variance is much larger than the D2
total variance which indicates relatively small changes in the spatial distribution of biomass from
year to year for both models. The 9 parameters control the decorrelation range in the spatial
covariance matrix. When these parameters are small then the decorrelation range is large (see
Kristensen et al. 2013); that is, the spatial correlation is high. The relatively large CV’s for 9’s
estimates for models M1-M5 indicate that the spatial correlations are estimated with less

precision than other parameters.
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Another model formulation issue was the choice of M. We investigated three choices (M = 0.2,
0.3, and 0.4). All values resulted in fairly similar fits (see Table 2 for M = 0.3 or 0,4). Models in
which f = I indicated M = 0.4 was the best choice. When f was estimated and no effort
saturation was assumed then the best fit was obtained with M = (.2. The fit was 2.6 AIC units
lower than the fit for M = 0.3. However, models with M=0.4 produced estimates of beginning of
year commercial biomass that agreed more closely with the stock assessment kriging biomass
estimates (DFO, 2016) scaled by exp(— 18M /52) to account for natural mortality between the
time of the post-season survey and the end of the year (Figure 7). This scaling is described in
more detail later. We fit the model only to survey catches of residual biomass so the improved fit
to DFO kriging estimates of residual plus recruited biomass provides additional and partially
independent support for M = 0.4. Hence, our preferred model formulation (i.e. M4 in Table 2) is
M = 0.4, with density dependence in CPUE, but no effort saturation effect. More specific results
from this model are presented in Table 3. Detailed spatial models results are provided in

Supplementary Figures S5-S22.

On a tow-by-tow basis the M4 fit to the snow crab survey catches was highly variable (Figure 8;
Figures S1, S5-S22). The mean predicted survey catch was 1.0799 and 65 = 1.153 (Table 2)
indicating that the survey CV was 108%. The snow crab survey catches have substantial spatial
variability (see Figures SSEB.1 — SSEB.19) and many zero catches that the model did fit well.
Of particular concern is the tendency of the model to under-estimate high values (Figure 8)
which suggests potential model mis-specification. The model is constructed to fit catches almost
exactly. Effort observations were fit less closely but without apparent bias (Figures S2-S4).

There was very little retrospective variation in model results (unreported results).
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All models indicated significant changes in catchability over year. The standard deviation (ay,,)
of the random walk for the q,, year-effects was around 0.1 (Table 2). There was also significant
spatial variability in q’s (Figure 9). We computed the effort-weighted average of q,,; in Equation
(3) for all grid cells each year, which is proportional to g,,, and divided this by the average grid
area to estimate the catchability of a pot which is also the exploitation rate of a single pot (Figure
10). We compared this with average soak times and the correlation was high (0.75) suggesting
that changes in soak times may be a major factor related to change in trap catchability. The
effort-weighted average of q,,; is also an estimate of the average potential pot fishing area and
the model results indicate that this has ranged from 46 000 to 79 000 m” and has increased over
time (unreported results). Recall that these values are upper bounds because they are based on
the assumption that an entire grid is snow crab “grounds”. We computed the average E,,,. over
years for each grid cell, Ejqy; = A;/q;qy, and q,, is the average of qy997, ..., 42014 Figure 11) .
Regions where the area fished by a pot is higher, as indicated in Figure 9, have lower values for
Enmax. Typical levels of effort (i.e. hundreds of pots per grid cell per week) are far less than these

saturation levels.

The M4 model harvest rates and those from the stock assessment were usually similar (Figure
12). When computing harvest rates from stock assessment estimates of commercial male
biomass, we also projected post-season biomass from year y-/ to beginning of year biomass in
year y using exp(— 18M /52) to account for natural mortality between the time of the survey and
the beginning of the following year. For M = 0.4 this results in a 13% reduction in biomass and a
15% increase in harvest rates compared to stock assessment values (see Figure 9 in DFO, 2016).
Although similar in magnitude to values from the stock assessment, the M4 harvest rates were
more variable. If the goal of snow crab fisheries management is a constant harvest rate then the

21

https://mc06.manuscriptcentral.com/cjfas—pubs



Canadian Journal of Fisheries and Aquatic Sciences Page 22 of 278

435 M4 model indicates that past quotas have resulted in landings and harvest rates that were more
436  variable than required, especially the large decreases in 2010 and 2011 (Figure 2). Landings were
437  reduced from around 25 Kt in 2008-2009 to 10 Kt in 2010-2011 which resulted in a sharp drop in
438 M4 exploitation rates, well below potential targets. The M4 model suggests that quotas around

439 15 Kt in 2010 and 2011 would have resulted in more constant harvest rates.

440

441  Discussion

442  We developed a spatial depletion model for sGSL snow crab based on high resolution (weekly
443  and spatial) catch and effort data, and spatial survey data, to provide more precise estimates of
444  snow crab biomass and population dynamics. Additional information on population size is

445  obtained from the high resolution temporal information by using a within-season biomass

446  depletion model based on the change in fishery CPUE. Such information is often not utilized in
447  stock assessments. However, there are many problems when interpreting CPUE as an index of
448  stock size and we had to incorporate spatio-temporal changes in CPUE catchability. Nonetheless
449  our model did provide somewhat different trends in a few years compared to the snow crab

450  survey that the stock assessment is based on. In particular, our model suggested that some

451  historic reductions in fishery quotas may not have been completely warranted if the objective of
452  snow crab fisheries management was a constant harvest rate near some target level. Also, our
453 model results provide additional information about how CPUE catchability may change and

454  problems with interpreting CPUE as an index of stock size. Some aspects of the model we

455  proposed are specific to sGSL snow crab, or to cases where the fishing gear catches most or all

456  of the fish available to the gear. However, we suggest the basic approach can be used for other
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stocks where: 1) fish movement within the time-frame of the fishery is expected to be low, 2)
high resolution spatio-temporal catch and effort data are available, and 3) high resolution spatial

data from a research survey are available.

The original motivation for this research was to validate a spatial CPUE depletion model for
application with Newfoundland and Labrador (NL) snow crab. The depletion model was
originally formulated with a spatially and temporally constant ¢ and without density-dependence
in g or saturation effects. It was felt that sGSL snow crab was a good test case for that model
because there were independent estimates of exploitable biomass from the snow crab survey to
compare with depletion model estimates. Research surveys in NL have low catchability for snow
crab and did not provide a useful comparison. However, this original model based only on
seasonal CPUE did not produce plausible values for sGSL snow crab because of the general lack
of a CPUE depletion signal for that fishery. This is very different from NL snow crab that often
does show a decline in CPUE throughout the fishing season (e.g. see Figures 47, 61, and 78 in
Mullowney et al 2016). We then extended the sGSL model to integrate the snow crab survey
catches which provided a basis to estimate various changes (i.e. seasonal, spatial, annual,

density-dependent) in CPUE catchability.

Our results indicate that there have been substantial changes in sGSL snow crab CPUE
catchability and these changes seem to be linked with changes in soak time, among other
reasons. There is strong evidence of density-dependence in the relationship with CPUE and stock
biomass, in addition to a general increase in CPUE catchability over time, very consistent with
changes in fishery soak times across years, and spatial variation in catchability. However, we did
not find evidence of CPUE saturation. Hence, our model has contributed additional insights into

problems with inferring sGSL snow crab resource status based on CPUE. There are many factors

23

https://mc06.manuscriptcentral.com/cjfas—pubs



480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

Canadian Journal of Fisheries and Aquatic Sciences

influencing CPUE in addition to stock size. This has been a source of uncertainty in the
assessment of this stock (DFO 2016). In addition, the model also indicated potential snow crab
survey year effects in 2009 for exploitable biomass and 2011 for total biomass, a problem that

has been identified in snow crab assessments (e.g. DFO 2012).

We used our model and additional information from the snow crab survey on soft-shelled male
biomass that will recruit to the fishery in the following year to infer that M = (.4 was a more
plausible value. This implies 5% survival at the 7.7 year male longevity estimate of Fonseca et
al. (2008) which is reasonably consistent. At M = (.3 the survival at 7.7 years is 10%. We
showed that with M = (.4 our model provided a good fit to both M-projected beginning of year
commercial biomass and post-season residual biomass from the DFO kriging analyses of the
snow crab survey. It has often been noted in sGSL snow crab assessments (e.g. DFO, 2016) that
the estimated commercial biomass from the survey tends to be higher than the sum of the
residual biomass and the landings of the following year, and the difference is attributed to a
number of factors. Our results indicate that additional natural mortality at M = 0.4 between the
end of the post-season survey and the start of the fishery in the following year can explain this

difference, but M = 0.3 does not completely explain the discrepancy.

The standard deviation of the process error (g5) was estimated to be large for all model
formulations we investigated. This reflects measurement error in effort and also within-season
changes in catchability. Reducing this source of error will require additional information from
the snow crab fishing fleet, such as accurate measurements of effort and soak time, pot spacing,

and other characteristics that may affect catch rates. Such information could be used as

Page 24 of 278

covariates to model and explain some of the variation in catchability, and this seems like a useful

area for future research. Nonetheless, the model uncertainty in estimates of stock size and harvest
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rates is low, with CV’s in the 2-3% range, which is consistent with the low retrospective
variation we found in model M4. Hence, reducing the process error variation may not lead to

more precise estimates of stock size or harvest rates.

The low CV’s on stock size and harvest rates may seem unrealistic given the highly flexible
model with a CPUE ¢ that may vary across years, spatial locations, weeks, and stock density.
However, the model used a large amount of data, nearly 21 000 catch and effort measurements
and 4200 survey catch values, and the model was constrained to fit the catches very closely,
which will result in low CV’s. There is some evidence of model mis-specification in the lack of
fit to the larger catches from the snow crab survey which leads to an overall average positive
residual in most years. This suggests that the CV’s may be too small because they do not reflect
uncertainty due to model mis-specification. There are many zero catches in the snow crab survey
that the model also does not fit well. This could be due to site effects in the fixed-station survey
sampling design or other operational issues. There have been changes in snow crab survey
vessels during 1997 to 2015, including a change in 2013 from the vessel which had been used
during 2003 to 2012. Comparative fishing experiments were not conducted to assess if there
were changes in catchability between vessels; however, Benoit and Cadigan (2016) found some
evidence of a change in vessel catchability by comparing snow crab survey catches from those
from the DFO multi-species survey. Hence, changes in survey catch rates over time may not
accurately reflect changes in stock size if survey vessels have different catchabilities and this is

another source of unaccounted variability.

We assumed that all snow crab survey sets occurred in a single week. In reality the survey takes
around 80 days to complete. It would be fairly simple to use the week a grid cell was sampled

because the model predicts weekly and spatial biomass.
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To simplify the model we treated stock dynamics separately each year and no connection is
made between biomass from year to year. Roa-Ureta (2012) took a similar approach. However,
population dynamics are of course linked across years, and the biomass remaining at the end of a
year is part of the biomass at the start of the next year in addition to recruitment. Linking across
years creates additional challenges related to movement between grid cells which may be
ignored within a single fishing season because of the low mobility of sGSL snow crab (Biron et
al. 2008), but movement will become more of an issue if crab dynamics are modelled over longer
time-scales. Linking across years will also create other computational problems related to
reduced sparseness of the covariance matrix of the random effects. This may significantly

increase model run times, which are about 6-7 minutes for model formulations we investigated.

Best stock assessment practise should involve an assessment model that integrates all of the
relevant productivity data for sGSL snow crab, including fishery CPUE, both the snow crab and
DFO multi-species trawl survey catch rates, and their stage (maturity/length) composition
information. Shell-stage (new/intermediate/old) compositions for mature males can provide
important information on mortality rates. An assessment model should include a growth
component between immature and newly mature soft-shell crabs and legal-sized hard-shell
males. This will provide some capability to provide short-term projections for tactical harvest
advice. A spatial assessment model can better integrate data collected at varying spatial scales
and provide spatial management advice which is an issue for sGSL snow crab (e.g. DFO, 2016).
The results of this paper provide a good basis for further development of such an integrated

spatial stock assessment model.
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Figure Captions

Figure 1. Locations of snow crab (Chionoecetes opilio) fishing grounds and management areas in
the southern Gulf of St. Lawrence. PEI indicates the province of Prince Edward Island. 20 and

200 meter depth contours are shown with heavy grey lines.

Figure 2. Landings (tonnes) by fishery management areas in the southern Gulf of St. Lawrence

snow crab fishery, 1969 to 2015.

Figure 3. CPUE and average soak time versus week for the 2014 snow crab fishery.

Figure 4. Weekly catch per unit of effort (CPUE) of snow crab in the southern Gulf of St.
Lawrence in 2014. Colors of spatial grids correspond to CPUE levels, as indicated in the legend
on the right-hand side. Weeks are indicated in the top-left corner of each panel. Darkest red grids

indicate CPUE > 110 Kg/pot which is the 95th percentile.

Figure 5. Illustration of two models for effort saturation. Effective effort is the number of
independent fishing locations, with a maximum of Emax = 2000. PP (Poisson Process) indicates
randomly chosen fishing locations and HS (hockey-stick) indicates locations chosen to avoid
existing gear. Dashed grey lines are references for Emax and Emax/2, and the 1:1 line. Vertical

lines indicate the nominal effort corresponding to Emax/2 effective effort.

Figure 6. Log CPUE (total catch divided by total effort) versus log mean biomass for all weeks
in each grid cell. Panels correspond to years. Biomass values were obtained from model M1 (see
Table 2). The dashed reference lines indicate average log CPUE. The grey lines are linear
regressions of log CPUE versus log biomass. Red lines are linear regressions with the slope fixed

at one (i.e. no density dependence).
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Figure 7. DFO estimates of biomass from the snow crab survey (SCS; green and blue lines) and
M4 model estimates (red and black lines). Colors correspond to sources and shaded regions

indicate 95% confidence intervals. CPUE is shown using dashed lines. Horizontal lines indicate
the series average. SCS biomass values were obtained using kriging estimation (see Hébert et al.

2016b

Figure 8. Snow crab survey (SCS) M4 residuals versus predicted values. The red curve is

smoother of residuals versus biomass.

Figure 9. Spatial effects in snow crab catchability. Colors of spatial grids correspond catchability
effects, as indicated in the legend on the right hand side and directly on the figure. Darkest red

grids indicate effects > 95th percentile.

Figure 10. Pot catchability (solid lines) and soak time (dashed lines) versus year. Catchability is

effort-weighted across grid cells and standardized by grid area.

Figure 11. Annual average maximum effective effort (pots x 1000). Colors of spatial grids
correspond to effort, as indicated in the legend on the right hand side and directly on the figure.

Darkest red grids indicate effort > 5 000 pots.

Figure 12. Harvest rate estimates from the M4 model and values based on projected stock
assessment estimates of snow crab survey (SCS) commercial biomass. Colors correspond to
sources and shaded regions indicate 95% confidence intervals. Horizontal lines indicate the

series average.
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Table 1. Acronyms, model notation and parameters.

sGSL
CW
TAC
ME
SD
Ccv
CPUE, X
Cobs
Eobs
q
Enmax
E,
Sobs
A

p
ar

Ur
of
dy
Oqy
1)
Os
Ps
qi
Tg» 19q
D

Tp1,Up1
Tp2,Ip2
oc
Os

¥,0,i

Acronyms and notation
Southern Gulf of St. Lawrence
Carapace width
Total allowable catch
Measurement error
Standard deviation
Coefficient of Variation
Catch per unit of effort
Reported fishery Catch
Reported fishery effort
CPUE Catchability/potential area fished
Maximum effective effort
Nominal fishing effort without adjustment for saturation
Snow crab survey trawl catch (biomass)
Grid cell area
Fraction of A that is crab grounds
Area fished by a pot
year
Grid cell, i=1,...,G
Total number of grid cells.
week
Gaussian Markov random field
Standard normal probability density function
Fixed effect model parameters
Model random effects

model parameters (P) and random effects (RE)
Fishing mortality rate (RE)
mean £ (P)
CV F (P)
Catchability year effects (RE)
CV for g, (P)
Weekly process errors in catchability and ME in effort (RE)
SD for 6 (P)
Auto-correlation for o (P)
Catchability spatial effects (RE)
Precision matrix parameters for g; (P)
Initial biomass density (RE)
Y parameters for D, ,;in first year (P)
Y parameters for log-deviations in D, , ; in other years (P)
Density-dependence catchability parameter (P)
Catch measurement error CV (P)
Standard deviation of snow crab survey catch (P)
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model derived quantities

Z Total mortality rate, Z = F + M
b4 Spatial precision matrix
Ay t.i CPUE catchability in year y, week ¢ and grid cell i
By o, Initial annual biomass, B, ,; = D, , ;A;
Cy e Catch
Hy Harvestrate, Hy,;; = Cy ¢i/By i
Eyci Model predicted effort
Dy, Initial biomass density,
fixed model inputs
M Natural mortality rate
y Fixed parameter controlling the transition of effective effort to Eax
m; The number of neighbors of grid cell i
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Table 2. Estimates (Est) of model parameters (see Table 1) and some population quantities, with
percent coefficients of variation (CVx100), for five model formulations. nll denotes the negative
loglikelihood and AAIC is the difference in Akaike information criterion from the minimum of

the models.
M1 M2 M3 M4 M5
AAIC: 3442.1 3429.4 0 2.7 3409.7
nll: 56899 56893 55177 55178 56883

Quantity Est CV% Est CV% Est CV% Est CV% Est CV%

qioo7 (x107)  6.609 187 6568 18.8 6474 138 6439 138 6.454 187

B - - - - 0.387 2.0 0.388 1.9 - -

UF 0.053 1.3 0.053 1.3 0.078 2.1 0.076 2.0 0.052 1.3
Of 1.149 0.5 1.149 0.5 1.130 0.7 1.130 0.7 1.149 0.5
Oqy 0.090 23.0 0.090 23.0 0.106 183 0.106 183 0.089 23.1
Os 0.474 0.6 0474 0.6 0.463 0.6 0.464 0.6 0474 0.6
Os 1.409 1.4 1.409 1.4 1.145 44 1.153 3.6 1.409 1.5
Tp1 0.614 102 0610 102 0.511 11.0 0514 11.0 0.611 10.2
Ip1 0.000 141.8 0.000 141.8 0.000 141.9 0.000 1419 0.000 141.8
Tp2 3.936 4.8 3.932 4.8 1.440 54 1467 5.1 4.016 5.0
Ip2 0.042 245 0.042 245 0.090 22.1 0.087 219 0.041 248
Tq 0.543 114 0535 114 3913 133 3911 133 0538 114
Yy 0.227 529 0229 528 0.110 66.6 0.109 66.7 0.229 52.8
Pq 0.359 2.8 0.360 2.8 0.289 32 0.288 3.1 0359 2.8

Byois (Kt) 66.815 1.9 66802 1.9 56498 23 59792 23 70799 1.9
Byo14/B 1.118 1.8 1118 18 1.116 21 1119 21 1.119 18
Hygrs (%) 34.803 1.9 34810 1.9 41.155 23 38837 2.3 32.844 19
Hyos/H 1047 18 1047 18 1.049 2.1 1.047 2.1 1.046 1.8
ra014(X107%) 7315 34 7269 34 7566 23 7521 23 7146 34
r2014/@ 1052 28 1052 28 1128 20 1128 20 1053 28

M1: No density dependence (8 = 1), effort saturation, M = 0.3.

M2: No density dependence (f = 1), no effort saturation, M = 0.3.
M3: Density dependence (f estimated), no effort saturation, M = 0.3.
M4: Density dependence, no effort saturation, M = 0.4.

MS5: No density dependence, no effort saturation, M = 0.4.
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Table 3. Southern Gulf of St. Lawrence snow crab M4 model estimates (Est) and coefficients of
variation (CV, %) of 1) beginning of year (i.e. initial) biomass, 2) post-season biomass, 3)
harvest rates, and 4) area fished. See Table 2 footnotes for M4 formualtion.

Initial Biomass Post-Season Harvest Rate Area Fished
(Kt) Biomass (Kt) (%) (x10* m?)

Year Est CV% Est CV% Est CV% Est CV%

1997 57.3 2.9 28.3 4.5 29.9 2.9 6.3 23
1998 53.1 2.5 28.3 3.7 25.7 2.5 5.8 24
1999 57.4 2.7 30.2 3.9 26.6 2.7 6.0 2.5
2000 37.7 2.6 12.3 6.1 48.2 2.6 5.2 2.2
2001 40.7 2.5 14.7 53 44.8 2.5 5.9 23
2002 46.7 1.9 12.4 5.5 55.5 1.9 5.5 2.2
2003 57.7 2.6 25.6 4.4 35.1 2.6 6.1 24
2004 66.8 1.9 22.5 44 47.0 1.9 6.6 2.1
2005 75.1 1.7 26.0 3.7 46.1 1.7 7.4 2.0
2006 57.8 1.9 20.5 4.0 46.2 1.9 7.5 2.1
2007 61.3 2.1 25.1 4.0 39.6 2.1 7.3 23
2008 53.9 2.5 21.5 4.7 40.1 2.5 6.7 23
2009 47.4 1.9 16.4 4.1 46.2 1.9 6.5 2.1
2010 30.7 3.0 15.4 4.7 29.9 3.0 7.0 2.7
2011 544 3.2 324 4.2 19.1 3.2 6.7 2.9
2012 59.6 2.2 26.9 3.8 35.5 2.2 8.3 23
2013 65.2 2.0 27.5 3.7 38.1 2.0 9.0 23
2014 59.8 2.3 24.5 4.3 39.0 2.3 7.5 2.3
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Weekly catch per unit of effort (CPUE) of snow crab in the southern Gulf of St. Lawrence in 2014. Colors of
spatial grids correspond to CPUE levels, as indicated in the legend on the right-hand side. Weeks are
indicated in the top-left corner of each panel. Darkest red grids indicate CPUE > 110 Kg/pot which is the
95th percentile.
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Illustration of two models for effort saturation. Effective effort is the number of independent fishing
locations, with a maximum of Enax = 2000. PP (Poisson Process) indicates randomly chosen fishing locations
and HS (hockey-stick) indicates locations chosen to avoid existing gear. Dashed grey lines are references for
Emax and Emax/2, and the 1:1 line. Vertical lines indicate the nominal effort corresponding to Enax/2 effective

effort.
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DFO estimates of biomass from the snow crab survey (SCS; green and blue lines) and M4 model estimates

(red and black lines). Colors correspond to sources and shaded regions indicate 95% confidence intervals.

CPUE is shown using dashed lines. Horizontal lines indicate the series average. SCS biomass values were
obtained using kriging estimation (see Hébert et al. 2016b).
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Snow crab survey (SCS) M4 residuals versus predicted values. The red curve is smoother of residuals versus
biomass.
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Spatial effects in snow crab catchability. Colors of spatial grids correspond catchability effects, as indicated
in the legend on the right hand side and directly on the figure. Darkest red grids indicate effects > 95
percentile.
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grid cells and standardized by grid area.
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Annual average maximum effective effort (pots x 1000). Colors of spatial grids correspond to effort, as
indicated in the legend on the right hand side and directly on the figure. Darkest red grids indicate effort >
5 000 pots.
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Figure S1. Observed versus predicted snow crab survey exploitable biomass catch per tow (grey
+’s). Panels correspond to years. Predicted biomass values were obtained from model M4 (see
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Figure S2. Observed and predicted total annual effort. Shaded regions indicate 95% confidence
intervals. Predicted values were obtained from model M4 (see Table 2).
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Figure S4. Observed versus predicted effort. Predicted values were obtained from model M4 (see
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Figure S5. Model M4 (see Table 2) spatial results for 1997. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S6. Model M4 (see Table 2) spatial results for 1998. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S7. Model M4 (see Table 2) spatial results for 1999. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S8. Model M4 (see Table 2) spatial results for 2000. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S9. Model M4 (see Table 2) spatial results for 2001. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S10. Model M4 (see Table 2) spatial results for 2002. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S11. Model M4 (see Table 2) spatial results for 2003. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S12. Model M4 (see Table 2) spatial results for 2004. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S13. Model M4 (see Table 2) spatial results for 2005. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S14. Model M4 (see Table 2) spatial results for 2006. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S15. Model M4 (see Table 2) spatial results for 2007. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S16. Model M4 (see Table 2) spatial results for 2008. Catch and effort are aggregated across weeks, and CPUE is the ratio of
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Figure S17. Model M4 (see Table 2) spatial results for 2009. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S19. Model M4 (see Table 2) spatial results for 2011. Catch and effort are aggregated across weeks, and CPUE is the ratio of

aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S20. Model M4 (see Table 2) spatial results for 2012. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure S21. Model M4 (see Table 2) spatial results for 2013. Catch and effort are aggregated across weeks, and CPUE is the ratio of
aggregated catch divided by aggregated effort. Q process errors are averaged over weeks. White cells indicate no observations.
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Figure SC.1. Top panel: Total catch (tonnes) of snow crab each week (rows) and year (columns). Colors
correspond to catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate
catch > 98th percentile. Bottom panel: Total catch (000 tonnes) each year for all weeks.
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Figure SC.2. Total annual catch (tonnes) of snow crab in each grid cell, averaged for 1997-2014. Colors
correspond to catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch
> 98th percentile.

https://mc06.manuscriptcentral.com/cjfas—pubs



Page 75 of 278 Canadian Journal of Fisheries and Aquatic Sciences

49.0 1997

48.5 —
410
48.0 — 373
336
47.5 — 298
(D)
©
2 261
©
|
47.0 — 224
186
46.5 —
46.0
455 -
P Vst P Y WY
[ [ [ [ [ [ |
-66 -65 -64 -63 -62 -61 -60
Longtitude

Figure SC.3a. Total annual catch (tonnes) of snow crab in each grid cell in 1997. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th
percentile.
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Figure SC.3b. Catch (tonnes) of snow crab in each week and grid cell in 1997. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate catch > 98th percentile.
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Total = 17133 tonnes, 1997
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Figure SC.3c. Catch (tonnes) of snow crab in each week and grid cell in 1997. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Figure SC.4a. Total annual catch (tonnes) of snow crab in each grid cell in 1998. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th
percentile.
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Total = 13645 tonnes, 1998
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Figure SC.4b. Catch (tonnes) of snow crab in each week and grid cell in 1998. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Figure SC.4c. Catch (tonnes) of snow crab in each week and grid cell in 1998. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Figure SC.5a. Total annual catch (tonnes) of snow crab in each grid cell in 1999. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th
percentile.
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460 Total = 15276 tonnes, 1999
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Figure SC.5b. Catch (tonnes) of snow crab in each week and grid cell in 1999. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Total = 15276 tonnes, 1999
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Figure SC.5c. Catch (tonnes) of snow crab in each week and grid cell in 1999. The week number is indicated in
the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Figure SC.6a. Total annual catch (tonnes) of snow crab in each grid cell in 2000. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th
percentile.
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Total = 18163 tonnes, 2000
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Figure SC.6b. Catch (tonnes) of snow crab in each week and grid cell in 2000. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Total = 18163 tonnes, 2000
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Figure SC.6c. Catch (tonnes) of snow crab in each week and grid cell in 2000. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Figure SC.7a. Total annual catch (tonnes) of snow crab in each grid cell in 2001. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th
percentile.
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Figure SC.7b. Catch (tonnes) of snow crab in each week and grid cell in 2001. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate catch > 98th percentile.
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Figure SC.7c. Catch (tonnes) of snow crab in each week and grid cell in 2001. The week number is indicated in
the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
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Figure SC.8a. Total annual catch (tonnes) of snow crab in each grid cell in 2002. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th

percentile.

https://mc06.manuscriptcentral.com/cjfas—pubs



Page 91 of 278 Canadian Journal of Fisheries and Aquatic Sciences

Total = 25911 tonnes, 2002
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Figure SC.8b. Catch (tonnes) of snow crab in each week and grid cell in 2002. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Total = 25911 tonnes, 2002
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Figure SC.8c. Catch (tonnes) of snow crab in each week and grid cell in 2002. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Figure SC.9a. Total annual catch (tonnes) of snow crab in each grid cell in 2003. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th
percentile.
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Total = 20246 tonnes, 2003
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Figure SC.9b. Catch (tonnes) of snow crab in each week and grid cell in 2003. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate catch > 98th percentile.
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Total = 20246 tonnes, 2003
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Total = 31349 tonnes, 2004
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Total = 31349 tonnes, 2004
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catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th
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Total = 34586 tonnes, 2005
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Total = 34586 tonnes, 2005
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Figure SC.11c. Catch (tonnes) of snow crab in each week and grid cell in 2005. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Figure SC.12a. Total annual catch (tonnes) of snow crab in each grid cell in 2006. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th

percentile.
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Total = 26717 tonnes, 2006
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Figure SC.12b. Catch (tonnes) of snow crab in each week and grid cell in 2006. The week number is
indicated in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate catch > 98th percentile.
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Total = 26717 tonnes, 2006
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Figure SC.12c¢. Catch (tonnes) of snow crab in each week and grid cell in 2006. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Total = 24264 tonnes, 2007
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in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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460 Total = 24264 tonnes, 2007
' N 28 IR 29

485 - j;_\ —_— - -

Wi T Waii . Wi e

T,
48.0 H H )
we 2
475 !F /
¢ :( 4
47.0 i i -
46.5 — ] 11 L {1

r\‘;H

TN

46.0 —
49.0

1
11§
]

30 NI
485 e

48.0 fin 8

47.5

70

[

\w
S

rd

47.0 —

62

46.5 — Rcemens

L

46.0 ]
49.0

55

Latitude

33

48.5 — N
A1 N A1)

i 1T
48.0 — ) ) i ) -
47.5 - ':h\ /
_c LS 1 L t:c LS
4707 ] :_-H ] Ry N
46.5 - L L H
T

34

=y

<

«lﬂ—\
m'l(-‘—\

21

~

LT 17T

46.0 — »
49.0

1
11§
]
]
I
11§
]
]
il
11§
]

485 s -~

§
/
5

Y

48.0 P BEANAY p N p
47.5 £ ’ LL{L"\ ’ “-\___\ ’
' E_ ’ L ]
47.0 = ol :”:J’
pl ! !
46.5 — B r# By L
?/ I

Y 111

46.0 %’——
[ [ [ [ [ [ [ [ [ [ [ [ [ [

-65 -64 -63 -62 -61 -60 -65 -64 -63 -62 -61 -60 -65 -64 -63 -62 -61 —-60

Longtitude

0

Figure SC.13c¢. Catch (tonnes) of snow crab in each week and grid cell in 2007. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.

https://mc06.manuscriptcentral.com/cjfas—pubs



Canadian Journal of Fisheries and Aquatic Sciences Page 108 of 278

49.0

48.5 —

48.0 —

47.5 —

Latitude

47.0 —

46.5

46.0

455 —

[ I I I I I 1
-66 -65 -64 -63 -62 -61 -60
Longtitude

Figure SC.14a. Total annual catch (tonnes) of snow crab in each grid cell in 2008. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th

percentile.

https://mc06.manuscriptcentral.com/cjfas—pubs



Page 109 of 278 Canadian Journal of Fisheries and Aquatic Sciences

400 Total = 21593 tonnes, 2008
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Total = 21593 tonnes, 2008
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Figure SC.14c¢. Catch (tonnes) of snow crab in each week and grid cell in 2008. The week number is
indicated in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate catch > 98th percentile.
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Figure SC.15a. Total annual catch (tonnes) of snow crab in each grid cell in 2009. Colors correspond to
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Total = 21884 tonnes, 2009
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Figure SC.15b. Catch (tonnes) of snow crab in each week and grid cell in 2009. The week number is
indicated in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-
hand side. Darkest red grids indicate catch > 98th percentile.
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Figure SC.15c. Catch (tonnes) of snow crab in each week and grid cell in 2009. The week number is
indicated in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate catch > 98th percentile.

Total = 21884 tonnes, 2009
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Figure SC.16a. Total annual catch (tonnes) of snow crab in each grid cell in 2010. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th

percentile.

https://mc06.manuscriptcentral.com/cjfas—pubs



Page 115 of 278 Canadian Journal of Fisheries and Aquatic Sciences

Total = 9194 tonnes, 2010
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Figure SC.16b. Catch (tonnes) of snow crab in each week and grid cell in 2010. The week number is
indicated in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate catch > 98th percentile.
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Total = 9194 tonnes, 2010

Frrr~

49.0
27 ™ 28 T 29
48.5 N )

48.0 P HT_; \ p H:P; \ 4

47.5 - f o
] ¢
Y e

I
{
G
TN
s

T

\, ki)
e~ ]

&;:

47.0

ol
2T
FE' 1
2
s
N
yd
/

46.5

46.0 | 17
49.0

1
11§
]
]
I
11§
]
il
11§
]

30 L L
48.5 N N N

i i )
e i PN i PN i PN

47.5

3
7
S

=7
S

=7

L

»:

70

[
AW
~
rd
T
WL
~
re
1 g
[
W
A
=
g
N
o=

47.0 —

46.5 — Rcemens

a | L HY
46.0 j/ H H
49.0 55
33 Y i
48.5 e - -
A1 T A1

0 i PRI i PN i >

47.5 —

s
|

Latitude

7
3

T
WL
]
ra
4
e~ ]
kq;:
T
Wl
ra
rd
9
7
TN
WL
s
=
g4

47.0

46.5 L L —

46.0 H H H
49.0

1
11§
]
]
I
11§
]
il
11§
]

36 L L
48.5 N o Ram

48.0 y A A
PN PN ;

47.5

S
/
S
y
3

L
Y

[
AW
~
rd
e ]
S
[ am
WL
~
re
q
Va4
[
W
A
=
g

47.0 —

46.5 B By L

1)/ LY/ %:

46.0 a8 a8
I I I I I I I I I I I I I I I

-65 -64 -63 -62 -61 -60 -65 -64 -63 -62 -61 -60 65 -64 -63 -62 -61 -60
Longtitude

Figure SC.16c¢. Catch (tonnes) of snow crab in each week and grid cell in 2010. The week number is

indicated in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-

hand side. Darkest red grids indicate catch > 98th percentile.

0

https://mc06.manuscriptcentral.com/cjfas—pubs



Page 117 of 278 Canadian Journal of Fisheries and Aquatic Sciences

i S ¢
2011

49.0

48.5 —

1\
...-n

10 EhesS

48.0 —

47.5 —

Latitude

47.0 —

46.5

46.0

455 —

[ I I
-66 -65 -64 -63 -62 -61
Longtitude

Figure SC.17a. Total annual catch (tonnes) of snow crab in each grid cell in 2011. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th

-60

percentile.

https://mc06.manuscriptcentral.com/cjfas—pubs



Canadian Journal of Fisheries and Aquatic Sciences Page 118 of 278

460 Total = 10408 tonnes, 2011
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Figure SC.18c. Catch (tonnes) of snow crab in each week and grid cell in 2012. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate catch > 98th percentile.
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Total = 24799 tonnes, 2013
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Figure SC.19c. Catch (tonnes) of snow crab in each week and grid cell in 2013. The week number is indicated
in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-hand side.
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Figure SC.20a. Total annual catch (tonnes) of snow crab in each grid cell in 2014. Colors correspond to
catch levels, as indicated in the legend on the right-hand side. Darkest red grids indicate catch > 98th
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Total = 23290 tonnes, 2014
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Total = 23290 tonnes, 2014
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indicated in the top left-hand corner. Colors correspond to catch levels, as indicated in the legend on the right-
hand side. Darkest red grids indicate catch > 98th percentile.
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Total annual average = 382770 pots,
346 cells; cell average = 19912.67 pots,
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Figure SE.1. Top panel: Total effort (number of pots) of snow crab each week (rows) and year (columns).
Colors correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids indicate
effort > 98th percentile. Bottom panel: Total efforteach year for all weeks.
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Total annual average = 382770 pots,
314 cells; cell average = 1219 pots,
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Figure SE.2. Total annual effort (number of pots) for snow crab in each grid cell, averaged for 1997-2014.

Colors correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids
indicate effort > 98th percentile.
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Total = 341331 pots, 1997
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Total = 341331 pots, 1997
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Figure SE.3c. Effort (number of pots) for snow crab in each week and grid cell in 1997. The week number is
indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the right-
hand side. Darkest red grids indicate effort > 98th percentile.

https://mc06.manuscriptcentral.com/cjfas—pubs



Canadian Journal of Fisheries and Aquatic Sciences Page 134 of 278

49.0

48.5 —

48.0 —

47.5 —

Latitude

47.0 —

46.5

46.0

455 —

[ I I I I I 1
-66 -65 -64 -63 -62 -61 -60
Longtitude

Figure SE.4a. Total annual effort (number of pots) for snow crab in each grid cell in 1998. Colors
correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids indicate
effort > 98th percentile.
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Total = 292998 pots, 1998
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Total = 292998 pots, 1998
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Figure SE.5a. Total annual effort (number of pots) for snow crab in each grid cell in 1999. Colors
correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids indicate

effort > 98th percentile.
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49.0 Total = 323519 pots, 1999
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right-hand side. Darkest red grids indicate effort > 98th percentile.
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Figure SE.9b. Effort (number of pots) for snow crab in each week and grid cell in 2003. The week number
is indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate effort > 98th percentile.
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indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate effort > 98th percentile.
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indicate effort > 98th percentile.
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indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the right-
hand side. Darkest red grids indicate effort > 98th percentile.
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effort > 98th percentile.
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hand side. Darkest red grids indicate effort > 98th percentile.
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indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate effort > 98th percentile.
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Figure SE.14b. Effort (number of pots) for snow crab in each week and grid cell in 2008. The week number
is indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate effort > 98th percentile.
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Figure SE.14c. Effort (number of pots) for snow crab in each week and grid cell in 2008. The week number
is indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate effort > 98th percentile.
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Figure SE.15a. Total annual effort (number of pots) for snow crab in each grid cell in 2009. Colors
correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids indicate

effort > 98th percentile.
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right-hand side. Darkest red grids indicate effort > 98th percentile.
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correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids indicate
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Figure SE.16c. Effort (number of pots) for snow crab in each week and grid cell in 2010. The week number is
indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate effort > 98th percentile.
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Figure SE.17c. Effort (number of pots) for snow crab in each week and grid cell in 2011. The week number

is indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the

right-hand side. Darkest red grids indicate effort > 98th percentile.
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Figure SE.18a. Total annual effort (number of pots) for snow crab in each grid cell in 2012. Colors
correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids indicate
effort > 98th percentile.
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Figure SE.18b. Effort (number of pots) for snow crab in each week and grid cell in 2012. The week number
is indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate effort > 98th percentile.
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Figure SE.18c. Effort (number of pots) for snow crab in each week and grid cell in 2012. The week number
is indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate effort > 98th percentile.
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Figure SE.19a. Total annual effort (number of pots) for snow crab in each grid cell in 2013. Colors
correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids indicate

effort > 98th percentile.
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49.0 Total = 314712 pots, 2013
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https://mc06.manuscriptcentral.com/cjfas—pubs



Page 181 of 278

49.0
48.5
48.0
47.5
47.0
46.5

46.0
49.0

48.5
48.0
47.5
47.0
46.5

46.0
49.0

Latitude

48.5

48.0

47.5

47.0

46.5

46.0
49.0

48.5

48.0

47.5

47.0

46.5

46.0

Total = 314712 pots, 2013

Canadian Journal of Fisheries and Aquatic Sciences

27 N 28 Y 29 Y]
M M
Wai * )ﬂ;h Wai Hﬂ}r Wai
] N )
T
Y Vi, g /
G iy ||
11 L\_ H__di"\ [T [
N | ENEEEN| y
T SunBsEzav
— — - 1349
30 N 31 B 32 ¥
Wi i Wi T Waii il
. ) Fn 1226
A A A
/ g / / g
E; li: t:( { 1104
pl xl
guiEsEcul Iy 981
N [/
d 0
- — . 859
33 Y 34 T 35 Y
Wi i Waii auii Wi ann
i i 198
A i A IRRRVEAN 4 ERSRNIAN
/ g HAL / M / I
Ezf P E: ¢ A t:f . | 614
oy 4 oy 4
U L
s g | |
7 g ]
36 N 37 NI 38 Y]
Wi i . Wi H e Waii il
y. L l A = R A »
/ uﬁ‘ \n / J-l-l‘_ ‘\n /
E: i 0 E: A, 0 t:f ¢
pl pl
Nw__ \_'__
[ [T 1]
T 2Tl N
T T T T T T T T T T % T T
-65 -64 -63 -62 -61 -60 -65 -64 -63 —62 -61 -60 -65 -64 -62 -61 -60
Longtitude

Figure SE.19c. Effort (number of pots) for snow crab in each week and grid cell in 2013. The week number
is indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the legend on the
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Figure SE.20a. Total annual effort (number of pots) for snow crab in each grid cell in 2014. Colors
correspond to effort levels, as indicated in the legend on the right-hand side. Darkest red grids indicate

effort > 98th percentile.
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Total = 351839 pots, 2014
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Figure SE.20c. Effort (number of pots) for snow crab in each week and grid cell in 2014. The week
number is indicated in the top left-hand corner. Colors correspond to effort levels, as indicated in the
legend on the right-hand side. Darkest red grids indicate effort > 98th percentile.
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Total annual average = 55 (kg/pot),
346 cells; cell average = 56.96 (kg/pot),
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Figure SX.1. Top panel: Total CPUE of snow crab each week (rows) and year (columns). Colors
correspond to CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids
indicate CPUE > 98th percentile. Bottom panel: Total CPUE each year for all weeks.
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Annual average = 53.6 (kg/pot),
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Figure SX.2. Total annual CPUE of snow crab in each grid cell, averaged for 1997-2014. Colors
correspond to CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids
indicate CPUE > 98th percentile.
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Figure SX.3a. Total annual CPUE of snow crab in each grid cell in 1997. Colors correspond
to CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate
CPUE > 98th percentile.
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Total = 50 (kg/pot), 1997
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Total = 50 (kg/pot), 1997
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Figure SX.3c. CPUE of snow crab in each week and grid cell in 1997. The week number is indicated in the
top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.4a. Total annual CPUE of snow crab in each grid cell in 1998. Colors correspond to CPUE
levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE > 98th

percentile.
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Figure SX.4b. CPUE of snow crab in each week and grid cell in 1998. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Total = 47 (kg/pot), 1998
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Figure SX.4c. CPUE of snow crab in each week and grid cell in 1998. The week number is indicated in the
top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.5a. Total annual CPUE of snow crab in each grid cell in 1999. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Total = 47 (kg/pot), 1999
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Figure SX.5b. CPUE of snow crab in each week and grid cell in 1999. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.5c. CPUE of snow crab in each week and grid cell in 1999. The week number is indicated in the
top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand side.
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Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.6a. Total annual CPUE of snow crab in each grid cell in 2000. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Total = 37 (kg/pot), 2000
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Darkest red grids indicate CPUE > 98th percentile.
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Total = 37 (kg/pot), 2000
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Figure SX.6¢. CPUE of snow crab in each week and grid cell in 2000. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.7a. Total annual CPUE of snow crab in each grid cell in 2001. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Total = 45 (kg/pot), 2001
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Figure SX.7c. CPUE of snow crab in each week and grid cell in 2001. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.8a. Total annual CPUE of snow crab in each grid cell in 2002. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >

98th percentile.
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the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile
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Total = 42 (kg/pot), 2002
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Figure SX.8c. CPUE of snow crab in each week and grid cell in 2002. The week number is indicated in the
top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.9a. Total annual CPUE of snow crab in each grid cell in 2003. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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400 Total = 4 (kg/pot), 2003
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Figure SX.9b. CPUE of snow crab in each week and grid cell in 2003. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Total = 54 (kg/pot), 2003
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Figure SX.10a. Total annual CPUE of snow crab in each grid cell in 2004. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Figure SX.10b. CPUE of snow crab in each week and grid cell in 2004. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand

side. Darkest red grids indicate CPUE > 98th percentile.
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Total = 56 (kg/pot), 2004
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Figure SX.10c. CPUE of snow crab in each week and grid cell in 2004. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.

https://mc06.manuscriptcentral.com/cjfas—pubs



Page 211 of 278 Canadian Journal of Fisheries and Aquatic Sciences

2005 TNt
49.0 —
48.5 -
N
A ~ 107
48.0 - 98
\ 88
47.5 78
g N
= 68
©
4
47.0 58
49
46.5 -
46.0 -
455 -
[ [ AM [ [ [ 1
-66 -65 -64 -63 -62 -61 -60
Longtitude

Figure SX.11a. Total annual CPUE of snow crab in each grid cell in 2005. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Total = 65 (kg/pot), 2005
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Figure SX.11b. CPUE of snow crab in each week and grid cell in 2005. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.11c. CPUE of snow crab in each week and grid cell in 2005. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
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Total = 65 (kg/pot), 2005
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Figure SX.12a. Total annual CPUE of snow crab in each grid cell in 2006. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Figure SX.12b. CPUE of snow crab in each week and grid cell in 2006. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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460 Total = 64 (kg/pot), 2006
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Figure SX.12c. CPUE of snow crab in each week and grid cell in 2006. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.13a. Total annual CPUE of snow crab in each grid cell in 2007. Colors correspond to CPUE
levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE > 98th
percentile.
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Figure SX.13b. CPUE of snow crab in each week and grid cell in 2007. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.13c. CPUE of snow crab in each week and grid cell in 2007. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.14a. Total annual CPUE of snow crab in each grid cell in 2008. Colors correspond to CPUE
levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE > 98th

percentile.
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Figure SX.14b. CPUE of snow crab in each week and grid cell in 2008. The week number is indicated in the
top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand side.
Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.14c. CPUE of snow crab in each week and grid cell in 2008. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.15a. Total annual CPUE of snow crab in each grid cell in 2009. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Figure SX.15b. CPUE of snow crab in each week and grid cell in 2009. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.15c. CPUE of snow crab in each week and grid cell in 2009. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.16a. Total annual CPUE of snow crab in each grid cell in 2010. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Figure SX.16b. CPUE of snow crab in each week and grid cell in 2010. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.16¢. CPUE of snow crab in each week and grid cell in 2010. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.17a. Total annual CPUE of snow crab in each grid cell in 2011. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Figure SX.17b. CPUE of snow crab in each week and grid cell in 2011. The week number is indicated in the
top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand side.

Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.17c. CPUE of snow crab in each week and grid cell in 2011. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.18a. Total annual CPUE of snow crab in each grid cell in 2012. Colors correspond to CPUE
levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE > 98th

percentile.
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Figure SX.18b. CPUE of snow crab in each week and grid cell in 2012. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.18c. CPUE of snow crab in each week and grid cell in 2012. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.19a. Total annual CPUE of snow crab in each grid cell in 2013. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Figure SX.19b. CPUE of snow crab in each week and grid cell in 2013. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.19c. CPUE of snow crab in each week and grid cell in 2013. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
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Figure SX.20a. Total annual CPUE of snow crab in each grid cell in 2014. Colors correspond to
CPUE levels, as indicated in the legend on the right-hand side. Darkest red grids indicate CPUE >
98th percentile.
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Figure SX.20b. CPUE of snow crab in each week and grid cell in 2014. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SX.20c. CPUE of snow crab in each week and grid cell in 2014. The week number is indicated in
the top left-hand corner. Colors correspond to CPUE levels, as indicated in the legend on the right-hand
side. Darkest red grids indicate CPUE > 98th percentile.
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Figure SSEB.1. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 1997. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.2. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 1998. Colors correspond to biomass levels, as indicated in the legend on

the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.3. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 1999. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.4. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2000. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.5. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per

grid) results for 2001. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.6. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per

grid) results for 2002. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.7. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2003. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.8. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2004. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.9. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per

grid) results for 2005. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.10. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2006. Colors correspond to biomass levels, as indicated in the legend on

the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.11. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2007. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.12. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per

grid) results for 2008. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.13. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2009. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.14. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2010. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.15. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2011. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.16. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2012. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.17. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2013. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.18. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per
grid) results for 2014. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSEB.19. Snow crab survey exploitable biomass (shell conditions 3-5; tonnes per

grid) results for 2015. Colors correspond to biomass levels, as indicated in the legend on
the right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.1. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)

results for 1997. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.2. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)

results for 1998. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.3. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)

results for 1999. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.4. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2000. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.5. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2001. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.6. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2002. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.7. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2003. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.8. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2004. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.9. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2005. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.10. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)

results for 2006. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.11. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2007. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.12. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)

results for 2008. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.13. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2009. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.14. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)

results for 2010. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.15. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2011. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.16. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2012. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.17. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2013. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.18. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2014. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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Figure SSTB.19. Snow crab survey total biomass (shell conditions 1-5; tonnes per grid)
results for 2015. Colors correspond to biomass levels, as indicated in the legend on the
right-hand side. Darkest red grids indicate biomass > 98th percentile.
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