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Available information on the deep-water red crab, Chaceon affinis and the toothed rock
crab, Cancer bellianus, resulting from exploratory research surveys and commercial fishing
experiments carried out in the Azorean Exclusive Economic Zone (EEZ), were summarized
to estimate the biomass and potential yield (Maximum Sustainable Yield — MSY) for both
fishery resources. The fishery potential was estimated through empirical methods usually
applied when available information is scarce in line with the precautionary approach
principle. Results suggest modest MSY values (considered as precautionary Total
Allowable Catch — TAC), around 2,205 t for the deep-water red crab (2,159 t year! at
seamounts and 46 t year™' at coastal areas), and 471 t for the toothed rock crab (281 t year™!
at offshore seamounts and 189 t year'! at coastal areas). Considering the limited available
data and high uncertainty associated with these estimations, it is suggested that only a
reduced number of vessels should be allowed to fish in the aggregated areas, namely coastal
and seamount areas. The exploitation of these resources should be started in a very limited
way followed by an ad hoc observer programme, aiming to collect reliable data that will
allow, if it is the case, to raise in the future the exploitation level in a gradual and
sustainable way.
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as virgin or poorly exploited resources. In fact, only
the toothed rock crab, Cancer bellianus J. Y.

The deep-sea crustaceans from the Azores Johnson, 1861, has been sporadically exploited
archipelago (Mid-North Atlantic) can be considered  for local consumption in three of the nine islands
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that form the archipelago, i.e. Terceira (65% of
reported landings), Sdo Miguel (16%) and Pico
(14%) islands, reaching annual average values of
eight tons between 1997 and 2018 (Lotagor S.A.,
commercial landings database).

Studies on Azorean deep-sea crabs, C.
bellianus and Chaceon affinis A. Milne-Edwards
and Bouvier, 1894, began in 1994 with sporadic
cruises and "opportunistic" actions (i.e. fishing
and sampling on cruises not directed to
crustaceans) (Gongalves 1994; Gongalves &
Pinho 1994; Gongalves et al. 1995). More
detailed knowledge about the biology and fishing
aspects of these species were obtained from the
European project "Biology of some Macaronesian
deep-sea commercial species" (Gonzalez et al.
1998) and the regional project "CRUSTACO"
(Pinho et al. 2001a; Santos et al. 2019).

As the results obtained in the preliminary
studies (above referenced) suggested that these
resources had the potential to develop a small
fishery, commercial fishing experiments were
carried out using two coastal closed-deck vessels
of around 14 m length (Pinho et al. 2001a). These
vessels operated primarily in coastal areas of
Terceira, Graciosa, Sao Jorge, Pico and Faial
islands (central group of the Azores archipelago)
and the results showed that there was indeed
potential for both species to be exploited and that
this potential was greater for the toothed rock
crab than for the deep-water red crab (Pinho et al.
2001 a, b, ¢).

At this stage, some limiting factors for
exploitation were also identified, namely: (a)
Lack of established local or external markets at
stimulating prices; (b) Aggregate distribution or
"patches" of the resource (not uniform and very
dependent on specific habitat available)
introducing great variability of abundance from
site to site; and (c) Technological difficulties
related to the operation of the artisanal fleet,
namely those related to the power of the hauler
and the necessary space to work with ropes and
traps.

There is nowadays a growing interest in the
exploitation of crab resources as an alternative or
a complement to the traditional demersal
resources intensely exploited. However, there
is a requirement for scientific studies reporting
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the potentially sustainable levels for the
exploitation of these resources to guide
management. In fisheries terms, populations
need to be maintained within safe biological
limits, i.e. the maximum sustainable yield (MSY)
that is the highest theoretical equilibrium yield
that can be continuously taken (on average) from
a stock under existing (average) environmental
conditions without affecting significantly the
reproduction process (FAO 1997; ICES 2018a).

This work aims to review and summarize all
the available information for C. affinis and C.
bellianus in the Azorean region (Mid-North
Atlantic) to estimate the biomass and potential
yield as MSY proxies to guide management
advices.

MATERIALS AND METHODS

Azores archipelago

The Azores archipelago is placed in the Mid-
North Atlantic Ocean between 33.5° — 43° N,
and 21° — 35.5° W, and its Exclusive Economic
Zone (EEZ) has approximately 1,000,000 km?.
The Azores archipelago is constituted of nine
islands (western group: Flores and Corvo;
central group: Terceira, Graciosa, Siao Jorge,
Pico and Faial; eastern group: Sdo Miguel and
Santa Maria), several islets and many seamounts
and banks of volcanic origin (Figure 1).

Muddy sediments are the most extensive
substrate types in the Azores (ICES 2019).
Continental shelves are quite narrow (ca 1,500
km?) and the average depth in the Azorean EEZ
is about 3,000 m, 0.8% of the total EEZ area has
depths < 600 m and 6.8% is between 600 and
1,500 m (ICES 2018b). The North Atlantic
Central Water (NACW) at depths shallower than
600-700 m, the North Atlantic Deep Water
(NADW) below 2000 m depth, and the Subarctic
Intermediate  Water (SAIW), Labrador Sea
Water (LSW) and Antarctic Intermediate Water
(AAIW) at intermediate depths are the main

water masses in the Azorean region
(Bashmachnikov & Martins 2007).
Mediterranean ~ Water can  also  occur

approximately between 650-1,200 m depth
(Bashmachnikov & Martins 2007).
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Fig. 1. The Azores archipelago (mid-North Atlantic Ocean) with depth contours layers and location of the nine
islands (in bold), major seamounts, and the limit of the Exclusive Economic Zone (EEZ).

Data collection

The primary data used in this study were obtained

in:

(a) commercial ~ experimental trap  fishing
operations targeting the deep-water red crab
during 2003. These data were collected by
observers on board of an Azorean industrial
vessel, with enough autonomy and power to
operate in the offshore banks and seamounts.

(b) exploratory research surveys using traps
targeting the deep-water red crab and the
toothed rock crab from 1994 to 2000 (Pinho et
al. 2001a, b, c).

In each set carried out by the aforementioned
commercial vessels (items "a"), information on start
and retrieval dates, time, geographical position, depth,
number of dropped and lost traps, as well as the
capture per trap in number of individuals were
obtained. In addition, information on the vessel and
gear characteristics was recorded. For crustaceans
(the deep-water red crab and the toothed rock crab),

sex and carapace length were also recorded whenever
possible. The landing by weight was subsequently
registered for each trip.

Survey data (item "b") were obtained mainly in
coastal areas of the central group (Faial, Pico and
Sao Jorge). Of the banks, only the Princess Alice
Bank was sampled. This study area was stratified
into depth strata with 100 m intervals (i.e. the first
stratum represented 0-100 m, the second 100-200
m and so on) down to 1,200 m. Within each
stratum, random sets were allocated, guaranteeing
a minimum of two sets per stratum. For each set,
information was collected on fishing (start and
retrieval dates, time, geographical position, depth,
number of dropped and lost traps, catch in
number of individuals per trap, etc.) and biology
(length and carapace width, weight, sex, etc.).
The bait was ca 1 kg of salted Atlantic chub
mackerel Scomber colias. For details of the
sampling methodology see Pinho et al. (2001b, c).
For this study, we selected data corresponding
only to sets made with benthic bottom traps.
Although different types of bottom traps (Fathom
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Plus® and the homemade crab trap “Josué”; see
Melo (2009) for technical specifications) were
used, abundance was considered to be
independent of the trap type because no
significant differences (a = 0.05) were found in
abundance between traps (t-test, t = 1.24, p =
0.22).

Assuming that depths of greatest abundance
correspond to the preferential habitat of the
species, the depths of 500-900 m for the deep-
water red crab and 200-600 m for the toothed
rock crab were adopted based on the survey
available information. It was considered that the
species distribution in the Azorean EEZ along the
respective bathymetric is identical to that of the
sampled areas. For coastal zones of the islands,
the average catch per unit of effort (CPUE -
estimated number of individuals per trap)
estimated for each species based on the survey
data was used as abundance index (Pinho et al.
2001b, c). For bank area and the deep-water red
crab, the average CPUE was estimated from the
data collected by the observers throughout the
experimental commercial fishing operation. For
the toothed rock crab, the average CPUE value
estimated for the Princess Alice Bank using
survey data was extrapolated for all bank areas.
Only the complete records, i.e. those containing
catch, fishing effort and georeferenced
information, were used in the analysis. The data
corresponding to a group of strata, due to the
displacement of the fishing gear, were eliminated
from the analysis. The CPUE in number was
converted to weight, using the average weight for
each species estimated by Pinho et al. (2001b, c).

Areas of occurrence

Areas of probable occurrence of these resources
in the Azorean EEZ were estimated from Smith
and Sandwell (1997)
(http//topex.ucsd.edu/sandwell/sandwell.html)
bathymetric mapping and assuming an amplitude
of bathymetric distribution of 200 to 600 m for
the toothed rock crab and 500 to 900 m for the
deep-water red crab.

The bathymetric mapping was first constructed
through the kriging method for data interpolation
using the Surfer® 7.05 software (Surface Mapping
System Golden Software, Inc.). The areas were
then estimated using the Map Viewer® 4.0
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software (Thematic Mapping System, Golden
Software, Inc.). For mapping details of banks and
seamounts of the Azores, see Machete et al.
(2005).

Estimates of biomass and potential yield
The biomass (abundance) of each species was
estimated according to the methodology of the
theoretical attraction (influence) area for traps
(Eggers et al. 1982). This methodology, similar to
the swept area procedure used in the case of
bottom trawls, has been proposed and largely
employed to evaluate other trapped crab resources
(Miller 1975; McElman & Elner 1982; Melville-
Smith 1986; Defeo et al. 1991; Arana 2000;
Cores et al. 2019).

For the approximate biomass estimation, the
follow expression was used:

N = A*D*q

where: N — biomass (abundance) of the resource in
number; A — total area of distribution of the resource in
the Azorean EEZ; D — average density of the resource
(number of individuals per km?); and q — catchability
coefficient (proportion of individuals that are trapped in
the catchment area and actually captured).

The mean density of the resource was estimated
as follows:

D= C/31

Where: C — average number of individuals caught per
trap; and a1 — theoretical area of attraction of a trap
m?).

The theoretical attraction area of the trap was
considered to have a circular shape, assuming a
null or minimal underwater current. Thus,
according to Eggers et al. (1982), the effective
theoretical mean attraction area of a trap in an
overlapping configuration of successive traps in
line was calculated as:

a—1
=a, Y

Na
Where: a; — effective mean theoretical attraction area

of a trap in overlapping configuration; a; — theoretical
attraction area of a trap; na — total number of traps per
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fishing gear (line); and L — overlapping area of
influence (attraction) of two adjacent traps, calculated
as:

1

L

L=2%cos!| = |*R? -2 R2_% ’
2R 2 4

Where: s — distance between adjacent traps along a
line of traps; and R — radius of the attraction area of a
trap.

Biomass was estimated for combined sexes and
by species, for radius of attraction of a trap
varying between 25 and 45 m (intervals of five
metres). In the case of data from the research
surveys, the first radius (25 m) corresponds to a
non-interaction configuration between adjacent
traps while the following ones correspond to an
interaction configuration. The distance between
adjacent traps along a line was approximately 50
m in the research surveys and 45 m in
commercial fishing experience. The commercial
fishing vessel used on average 60 traps per line,
while approximately 10 traps per line were used
in the research survey (Pinho et al. 2001 b, c).

The potential yield for each species was
estimated using Gulland's empirical formula for
estimating the maximum sustainable yield (MSY)
of unexploited (virgin) populations (Gulland
1971, 1983):

P =x*M*By

Where: P — potential yield; M — natural mortality; Bo—
virgin biomass; and x — constant (related to growth and
mortality characteristics).

Gulland (1971) proposed the value of 0.5 for "x",
while Garcia & Le Reste (1981), Beddington &
Cooke (1983), and Garcia et al. (1989) suggested
using more conservative values (x < 0.5). Thus, in
this study, potential yields were estimated with
values of "x" varying between 0.1 and 0.5. For
the natural mortality was adopted the value M =
0.15, which corresponds to the mean value of
mortality for the species estimated by empirical
methods, such as Tanaka (1960) (assuming that of

5% of the population reaches the maximum age
20 years if only natural mortality acts), and
Rikhter & Efanov (1976) (assuming that the
length of first maturation estimated for these
species in the Azores, between 80 and 85 mm of
carapace length, corresponds to 10 years of age;
Pinho et al. 2001b,c). This value also corresponds
to the estimated value used by other authors for
deep-water crab species (Cayre et al. 1979;
Melville-Smith 1988; Defeo et al. 1991; Arana
2000). The virgin biomass (By) corresponded to
the biomass estimated since the resources are
pristine.

RESULTS

Distribution and catches

Cancer bellianus was found distributed in the
Azores between 100 and 800 m depth, with
higher catches at coastal areas, approximately 5
individuals (ca 2.73 kg) trap™ between 200 and
600 m (Table 1). The results showed a great
variability in abundance in all depth strata
(catches at coastal zones and in the 200-600 m
stratum vary from ca 1 to 10 individuals trap™),
meaning that the distribution of the species was
not uniform. The estimated CPUE for the
Princess Alice Bank for this species was very
low and had a great variability (Table 1).

Chaceon affinis was found distributed in the
Azores between 400 and 1,100 m depth with
higher catches between 600 and 900 m depth
(Pinho et al. 2001c) (Table 2). The catch
variability was very significant particularly in the
survey data, evidencing the distribution
characteristics of the species by "patches". The
CPUE value at coastal zones estimated from the
research surveys and commercial fishing were
very similar, revealing that the occurrence of the
species at coastal zones was relatively scarce
(Table 2). The estimated CPUE from the
commercial fishing experience during the year
2003 was very high, meaning that only areas of
high concentration of the species were probably
covered.
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Table 1. Estimated average catches for the toothed rock crab Cancer bellianus per trap and per depth stratum, for
the Azorean coastal zones and Princess Alice Bank. The mean values for the 200-600 m stratum adopted for the
fishery potential estimation are also presented in the table. CPUE - Catch per Effort Unit (number of ind. per trap);
SD - Standard deviation; n - number of sets; na - not sampled.

Coastal zones

Princess Alice Bank

Depth strata (m)

CPUE SD CPUE SD n

100 0.50 0.00 3 0.00 0.00 6
200 5.89 4.92 22 1.52 1.75 5
300 491 3.36 24 1.97 2.57 22
400 8.41 5.18 17 2.45 3.61 11
500 4.71 3.13 17 1.66 1.18 4
600 3.08 2.02 17 0.75 0.12 2
700 1.01 0.98 12 0.48 0.26 3
800 0.79 0.70 6 na na na
200-600 5.39 4.19 97 1.95 2.61 44

Table 2. Estimated average catches for the deep-water red crab Chaceon affinis per trap and per depth stratum, for
the Azorean coastal zones and seamounts. The mean values for the 500-900 m stratum are also presented, with the
values adopted for the fishery potential estimation in bold. CPUE - Catch per Effort Unit (number of ind. per trap);
SD - Standard deviation; n - number of sets; na - not sampled.

Commercial fishery

Research surveys

Depth strata (m) Seamounts Coastal zones Coastal zones

CPUE SD n CPUE SD n CPUE SD n

400 5.43 1 na na na 0.01 0.03 14
500 5.07 1.57 4 0.80 1 0.27 0.63 14
600 530  3.32 10 0.83 0.21 2 0.33 0.46 22
700 5.45 2.28 15 1.37 0.59 6 0.42 0.44 18
800 5.81 2.12 13 1.01 0.37 4 1.06 1.22 19
900 0.43 - 1 na na na 0.80 1.24 17
1,000 na na na na na na 0.78 0.83 13
1,100 na na na na na na 0.25 0.35 2
500-900 537 249 43 1.13 0.49 13 0.79 1.30 90

Areas of occurrence

The total areas available in the Azorean EEZ for
depths considered optimal for the distribution of
the species were summarized in Table 3. These
areas represented approximately 1.4% of the
Azorean EEZ in the case of Cancer bellianus and
3.4% in the case of Chaceon affinis. Coastal
habitat areas available for both species were
scarce(representing approximately 24% of the total
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habitat available in the Azorean EEZ for the
toothed rock crab and 13% for the deep-water red
crab). Offshore (banks and seamounts) habitat areas
available for these species in the Azorean EEZ were
also very scarce, especially for the toothed rock
crab, meaning that the number of banks and
seamounts with depth strata between 200-600 m
was relatively small.
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Table 3. Coastal zone and bank and seamount areas
identified in the Azorean EEZ as potential habitats for
the toothed rock crab Cancer bellianus (200-600 m)
and the deep-water red crab Chaceon affinis (500-900
m).

Habitat Depth (m)  Area (km?)

Coastal zones 200-600 2,694
500-900 4,247

Banks and seamounts 200-600 11,106
500-900 32,775

Estimates of biomass and potential yield
Cancer bellianus

The estimated average biomass for banks/seamounts
ranged from approximately 2,912 to 9,392 t, depending

on the value of the radius of attraction adopted for
a trap. These values corresponded to a mean
density between 0.5 and 2 individuals per 1000
m?. At coastal zones, estimated average biomass
values varied between 1,952 and 6,296 t,
corresponding to mean densities between 2 and 6
individuals per 1,000 m? (Table 4).

The potential yield (MSY) varied
considerably according to the combination of
each radius of attraction area (R) and
exploitation rate (constant of empirical
equation, X) (Tables 5 and 6). In the most
pessimistic scenario, it was estimated a MSY
(considered as precautionary TAC) of 44 t of
the toothed rock crab at banks and seamounts,
and 704 t in the most optimistic scenario (Table
5). On coastal zones, values of 29 t in a
pessimistic scenario and 472 t in an optimistic
one was estimated (Table 6).

Table 4. Average biomass of the toothed rock crab Cancer bellianus estimated at banks/seamounts and coastal
zones of the Azorean EEZ. The table shows the lower (LCI) and upper (UCI) limits of the estimates for a 95%
confidence interval. R - radius of attraction area of a trap; a: - effective theoretical mean area of attraction of a trap
in overlapping configuration; Area - total area of the 200-600 m stratum available in the Azorean EEZ; CPUE -

Catch per Effort Unit (number of ind. per trap); W - average weight in the catch.

R (m) 25% 30 35 40 45
Habitat ar (m?) 1,963 1,164 2,032 2,880 3,755
Area (km?) CPUE Biomass (t)
LCI 1.18 3,367 5,678 3,253 2,295 1,760
Banks and seamounts 11,106 1.95 5,570 9,392 5,381 3,797 2,912
UCI 2.72 7,773 13,106 7,509 5,299 4,064
LCI 4.56 3,156 5,322 3,049 2,152 1,650
2,694 5.39 3,734 6,296 3,607 2,545 1,952
Coastal zones
UCI 6.22 4,312 7,270 4,166 2,939 2,254
* Non-interaction condition between traps. W = 0.505 kg
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Table 5. Maximum sustainable yield (MSY) of the toothed rock crab Cancer bellianus estimated for the
aggregated bank and seamount areas of the Azorean EEZ. The table shows the lower (LCI) and upper (UCI) limits
of the estimates for a 95% confidence interval. R — radius of attraction area of a trap; x — constant. Bold values
correspond to the base option.

R (m) Biomass (t)

0.1 0.2 0.3 0.4 0.5

LCI 3,367 51 101 152 202 253

25% Mean 5,570 84 167 251 334 418
ucl 7,773 117 233 350 466 583

LCI 5,678 85 170 255 341 426

30 Mean 9,392 141 282 423 564 704
uUcCl 13,106 197 393 590 786 983

LCI 3,253 49 98 146 195 244

35 Mean 5,381 81 161 242 323 404
UCI 7,509 113 225 338 451 563

LCI 2,295 34 69 103 138 172

40 Mean 3,797 57 114 171 228 285
UCI 5,299 79 159 238 318 397

LCI 1,760 26 53 79 106 132

45 Mean 2,912 44 87 131 175 218
UCI 4,064 61 122 183 244 305

* Non-interaction condition between traps.

Table 6. Maximum sustainable yield (MSY) of the toothed rock crab Cancer bellianus estimated for the
aggregated coastal areas of the Azorean EEZ. The table shows the lower (LCI) and upper (UCI) limits of the
estimates for a 95% confidence interval. R — radius of attraction area of a trap; x — constant. Bold values
correspond to the base option.

R (m) Biomass (t)

0.1 0.2 0.3 0.4 0.5

LCI 3,156 47 95 142 189 237

25% Mean 3,734 56 112 168 224 280
ucClI 4,312 65 129 194 259 323

LCI 5,322 80 160 239 319 399

30 Mean 6,296 94 189 283 378 472
UCI 7,270 109 218 327 436 545

LCI 3,049 46 91 137 183 229

35 Mean 3,607 54 108 162 216 271
ucCl 4,166 62 125 187 250 312

LCI 2,152 32 65 97 129 161

40 Mean 2,545 38 76 115 153 191
ucCl 2,939 44 88 132 176 220

LCI 1,650 25 50 74 99 124

45 Mean 1,952 29 59 88 117 146
UCI 2,254 34 68 101 135 169

* Non-interaction condition between traps.
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Table 7. Average biomass of the deep-water red crab Chaceon affinis estimated at banks/seamounts and coastal
zones of the Azorean EEZ. The table shows the lower (LCI) and upper (UCI) limits of the estimates for a 95%
confidence interval. R - radius of attraction area of a trap; a: - effective theoretical mean area of attraction of a trap
in overlapping configuration; Area - total area of the 500-900 m stratum available in the Azorean EEZ; CPUE -

Catch per Effort Unit (number of ind. per trap); W - average weight in the catch.

R (m) 25 30 35 40 45
Habi at (m?) — Commercial fishery 468 1,286 2,025 2,770 3,548
abitat ai(m?) - Rescarch surveys  1,963* 1,164 2,032 2880 3755
Area (km?) CPUE Biomass (t)
LCI 4.63 170,324 62,004 39,394 28,794 22,480
32,775 5.37 197,721 71,978 45,731 33,425 26,096
Banks and seamounts
UCI 6.12 225,119 81,951 52,067 38,057 29,712
LCI 0.52 596 1,006 576 407 312
4,247 0.79 902 1,521 871 615 472
Coastal zones
UCI 1.06 1,207 2,036 1,167 823 631
* Non-interaction condition between traps. W = 0.526 kg

Table 8. Maximum sustainable yield (MSY) of the deep-water red crab Chaceon affinis estimated for the
aggregated bank and seamount areas of the Azorean EEZ. The table shows the lower (LCI) and upper (UCI) limits
of the estimates for a 95% confidence interval. R — radius of attraction area of a trap; x — constant. Bold values

correspond to the base option.

R (m) Biomass (t) x
0.1 0.2 0.3 0.4 0.5
LCI 170,324 2,555 5,110 7,665 10,219 12,774
25% Mean 197,721 2,966 5,932 8,897 11,863 14,829
UCI 225,119 3,377 6,754 10,130 13,507 16,884
LCI 62,004 930 1,860 2,790 3,720 4,650
30 Mean 71,978 1,080 2,159 3,239 4,319 5,398
ucCI 81,951 1,229 2,459 3,688 4,917 6,146
LCI 39,394 591 1,182 1,773 2,364 2,955
35 Mean 45,731 686 1,372 2,058 2,744 3,430
UCI 52,067 781 1,562 2,343 3,124 3,905
LCI 28,794 432 864 1,296 1,728 2,160
40 Mean 33,425 501 1,003 1,504 2,006 2,507
UCI 38,057 571 1,142 1,713 2,283 2,854
LCI 22,480 337 674 1,012 1,349 1,686
45 Mean 26,096 391 783 1,174 1,566 1,957
UCI 29,712 446 891 1,337 1,783 2,228

* Non-interaction condition between traps.
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Table 9. Maximum sustainable yield (MSY) of the deep-water red crab Chaceon affinis estimated for the
aggregated coastal areas of the Azorean EEZ. The table shows the lower (LCI) and upper (UCI) limits of the
estimates for a 95% confidence interval. R — radius of attraction area of a trap; x — constant. Bold values

correspond to the base option.

R (m) Biomass (t) X

0.1 0.2 0.3 0.4 0.5

LCI 596 9 18 27 36 45

25% Mean 902 14 27 41 54 68
ucCl 1,207 18 36 54 72 91

LCI 1,006 15 30 45 60 75

30 Mean 1,521 23 46 68 91 114
UCI 2,036 31 61 92 122 153

LCI 576 9 17 26 35 43

35 Mean 871 13 26 39 52 65
ucCl 1,167 17 35 52 70 87

LCI 407 6 12 18 24 30

40 Mean 615 9 18 28 37 46
ucCl 823 12 25 37 49 62

LCI 312 5 9 14 19 23

45 Mean 472 14 21 28 35
UCI 631 9 19 28 38 47

* Non-interaction condition between traps.

Chaceon affinis

The estimated average biomass at banks/seamounts
ranged from approximately 26,096 to 197,721 t,
depending on the value of the radius of attraction
adopted for a trap. These values corresponded to a
mean density between 2 and 12 individuals per 1,000
m?. at coastal zones, estimated average biomass
values varied between 472 and 521 t, corresponding
to mean densities between 0.2 and 0.7 individuals
per 1,000 m? (Table 7). The potential yield varied
considerably according to the combination of
each radius of attraction area (R) and exploitation
rate (constant of empirical equation, x) (Tables 8
and 9). In the most pessimistic scenario, MSY
was estimated to 391 t of the deep-water red crab
on banks and seamounts, and 14,829 t in the most
optimistic one (Table 8). In coastal zones, values
of 7 t in a pessimistic scenario and 114 t in an
optimistic one, were estimated (Table 9).
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DISCUSSION

Distribution and catches

The results showed two important facts: a) the
abundance of the studied resources seems to vary
considerably in their spatial distribution, although
the depth range of the species can be well
defined; and b) there seems to be areas/strata of
dominance for each species with Cancer
bellianus being more abundant in coastal zones
and Chaceon affinis on banks/seamounts (Tables
1 and 2).

The variability of abundance for the two
species within each area can be explained by
several factors. However, it is likely that different
bottom types from site to site or at the same site
from stratum to stratum is the main factor (Pinho
et al. 2001b, c; Biscoito et al. 2015; Triay-Portella
et al. 2017; Santos et al. 2019). This
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appears to be more evident for Chaceon affinis
that showed a clear aggregate distribution
("patches"), possibly reflecting the preference for
specific habitats, e.g. muddy bottom with some
rocks. Variable abundance may also be explained
by sampling bias due to seasonal changes, for
instance in migration movements and spawning.

The differences in density observed between
coastal areas and banks/seamounts are more
difficult to explain. A possible ecological
significance of the dominance of each species in
particular habitats should be explored. The lower
abundance of Cancer bellianus on
banks/seamounts appears to be due to the depths
available, which makes the habitat area for this
species considerably smaller (Pinho et al. 2001c).
It should be noted that in coastal areas, where all
depth strata are present the habitat can be defined
continuously, although in some areas the strata
may be wider or narrower than in others. For
banks/seamounts, on the contrary, the
discontinuity predominates due to diversity of
sizes, shapes, elevations and inclinations between
these structures, or even within the same structure
(see Machete et al. 2005). Another explanation
may be that the catches used for this analysis do
not reflect indices of abundance in these offshore
areas because the sampling coverage may not be
representative of the total area. In this study, 83
banks/seamounts were identified in the Azorean
EEZ. Among them, only 35% were considered to
have C. bellianus, although only 7% of the cases
detected the occurrence of the entire habitat
(areas with depths between 200 and 700 m). The
abundance index used for C. bellianus came only
from an area partially covered by research
surveys, the Princess Alice Bank. However, it
must be asked if the result of sampling of a
bank/seamount should be extrapolated to other
areas of identical characteristics or not. The
abundance index used for Chaceon affinis came
from samples taken from four banks/seamounts,
but 70% of the samples were taken from Princess
Alice bank. The representativeness of these
samples is an issue that future studies should
confirm.

Further studies are needed to clarify the
essential habitat for these species and to
understand how habitat limits population

size, structure, and abundance. However, to
identify the essential habitat can be a difficult task
since the same species can use different habitat
types for different purposes related to their life
cycle or life history (e.g. spawning in one area
and foraging in another).

The reason why the abundance of Chaceon
affinis is considerably lower in coastal areas than
in banks/seamounts is unclear, but the difference
may have been magnified by bias sampling.
Samples from bank areas were obtained from a
commercial fishing vessel that concentrated its
fishing activity in areas of greater abundance,
while data from coastal areas resulted from a
stratified random sampling (research surveys).

The total areas available in the Azorean EEZ
for depths considered optimal for species
distribution are relatively scarce (Figure 1). These
areas, defined as habitats, also have the
peculiarity of being spatially discontinuous
(islands and banks/seamounts). For the purposes
of estimating the fishery potential, areas were
aggregated at local (coastal) and offshore
(banks/seamounts) zones due to the importance
they have for management purposes related to
fishing technology and vessel characteristics
necessary for the exploitation at each area. The
interactions among different areas related to the
dynamics of each population are unknown and
therefore, it is not yet known if each of these
areas should be managed as a management unit.
A research programme with implementation
priorities to better understand the approach to be
followed in the management of these fisheries,
would be necessary. However, considering that
they are fragile habitats, any development of a
fishery must take these uncertainties into
consideration to avoid local depletion or even
overexploitation  because  of  connectivity
mechanisms between areas and subpopulations.

Catches approximately equal to 5 individuals
per trap for each species in dominance areas
(coastal areas for Cancer bellianus and
banks/seamounts for Chaceon affinis) can be
considered reasonable. In the case of Chaceon
affinis, catches in the Azores (global average of 3
kg trap') agreed with the minimum and
maximum catch values found in other world areas
for similar species (see Arana 2000).

31



Pinho et al.

Estimates of biomass and potential yield

Biomass and potential yield results showed a
considerable variability depending on the values
adopted for the trap radius of attraction (R) and
the exploitation rate (x) (Table 4-9). Similar
results are expected for a range of different
catchability values that may be adopted.

It should be noted that the estimated values
correspond to estimates in data-poor situations (in
this case, virgin, i.e. not exploited resources).
Thus, the results are valid as short-term
indicators, for example for a fishery
implementation, and should not be confused as
indicators of MSY for a long-term fishery, which
should be estimated after the start of exploration.

Cancer bellianus
The total average biomass of C. bellianus
estimated as most likely for the Azorean EEZ,
considering an optimal average R of 30 m, was
15,688 t, corresponding to a total mean density of
approximately 2.3 individuals per km? (Table 4).
However, this density varied spatially, being
much more abundant in coastal areas,
approximately 5 individuals per km? than in
bank/seamount  zones, approximately two
individuals per km? Although estimates of
abundance for these species are not reported in
the literature, these values can be considered quite
reasonable and particularly high in coastal areas.
Considering the base values of x = 0.2, as
suggested by Beddington & Cooke (1983), and R
= 30 m, it was estimated as the average annual
MSY for the Azorean EEZ approximately 471 t
year! (282 t year! at banks/seamounts and 189 t
year! at coastal areas). Assuming an average
CPUE for coastal areas of 2.7 kg trap™! (computed
as the average kg trap™! for the combined trap sets
for coastal depth strata range of 200-600 m), a
total of 200 traps to fish per day (three lines with
approximately 66 traps each) and 200 annual
fishing days per year, the average catch per vessel
would be approximately 109 t year!. Considering
the fishery potential of the resource in these areas
(189 t year™), it would be sustainable to develop
an initial fishery with approximately two vessels.
For bank/seamount areas, assuming a CPUE of
0.98 kg trap™! (computed as the average kg trap™!
for the combined trap sets for bank/seamount
depth strata range of 200-600 m), a total of 500
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traps per day and 200 annual fishing days, the
average catch per vessel would be approximately
98 t year!. In these areas, it would be sustainable
to develop an initial fishery with approximately
three vessels.

Chaceon affinis
The total average biomass of C. affinis estimated for
the Azorean EEZ, considering an optimum average R
of 30 m, was 73,499 t (Table 7). However, this
density varied considerably with the habitat,
approximately 4 individuals per km’ at
banks/seamounts and approximately 0.7 individuals
per km? in coastal areas. These densities are within
the limits of mean densities estimated for deep-water
crab species in other world areas (see Arana 2000).
Considering the base values of x = 0.2 and R =
30 m, the average annual MSY for the Azorean
EEZ was estimated to approximately 2,205 t year
(2159 t year! at banks/seamounts and 46 t year!
in coastal areas). Assuming an average CPUE of
0.7 kg trap™' (computed as the average kg trap™
for the combined trap sets for coastal depth strata
range of 500-900 m), a total of 200 traps to fish
per day (three lines with approximately 66 traps
each) and 200 annual fishing days per year, the
average catch per vessel would be approximately
32 t year! in coastal areas. Considering the
fishery potential of the resource in these areas (46
t year!), it would be sustainable to develop an
initial fishery with approximately one vessel. For
bank/seamount areas, assuming a CPUE of 2.8 kg
trap™ (computed as the average kg trap™ for the
combined trap sets for bank/seamount depth strata
range of 500-900 m), a total of 500 traps per day
and 200 annual fishing days, the average catch
per vessel would be approximately 283 t year™. In
these areas, it would be sustainable to develop an
initial fishery with approximately seven vessels.

Methodology

The effective trapping area method (Miller 1975;
Eggers et al. 1981) is only an approximation
whose quality depends on several basic
assumptions of the model indirectly related to the
fixed gear capture process (Ferno & Olsen 1994)
and more directly with the degree of reliability of
the values of some variables used, such as
average CPUE, radius of attraction of a trap, total
size of the estimated area, etc.



Estimates of biomass and potential yield for deepwater crabs off the Azores

Soak time and gear saturation, for example, are
considered the variables of the fixed gear capture
process that most affect the abundance estimation
(Murphy 1960; Rothschild 1967; Sigler 2000;
Bacheler et al. 2013). The operational regime of
data used in the analyses of the abundance
estimates is more or less standardized (24 h
immersion, similar standard gears with
approximately the same space between them and
with the same average branch line; Pinho et al.
2001b, c). However, the soak time and gear
saturation effects were not analysed in the present
study.

The optimal radius of attraction of a trap is
another factor affecting the abundance estimation.
For example, the use of a radius smaller than the
optimum, can considerably underestimate the
biomass. The method assumes that each trap has a
fixed catch field with a circular shape centred in
the trap. Optimum values for radius of attraction
have been reported as between 27 and 33 m
(Miller 1975; Cayre et al. 1979; McElman &
Elner 1982; Defeo 1991). However, Sigler (2000)
considered that the radius of attraction of a trap is
not fixed, and it is not valid to estimate its value
from experiments with variable spaces between
traps, since the field of attraction increases
considerably with the concentration of traps. For
this reason, different values of radius of attraction
varying between 25 and 45 m were used in this
study, in order to analyse the sensitivity of
abundance variability with this parameter.
However, the value of 30 m was considered as
optimal for purposes of comparison with other
studies.

The abundance index (CPUE) used to calculate
biomasses may not be representative of the actual
abundance of the stocks, since it was estimated
from non-standardized exploratory research
surveys with samples taken at different times of
the year in a reduced area of distribution of the
resource or from commercial fishing experiences
probably carried out only in areas of high
concentration of resources. For example, the
CPUE of Cancer bellianus estimated from the
Princess Alice Bank survey data (Table 1) may
not be representative of species abundance on all
banks and seamounts because the sampling area
may not be representative of the abundance in
banks/seamounts of different characteristics (e.g.

depths available, bottom type). However, results
from commercial fishery directed to C. affinis
during 2003 also showed low abundances of C.
bellianus in bank/seamount areas, estimating for
the 200-800 m stratum a CPUE of 0.31 + 0.47
individuals trap™. It should be noted, however,
that the industrial vessel that operated in 2003
during this fishing experience made the sets
primarily at banks and at depths usually below
600 m, which is considered to be the limiting
depth of C. bellianus. Also, the population
structure can vary seasonally with depth, as
suggested by Pinho et al. (200lc).

The estimation of the total area available for
each species was based on a planar estimation
using available  bathymetric  information.
However, imprecision of these bathymetric data
can introduce great errors in the strata size
estimation, especially on bank/seamount zones
which are  still insufficiently = mapped.
Additionally, some areas, such as the Menez
Gwen hydrothermal vent, have not been
considered in this study. However, hydrothermal
vents have been identified as areas with the
highest catches of C. affinis when compared to
other seamounts and coastal regions, being
possible areas to be protected although their
ecological role in the distribution of this resource
remains unknown (Pinho et al. 2001b; Santos et
al. 2019).

The methodology used to estimate the MSY for
virgin resources suggested by Gulland (1971) is
empirical, and there is no explicit scientific
justification for that mathematical expression.
However, it is considered reasonable in the
assumptions that the natural growth of biomass
follows the production model of Schaefer (1954)
and that fishing mortality corresponding to MSY
is equal to the natural mortality (for details, see
Gulland 1971; Die & Caddy 1997). In the present
study, different values for exploitation rate (x)
were used in order to analyse the sensitivity of the
MSY variability with this parameter.

In view of these inaccuracies, our results
should be considered preliminary and interpreted
as guides on the species abundances and for
management and development of possible
fisheries (precautionary approach principle). We
consider that more important than the precision of
the estimates is the order of potential catches
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values estimated, which suggests that the
exploitation of these resources, if desired, should
always be on a very small scale and highly
controlled. This is the most important
contribution of this study and it may be
extrapolated to other remote insular areas.

Management

The implementation and management of a spatial
exploitation scheme for these resources should be
considered, despite the current limitations of
knowledge, especially on the mobility of individuals
and connectivity between adjacent areas.

Although it is convenient to manage these
resources by island and bank/seamount, the
difficulties of implementing, managing and
supervising a complex exploration design, suggest
that it may be more appropriate to implement species-
based fisheries with licensing by aggregated areas,
such as coastal and bank/seamounts.

Measures for statistical collection on fisheries and
biological information should be promoted by
introducing for example the fishing logbook and to
condition the license renewal to its proper completion
and delivery, and the on-board observers or landings
control under a sampling programme.

Ovigerous females of Cancer bellianus are not
generally captured (Pinho et al. 2001c) which in itself
can function as a conservation measure. However, the
introduction of a minimum landing size (MLS) of 13
cm carapace width (8.5 cm carapace length),
corresponding to the size of first maturation, is
recommended in order to preserve the juveniles.
Ovigerous females of Chaceon affinis occur
approximately between October and March (Pinho et
al. 2001b; Biscoito et al. 2015). These months
correspond to the period of reduced fleet activity in
the Azorean EEZ due to the meteorological
conditions, and a design of seasonal exploitation with
a fishing stop during this period should be considered.
The aim would be to control fishing effort and avoid
local depletion effects, especially at bank/seamount
areas. It is also suggested that an MLS of 8.5 cm
carapace length should be introduced to protect
juveniles.
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Final considerations

The scientific knowledge of these resources in the
Azorean EEZ until the present moment went
through three initial phases: 1) preliminary
observation of the species occurrence; 2)
preliminary collection of biological information and
fisheries technology; and 3) hypotheses formulation
about the distribution and abundance of resources
and prediction of potential yields (MSY) from these
hypotheses. The next step should be to identify key
variables to evaluate and to test these predictions.
This objective involves several studies that integrate
the abundance estimation by areas and analysis of
the population structure according to the
environmental characteristics (resource-environment
analysis); growth and reproduction studies,
including early life-history stages characterization;
and theoretical modelling of the impacts of the
implementation of different commercial exploration
strategies on population dynamics, including
multispecies and  multiarea  spatiotemporal
dynamics. In this perspective, it is recommended
that all results obtained be presented, discussed and
validated in working groups within international
scientific forums.
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