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Abstract
Loss of Dungeness crabs Cancer magister in derelict crab traps was estimated from catches and mortality in 24

simulated lost traps at two locations in Washington State. Equal numbers of recreational and commercial crab traps
were initially baited and monitored weekly by divers until the bait was consumed and were monitored biweekly
thereafter for 1 year. Dungeness crabs caught in the traps were individually tagged. Catch, escapement, retained
catch, and mortality rates were estimated. The traps caught 1,077 Dungeness crabs, of which 500 (46%) died and 421
(39%) escaped. Mortality of sublegal males and females was expressed in legal male equivalents. The overall retained
catch of Dungeness crabs (caught minus escaped) was 0.082 crabs·trap−1·d−1. After an initial lag, the cumulative
daily mortality rate of Dungeness crabs rose steadily to 0.058 crabs·trap−1·d−1. An estimated 12,193 traps are lost
annually in Washington waters of the Salish Sea, and the estimated trap fishing duration was 126 d for traps with
escape cord (i.e., reflecting decomposition of the cord) and 2.2 years for traps without escape cord. Annual Dungeness
crab loss was estimated at 178,874 legal male equivalents, translating to an exvessel value of US$744,296, or 4.5% of
the value of recent harvests. Average annual net value to fishers from the saved Dungeness crabs (i.e., crabs available
for harvest if lost traps had been removed) was estimated at $450,657–744,296 depending upon variable costs to
harvest all of the saved crabs. Estimated net exvessel value of saved crabs ranged from $36.96 to $61.04 per removed
trap compared with removal costs of $92.66–193.00 per trap. Removal of lost traps may be warranted in high-density
fishing areas and for ecological reasons. Reducing the diameter of the escape cord and modifying the trap design
could significantly reduce Dungeness crab mortality due to lost traps.

Loss of crab traps is common in the recreational and com-
mercial fisheries for the Dungeness crab Cancer magister in in-
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ner marine waters of Washington State, known as the Salish Sea
(includes the Strait of Juan de Fuca, Puget Sound, and waters
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DUNGENESS CRAB MORTALITY DUE TO LOST TRAPS 881

north to the Canadian border). Traps are lost for a variety of rea-
sons, but most common is surface buoy loss from contact with
passing vessels or towed barges and log rafts. Traps equipped
with regulated escape cord (required by Washington State law)
are assumed to become disabled 90–130 d after loss, which re-
duces Dungeness crab mortality in the derelict traps. Regulated
escape cord is described in Washington State law as untreated,
100% cotton or other natural fiber with a thread size no larger
than 120. Therefore, various cord types with varying diame-
ters and decomposition rates are used. During efforts to remove
derelict crab traps, the Northwest Straits Initiative (NWSI) has
found that about 20% of the derelict traps do not have regu-
lated escape cord and may continue to actively capture and kill
crabs until the trap itself degrades and stops fishing. Removal
of actively fishing derelict crab traps eliminates the crab mor-
tality that would have occurred from that point (i.e., the time
of removal) to escape cord decay or trap degradation. How-
ever, side-scan sonar surveys and diver removal of crab traps
are expensive, and the costs must be weighed against the eco-
nomic value of the Dungeness crabs that would be saved by trap
removal.

The derelict fishing gear removal project of the NWSI in-
volved assessment of the impact of derelict crab traps by col-
lecting scientific data on trap condition and the number of live
and dead Dungeness crabs and other animals caught by the
derelict traps. However, to estimate the overall impact of derelict
traps, estimates of retained catch and mortality rates are neces-
sary. Breen (1987) conducted a study of Dungeness crab catch
and mortality in simulated derelict traps within Departure Bay,
British Columbia, where 10 traps caught 169 crabs over a 1-
year period. Crab catch observed from derelict traps during the
NWSI project indicated that catch and mortality of crabs might
be higher in Washington State. The NWSI duplicated Breen’s
(1987) work with a year-long study of simulated derelict crab
traps to assess the catch rate, escape rate, mortality rate, and
annual loss of Dungeness crabs in Dungeness Bay, Clallam
County, Washington. An identical study was conducted with
support from the Stillaguamish Tribe in Port Susan, Snohomish
County. Both locations are popular Dungeness crab fishing areas
used by commercial and recreational fishers. The two locations
are representative of crab fishing areas in Washington State inner
marine waters with average (Dungeness Bay) and high (Port Su-
san) catch rates of Dungeness crabs (D. Velasquez, unpublished
data). The present study combines data from the two areas.

The objectives of the study were to (1) estimate Dungeness
crab catch and mortality rates due to derelict traps, (2) estimate
the total annual volume and exvessel value of Dungeness crab
losses to fisheries, and (3) conduct a cost–benefit analysis to
compare the value of crabs saved by derelict trap removal with
the cost of trap removal.

METHODS
Catch and mortality in lost traps.—The study involved plac-

ing simulated derelict crab traps in typical recreational and com-

mercial Dungeness crab fishing grounds within Dungeness Bay
and Port Susan, followed by biweekly monitoring of the traps
by divers. Twelve traps were deployed at each location; six com-
mercial traps and six recreational traps were alternately config-
ured on two strings of traps. One string was set in about 9 m of
water, and the other was set in about 18 m of water. Each com-
mercial trap was a typical 1-m-diameter, round trap constructed
of iron reinforcing bar frames and stainless-steel mesh wire with
two entrances. Each recreational trap was a 1-m-diameter, oc-
tagonal, wire-mesh trap with three entrances; this trap is one
of the various types commonly used in the Washington recre-
ational crab fishery. Both commercial and recreational traps are
required to have two escape rings with a diameter of 10.8 cm or
larger to allow escape of female and sublegal male crabs. Traps
were approximately 30 m apart, and a weighted groundline was
stretched between each trap to assist the divers in following the
string of traps. A plastic tag with a unique identifying num-
ber from 1 to 12 was attached to the top of each trap. Each
trap was equipped with regulation cotton escape cord (6.35 mm
in diameter) under tension between a plastic hook on the top
of the trap, to measure cord decomposition time; however, the
traps were designed to actively fish beyond the point of escape
cord decomposition and release of the plastic hooks. The trap
bottom and approximately the lower 2.5 cm of the trap sides
were covered with fine 6-mm-mesh nylon netting to retain crab
tags at the trap bottom. The traps were baited with a mixture of
Manila clams Tapes philippinarum and carcass material from
sockeye salmon Oncorhynchus nerka; such a mixture is typi-
cal of the bait used by recreational and commercial fishers in
the area. To reduce vandalism and theft, no surface floats were
attached to the traps. The positions of the ends of trap strings
were determined and recorded with onboard Global Position-
ing System equipment. The traps were deployed soon after the
start of the normal recreational and commercial fisheries (May
16, 2008, in Port Susan; July 3, 2008, in Dungeness Bay) to
simulate the loss of traps by a fisher on the first day of the
season.

Divers returned to monitor the traps weekly until the bait
was gone and then approximately biweekly thereafter for 1 year.
Actual monitoring intervals were dependent upon weather and
water visibility and ranged from 6 to 28 d. Divers carried large,
fine-mesh bags with numbers corresponding to the number on
each trap. Divers assessed the overall condition of the trap and
escape cord; noted any animals located in the vicinity of or
within the trap; and then removed live and dead Dungeness
crabs, crab parts, and loose tags and placed them in the collection
bag. On deck, the live Dungeness crabs were placed in a live tank
and were measured for carapace width to the nearest millimeter.
Sex, limb loss, and general condition of each crab were noted,
and an individually numbered, 20-mm, yellow or red plastic disk
tag was attached to one of the crab’s hind legs with small plastic
zip ties. Carapaces of dead crabs without tags were measured
for width, other crab parts were noted, and the numbers of any
loose tags were recorded. Crabs that lost tagged legs during the
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882 ANTONELIS ET AL.

study were retagged on an alternate leg. Divers returned the live
and dead crabs and crab parts to each trap, while taking special
care not to disturb the seabed around the traps.

On the last monitoring dive prior to removal of the simulated
derelict traps, the rubber bands holding the trap doors closed
were released to simulate escape cord decomposition. Approx-
imately 1 month later, divers collected all of the live and dead
Dungeness crabs, crab parts, and tags from the traps and re-
moved the traps from the study area. Newly caught Dungeness
crabs, crabs with tags, and loose tags were recorded as during
the previous monitoring periods.

Daily catch rate was estimated based on the number of newly
caught Dungeness crabs and the number of days between mon-
itoring intervals. Retained catch rate was estimated as the catch
rate minus the escape rate of tagged crabs. Escape rate was
estimated from the number of tagged crabs that were missing
between intervals. Mortality rate was estimated based on the rate
of tags recovered from dead crabs in the retained catch plus the
number of untagged dead crabs. Crab mortality was recorded
when whole dead crabs with or without tags were found inside
the traps or when tags associated with crab parts were found out-
side the traps. Diver observations indicated that the latter case
resulted from sunflower stars Pycnopodia helianthoides remov-
ing parts of dead crabs from the traps and consuming them in
areas adjacent to the traps. Whether sunflower stars actually
killed the crabs in the traps is unknown.

For dead Dungeness crabs, the number of days between cap-
ture and death was estimated as the difference between the date
of tagging and either (1) the date of tag recovery or (2) the date
of first absence of the crab if the tag was later recovered. The
exact dates of capture and death were not known, but it was
assumed the timing of both events would balance on average
between sampling periods. Since some sampling intervals were
longer than others, the time between capture and death may
have been overestimated, causing a slight bias towards greater
longevity. Other potential sources of error include assumptions
for catch, escape, and mortality rates as discussed later.

Rate of trap loss.—Non-treaty commercial Dungeness crab
fishers in Washington State are required to have individual iden-
tity tags installed on each crab trap and on each buoy. Buoy tags
are provided to fishers by the Washington Department of Fish
and Wildlife (WDFW), which records the number of replace-
ment buoy tags issued each year. The annual trap loss rate in the
non-treaty fishery was estimated as the average number of re-
placement buoy tags issued each year to fishers that fished in the
inner marine waters over a 5-year period (2004–2008). Similar
information for treaty commercial fishers was not available. To
estimate the trap loss rate in the treaty commercial fishery, the
Dungeness crab catch per unit effort was assumed to be equal
in the treaty and non-treaty commercial fisheries. The 5-year
(2004–2008) crab harvest weight in the non-treaty commercial
fishery was divided by the average annual number of lost traps,
and the resulting value was then multiplied by the treaty harvest
weight to estimate trap loss.

Recreational trap loss rate was estimated from data collected
by WDFW during creel and telephone surveys of recreational
Dungeness crab fishers in 2007 and 2008. Survey results pro-
vided estimates of the total number of recreational crab fishing
trips and the number of traps lost per angler per trip. The recre-
ational trap loss rate was estimated as the annual average of total
crab fishing trips multiplied by the loss rate per angler trip for
2007 and 2008.

Cost–benefit analyses.—Costs of derelict crab trap removal
were estimated from actual costs incurred by NWSI and the
Stillaguamish Tribe in undertaking crab trap survey and removal
operations. Costs included side-scan sonar surveys used to locate
derelict traps, preparation and approval of a derelict fishing
gear removal plan required by WDFW, vessel and dive removal
charters, onboard data collection, trap storage and disposal, and
analysis and reporting costs.

Benefits of derelict trap removal include the potential value
of the additional harvest of Dungeness crabs that would be saved
by trap removal minus the estimated variable costs (VCs) as-
sociated with the additional fishing effort required to harvest
the saved crabs. To simplify the analysis with available data,
we assumed that the value of additional harvest was equal to
the harvested weight of saved crabs times the recent average
exvessel price of crab. The additional cost associated with har-
vesting the saved crabs was computed in two alternative ways:
(1) by assuming that the marginal cost of harvesting more crabs
equals the marginal cost of crab harvests as reflected in a recent
economic survey study of coastal fishing vessels or (2) by as-
suming that the saved crabs simply increase the catch per trap at
no additional cost. We believe that the resulting two net benefit
estimates provide a range that likely encompasses the actual
benefit.

The number of Dungeness crabs saved by the removal of
derelict traps was calculated from mortality rates estimated dur-
ing this study (crabs·trap−1·d−1; Table 1) multiplied by the es-
timated number of derelict traps and the likely duration of ef-
fective fishing by derelict traps. Mortality rates were calculated
separately for legal-size males (carapace width ≥ 158.75 mm
[6.25 in]), females, and juveniles in recreational and commercial
traps; mortality rates were also calculated for the periods before
and after the observed escape cord release. Although sublegal
males (carapace width < 158.75 mm) and females cannot be
retained and have no immediate net economic value, surviving
sublegal crabs will recruit to the fishery and females will pro-
duce male crabs that have potential net economic value if they
reach legal size. Legal male equivalency factors were applied to
juvenile and female Dungeness crabs to account for this poten-
tial net economic value. For sublegal males, adjustment to legal
male equivalency is a complicated function of growth, natural
mortality, and fishing mortality. Each juvenile male crab was
equal to 0.63 legal male equivalents (item 5 in Table 2), repre-
senting the survival rate of crabs from the last sublegal molt to
legal size as determined by Zhang et al. (2002) and supported
by Armstrong et al. (1987) and Wainwright et al. (1992). For
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DUNGENESS CRAB MORTALITY DUE TO LOST TRAPS 883

TABLE 1. Estimated average daily mortality rate for Dungeness crabs of each sex and size-group (legal or sublegal) in simulated derelict crab traps (commercial
and recreational traps, before and after escape cord decomposition) in Washington State waters of the Salish Sea (CL = confidence limit).

95% CL

Period Trap type Sex and size-group
Mortality rate

(crabs·trap−1·d−1) Lower Upper

Prior to escape cord decomposition Commercial Legal male 0.093 0.056 0.130
Sublegal male 0.014 0.004 0.023
Female 0.007 0.004 0.011

Recreational Legal male 0.065 0.044 0.086
Sublegal male 0.007 0.003 0.012
Female 0.005 0.000 0.009

After escape cord decomposition Commercial Legal male 0.033 0.020 0.045
Sublegal male 0.009 0.002 0.016
Female 0.001 0.000 0.002

Recreational Legal male 0.021 0.013 0.029
Sublegal male 0.004 0.002 0.006
Female 0.002 0.000 0.005

TABLE 2. Estimates of Dungeness crab losses from derelict traps in Washington State waters of the Salish Sea (CTM = commercial trap mortality rate; RTM
= recreational trap mortality rate; WDFW = Washington Department of Fish and Wildlife; NWSI = Northwest Straits Initiative; NOAA = National Oceanic and
Atmospheric Administration; NMFS = National Marine Fisheries Service).

Item number Item Value Source or calculation

1 Commercial traps lost annually 3,601 Non-treaty: Carol Stedman,
WDFW, unpublished data;
treaty: Mel Stanley, WDFW,
unpublished fish ticket data;
present study

2 Recreational traps lost annually 8,592 D. Velasquez, unpublished data
(catch reporting cards; creel and
telephone interviews)

3 Total number of traps lost annually 12,193 (item 1) + (item 2)
4 Percent of traps without escape cord 20 NWSI, unpublished data
5 Number of legal-size male equivalents per juvenile male 0.63 Zhang et al. 2002
6 Number of legal-size male equivalents per female 1.0 Present study
7 Days to escape cord decomposition 126 Present study
8 Fishing life span of lost traps (years; days in parentheses) 2.2 (803) Breen 1987; NWSI, unpublished

data
9 Mortality rate in lost traps See Table 1 Present study
10 Total mortality (number of legal male equivalent crabs) See Table 3 Present study

Before escape cord decomposition
Legal males 112,224 [CTM × (item 1) × (item 7)] +

[RTM × (item 2) × (item 7)]
Juvenile males 8,951 [CTM × (item 1) × (item 7) ×

(item 5)] + [RTM × (item 2) ×
(item 7) × (item 5)]

Females 8,243 [CTM × (item 1) × (item 7) ×
(item 6)] + [RTM × (item 2) ×
(item 7) × (item 6)]

(Continued on next page)
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884 ANTONELIS ET AL.

TABLE 2. Continued.

Item number Item Value Source or calculation

After escape cord decomposition
Legal males 40,277 [CTM × (item 1) × (item 4) ×

(item 8)] + [RTM × (item 2) ×
(item 4) × (item 8)]

Juvenile males 5,806 [CTM × (item 1) × (item 4) ×
(item 8) × (item 5)] + [RTM ×
(item 2) × (item 4) × (item 8) ×
(item 5)]

Females 3,372 [CTM × (item 1) × (item 4) ×
(item 8) × (item 6)] + [RTM ×
(item 2) × (item 4) × (item 8) ×
(item 6)]

Total 178,874 Sum of all item 10 components
11 Mean weight per crab (kg) 0.864 Dayv Lowry, WDFW, unpublished

data (Puget Sound legal male
average weight)

12 Weight of lost trap catch (kg) 154,482 (item 10) × (item 11)
13 Crab price (commercial exvessel; US$ per kg) 4.82 Mel Stanley, unpublished fish

ticket data
14 Value of lost trap catch ($) 744,296 (item 12) × (item 13)
15 Additional harvest variable cost rate to fishers ($ per kg) 1.90 NOAA–NMFS vessel surveys;

present study
16 Additional harvest cost to fishers ($) 293,639 (item 12) × (item 15)
17 Net value of lost trap catch to fishers ($) 450,657 (item 14) − (item 16)
18 Recent annual Puget Sound exvessel crab landings

(millions of kg)
3.5 D. Velasquez, unpublished data;

present study
19 Recent annual Puget Sound exvessel crab value (millions

of $)
16.7 D. Velasquez, unpublished data;

present study
20 Variable cost of recent Puget Sound crab landings

(millions of $)
6.7 (item 15) × (item 18)

21 Recent annual net value of Puget Sound crab landings
(millions of $)

10.0 (item 19) − (item 20)

22 Net value of crabs in lost traps (as % of recent landed net
value)

4.5 (item 17) ÷ (item 21)

female crabs, we assumed a reproductive potential of at least
1:1 for production of legal males; therefore, each female was
represented as 1.0 legal male equivalent (item 6 in Table 2).

Estimates of fishing duration for derelict traps were based on
observed time to escape cord decomposition in the present study,
NWSI observations of trap viability over time, and estimates
reported by Breen (1987). The ratio of traps expected to be
in compliance with escape cord use to traps without escape
cord was based on results of previous derelict trap removals in
Washington from 2002 to 2009.

The weight and value of saved Dungeness crabs were es-
timated by applying the mean weight per crab reported from
commercial and recreational fisheries to the estimated number
of crabs saved by derelict trap removal and then multiplying

by the 2004–2008 average annual exvessel commercial price
of crab (US$ per kg). The commercial exvessel crab value was
used as a surrogate for recreational crab value since no reliable
estimate of the latter value was available.

Commercial fishers incur additional VCs for labor, bait, fuel,
ice, and provisions if additional fishing trips are required to catch
the Dungeness crabs saved by removal of derelict traps. The re-
lationship between the VC ($ per kg of crab) to fishers and the
crab harvest volume was estimated based on two National Ma-
rine Fisheries Service surveys of coastal Washington commer-
cial crab fishing vessels (Carl Lian, National Marine Fisheries
Service, Northwest Fisheries Science Center, personal commu-
nication). These surveys collected information about revenues
earned and costs incurred for a range of coastal fishing vessels.
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DUNGENESS CRAB MORTALITY DUE TO LOST TRAPS 885

In the financial survey sample, 34 vessels harvested significant
amounts of crab and fell within the typical size range of Wash-
ington State crab vessels (<12 m in length) fishing in the Salish
Sea. Although most of these sampled vessels are not in the Sal-
ish Sea fleet, many of them fish in both coastal waters and the
Salish Sea. Given the lack of operating cost data specific to
the Salish Sea commercial crab fleet, we used coastal vessels of
the appropriate size to represent the Salish Sea crab fleet.

For the sample of 34 vessels, the mean annual gross revenue
of $127,217 included an average of $97,391 from Dungeness
crab sales (77% of the total revenue). The gross revenue per
vessel was three times the estimated annual revenue per vessel
for Salish Sea crab fishing. The mean length of a vessel in the
sample was 10.4 m, which is slightly greater than the average
length of a Salish Sea vessel. The average reported annual VC
for the 34 vessels was $78,363. The revenue and cost totals
are driven by multispecies fishing activities, which are typical
of both the coastal and Salish Sea fleets. To investigate the
marginal cost of crab harvests, we used a statistical regression
analysis to estimate how VCs incurred per year per vessel varied
with the amount of crab harvested.

One way to quantify how VCs are related to crab harvesting
would be to estimate the relationship between crab harvests and
reported VCs within the sample of 34 crab vessels. Unfortu-
nately, the vessel financial survey did not ask for species har-
vests, but it did collect species-specific data on revenue earned.
Hence, it was necessary to derive our marginal cost estimate
from the relationship between fishing costs and revenues re-
ceived. As long as the price received for crabs is fairly constant
over the sample, we can extract the marginal cost from that
relationship as described below.

For the sample of 34 coastal crab vessels, we quantified the
relationship between the VC incurred per year and the revenue
earned from crabbing (Revcrab) and non-crab fishing (Revnoncrab).
This was calculated in a linear regression model,

VC = 9,504.24 + 0.395(Revcrab) + 1.02(Revnoncrab),

(n = 34, R2 = 0.55, P < 0.05). The degree of “fit” between the
VC and revenue variables was acceptable based upon the R2,
which indicated that 55% of the variability in VC was explained
by the two revenue variables. The two-tailed t-statistics for the
three regression coefficients in the equation are 0.62, 4.38, and
2.28, respectively. Given that the df equal 31 for the coefficients,
the probability that the second coefficient is zero or negative is
less than 1% (i.e., P < 0.01), and the probability that the third
coefficient is zero or negative is less than 5% (i.e., P < 0.05).
Of most importance was the coefficient of Revcrab (i.e., 0.395),
which indicates that the increased cost of harvesting additional
Dungeness crabs was equal to about 39.5% of the increased
exvessel value of crabs harvested.

To get a usable estimate of marginal cost per kilogram of
Dungeness crab, we recognize that Revcrab represents the harvest
(kg) times the exvessel price. The average exvessel price during

the period covered by the fishing cost data (2004–2008) was
$4.82 per kilogram of crab, and the annual averages ranged from
$4.24 to $5.72 per kilogram. Since the estimated coefficient is
an average over the same period, the estimated marginal VC per
kilogram of crab is equal to the estimated coefficient (0.395)
times the average price per kilogram of crab. Multiplying the
regression coefficient by $4.82 per kilogram yields an estimated
marginal cost of $1.90 per kilogram of crab harvested and an
estimated net value of $2.92 per kilogram of crab harvested.

An alternative assumption would be that the saved Dun-
geness crabs could be caught at no additional cost because the
increased population of crabs would generate an increased catch
per trap, and therefore setting additional traps would not be nec-
essary to catch the saved crabs. However, even if catch per trap
increases in proportion to the crab population, there may actu-
ally be some cost increases due to extra time spent handling the
catch at sea. Hence, the increased exvessel value of crabs caught
probably overstates the net value of the additional harvest. On
the other hand, the first estimation method ignores the effect
of an increased catch per trap generated by the crab population
increase. Hence, the first estimate may overstate the increased
costs and understate the net value of the additional catch. Thus,
we believed that the best estimate of net economic value of Dun-
geness crabs caught was somewhere between $2.92 and $4.82
per kilogram of crab.

In principle, we could have provided a parallel analysis of the
potential value of increased recreational harvests of Dungeness
crabs saved by derelict trap removal. Recreational crabbers en-
gage in crabbing because they value the activity itself and they
value the crabs they can take home to eat. However, like com-
mercial fishing, recreational fishing has associated costs, such
as travel time and crab trap purchase. The net value for anglers
can be construed as the difference between the value of fishing
and the cost of fishing. Unfortunately, we were unable to find
any usable study of the value of recreational Dungeness crab
fishing in the Pacific Northwest. Hence, we assumed that the
value of crabs caught by recreational fishing was equal to the
commercial value per kilogram. This is not proposed as an ac-
curate estimate of the value of the recreational fishery because
it entirely excludes the value of engaging in the fishing activity;
therefore, the estimate assigns some value to the recreational
fishery but is likely to be lower than the actual value. Using the
exvessel commercial value of crabs as a proxy for the recre-
ational value should not bias the results of the analysis to a
great degree since the recreational harvest represents only about
17% of the total harvest weight of Dungeness crabs in Washing-
ton State waters of the Salish Sea (D. Velasquez, unpublished
data).

RESULTS

Catch and Mortality in Lost Traps
One crab trap used in Port Susan was accidentally caught by

a gillnetter and the crabs were lost, but the trap was returned
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886 ANTONELIS ET AL.

unbaited within 1 week to its proper location. One crab trap in
Port Susan was missing after 180 d and was not replaced. In
total, 24 male Dungeness crabs were accidentally lost by divers
during the transfer to and from the traps, and from temporary and
permanent removal of traps. The lost crabs were excluded from
analyses. Six crabs escaped the trap of initial capture but were
recaptured in the same trap or a different trap. The cotton escape
cord decomposed and released the plastic hooks between 100
and 148 d after trap deployment (average = 126 d). Although
one trap was lost during the study, the remaining traps were
fully functional and were still capable of actively fishing by the
end of the 1-year study.

In total, 1,077 Dungeness crabs were caught during the study,
including 1,028 males (95% of the catch) and 49 females (5%).
The cumulative number of crabs caught (including those that
escaped or died) increased steadily during the study, and the
overall catch rate was 0.135 crabs·trap−1·d−1 (95% confidence
interval [CI] = 0.110–0.160 crabs·trap−1·d−1). The catch rate
was higher during the first month of the study (summer), when
bait was present in the traps; declined after the bait was ex-
hausted; and remained fairly constant until approximately day
250 (spring), after which it increased again to levels main-
tained through the end of the study (Figure 1). Commercial
crab traps caught 644 crabs (60% of the catch), and recre-
ational traps caught 433 crabs (40%). The catch rate was 0.158
crabs·trap−1·d−1 (95% CI = 0.122–0.194 crabs·trap−1·d−1)
for commercial traps and 0.112 crabs·trap−1·d−1 (95% CI =
0.082–0.142 crabs·trap−1·d−1) for recreational traps.

The overall retained catch (the number of crabs caught mi-
nus the number that escaped) was 0.082 crabs·trap−1·d−1 (95%
CI = 0.076–0.088 crabs·trap−1·d−1). The number of crabs held
in the traps peaked during the first 2 months (summer), de-
clined gradually over the fall, and stabilized at low levels dur-
ing winter. The number of crabs then increased during the
subsequent spring and summer (Figure 1). The retained catch
for commercial traps was 0.101 crabs·trap−1·d−1 (95% CI =
0.093–0.110 crabs·trap−1·d−1), and retained catch for recre-
ational traps was 0.062 crabs·trap−1·d−1 (95% CI = 0.055–0.068
crabs·trap−1·d−1).

Of the 1,077 Dungeness crabs initially caught during the
study, 421 (39%) escaped. Twenty (41%) of the 49 female crabs
escaped, and 401 (39%) of the 1,028 male crabs escaped. The
percentage of crabs that escaped was higher among sublegal
crabs (76 of 152 caught, or 50%) than among legal crabs (324
of 876 caught, or 37%). The overall escape rate was 0.053
crabs·trap−1·d−1 (95% CI = 0.043–0.064 crabs·trap−1·d−1).

Of the 1,077 Dungeness crabs initially caught, 500 (46%
of the catch) died during the study, including 471 males (46%
of males) and 29 females (59% of females). After an initial
lag, the daily mortality rate (Figure 1) rose steadily to 0.058
crabs·trap−1·d−1 (95% CI = 0.044–0.071 crabs·trap−1·d−1). The
traps continued to catch and kill crabs through the end of the
study, and 21 of the 23 remaining traps continued to hold
crabs on the last regular monitoring dive of the study. The

average duration to death for all crabs was 51.5 d (range =
6–320 d; Figure 2); females died within 22.8 d on average
(range = 7–57 d), whereas males died within 53.2 d (range =
6–320 d). Sublegal male crabs died within 33.0 d on average
(range = 7–106 d), and legal males died within 56.5 d (range =
6–320 d). The mortality rate was 0.070 crabs·trap−1·d−1 (95%
CI = 0.049–0.090 crabs·trap−1·d−1) for crabs caught in commer-
cial traps and 0.045 crabs·trap−1·d−1 (95% CI = 0.031–0.060
crabs·trap−1·d−1) for crabs caught in recreational traps. Cara-
pace widths were compared between Dungeness crabs that died
and those that were tagged (Figure 3), and the size distributions
were similar between the two groups (Kolmogorov–Smirnov
chi-square = 0.494, df = 2, P > 0.05).

On the last trap monitoring dive, when the trap lids were
closed but left unhooked, there were 169 Dungeness crabs in
the 23 traps. The final dive to retrieve the traps was conducted
17–43 d after the lids were unhooked. At the final dive, 146
(86%) of the 169 tagged crabs were absent, 11 (6%) tagged crabs
were alive, and 12 (7%) tagged crabs were dead. Additionally, 50
newly caught crabs were present in the traps, including one dead,
untagged crab. Recreational traps retained 14% (8 of 57 crabs)
of the crabs they held from the previous monitoring period, and
commercial traps retained 3% (3 of 112 crabs).

Rate of Trap Loss
The WDFW non-treaty commercial crab license data for

Puget Sound (noncoastal waters of Washington State) showed
that on average, 1,426 replacement buoy tags/year (range =
1,009–1,801 tags/year) were issued to fishers between 2004 and
2008. Approximately 16,632 traps were fished by about 247
active licenses, translating to a trap loss rate of 8.6%. According
to WDFW fish ticket data, non-treaty crab fishers landed an
average of 1,183,121 kg of crab/year between 2004 and 2008.
Based on the average number of tags replaced and kilograms of
crab landed, the average total weight of crab landed per derelict
trap was 829.7 kg. Treaty commercial fishers landed an average
of 1,804,817 kg crab/year; dividing this value by 829.7 kg/lost
trap provides an estimate of 2,175 traps lost annually by treaty
fishers.

Creel and phone interviews with recreational Dungeness crab
fishers in Puget Sound were used along with WDFW catch
record cards to estimate a crab trap loss rate of 0.036 traps/crab
fishing trip. In 2007, an estimated 223,388 trips occurred in
Puget Sound and an estimated 8,042 traps were lost. The 2008
estimates were 253,921 trips and a loss of 9,141 traps. We
used the average loss rate of 8,592 traps/year to represent the
recreational crab fishery in Washington State waters of the Salish
Sea.

Cost–Benefit Analyses
The number, weight, and value of legal-size Dungeness

crabs that could have been saved by trap removal and therefore
potentially made available for additional harvest were estimated
from daily mortality rates produced by the simulated trap loss
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DUNGENESS CRAB MORTALITY DUE TO LOST TRAPS 887

FIGURE 1. Numbers of Dungeness crabs that were observed in 24 simulated lost crab traps in Washington State waters of the Salish Sea during 1 year: (A)
cumulative catch, (B) cumulative number of crabs found dead, and (C) number of crabs held in the traps at each monitoring period.
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888 ANTONELIS ET AL.

FIGURE 2. Days between initial capture (tagging) and death for Dungeness crabs caught in simulated derelict crab traps.

study, estimated numbers of traps lost annually, observed du-
ration of escape cord decomposition, reported duration of trap
fishing, and average size and value of Dungeness crabs in Salish
Sea fisheries (Table 2). The annual number of lost commercial
traps (non-treaty and treaty) and recreational traps was esti-
mated from WDFW data (items 1–3 in Table 2). The percentage
of traps that were not equipped with escape cord (20%; item 4 in
Table 2) was estimated from NWSI derelict trap removal data.
Legal male equivalency factors, described in the Methods, were
applied to juvenile and female crabs to account for the potential
net economic value.

Lost crab traps with regulated escape cord actively fish for
a shorter time than illegal traps without escape cord. In our
study, the average duration to escape cord decomposition was
126 d (item 7 in Table 2). Traps without escape cord may con-
tinue to actively fish until the trap degrades. Breen (1987) con-
ducted interviews with crab fishers in British Columbia and
derived a fishing duration of approximately 2.2 years for lost
traps without escape cord (item 8 in Table 2). Our study, like
Breen’s (1987) study, found that simulated lost traps were
in very good condition and were still actively fishing after
1 year. In conducting side-scan sonar surveys and trap re-
moval, NWSI identified and removed lost traps that had been
actively fishing for more than 2 years (J. June, unpublished
data).

Average daily mortality rates (crabs·trap−1·d−1) before and
after the average 126 d to escape cord release were estimated for
legal-size males, juvenile males, and females in each trap type
(commercial and recreational; (Table 1; item 9 in Table 2). Catch
rates and therefore mortality rates were 1.5–5.5 times higher

when the escape cord was intact than after escape cord decom-
position; the difference was probably due to the initial baiting,
which attracted more crabs to the traps and led to greater mortal-
ity. Mortality rates were also estimated separately for commer-
cial and recreational traps since the commercial traps consis-
tently caught and killed more crabs than the recreational traps.
Total annual mortality of crabs (expressed as legal male equiv-
alents) was estimated at 178,874 (95% CI = 104,594–253,155;
Table 3; item 10 in Table 2). Number of Dungeness crabs lost
was converted to weight by multiplying by the 0.864-kg average
weight (item 11 in Table 2) of legal males harvested in the Sal-
ish Sea (Dayv Lowry, WDFW, unpublished data). An estimated
154,482 kg of crab are lost annually due to mortality associated
with derelict traps in the Salish Sea (item 12 in Table 2). The
annual value of crabs lost due to derelict traps was estimated at
$744,296 (95% CI = $435,214–1,053,378; item 14 in Table 2);
this estimate was obtained by multiplying the weight of crabs in
derelict traps by the 2004–2008 average exvessel commercial
price (item 13 in Table 2) of $4.82 per kilogram of crab based
on WDFW fish ticket data (Mel Stanley, WDFW, unpublished
data).

Multiplying the estimated net value of saved Dungeness crabs
($2.92 per kg harvested) by the calculated maximum increase in
harvests expected from the removal of derelict traps (item 12 in
Table 2) produces an estimated net value to fishers of $450,657
(95% CI = $263,585–637,973; item 17 in Table 2; Table 4).
This is about 4.5% of the annual net value of crabs to fishers
(item 22 in Table 2; Table 4).

If Dungeness crabs saved by derelict trap removal are har-
vested without additional fishing effort (i.e., because the catch
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DUNGENESS CRAB MORTALITY DUE TO LOST TRAPS 889

FIGURE 3. Carapace width of Dungeness crabs caught in simulated derelict crab traps: (A) dead crabs and (B) tagged crabs.

per trap increases), then the VCs would not increase and net
value may be higher than estimated in our analysis. If there is
little or no additional cost of harvesting the saved crabs, then
the net value would simply equal the $744,296 total exves-
sel value (item 14 in Table 2; Table 4). The best estimate of
the value of saved crabs is probably between the $450,657 net
value to fishers (low) and the $744,296 total exvessel value
(high).

The maximum value of saved Dungeness crabs to fishers
ranged from $36.96 to $61.04 per trap removed and was esti-
mated by dividing the range of the annual net value of saved
crabs ($450,657–744,296) by the number of traps lost annually
(12,193 traps; item 3 in Table 2) in Salish Sea commercial and
recreational fisheries. Derelict trap removal has been conducted
by NWSI since 2002, and associated records of survey and re-
moval costs and the number of traps removed are maintained.
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890 ANTONELIS ET AL.

TABLE 3. Estimated Dungeness crab mortality (expressed as adult legal male equivalents) in derelict traps within Puget Sound, Washington, for each sex and
size-group (legal or sublegal) and for all individuals combined (CL = confidence limit).

Crab mortality (number of crabs)

Statistic
Before escape
cord release

After escape
cord release Total

Total weight
(kg)

Total exvessel
value (US$)

Percent of recent
harvest value

Legal males
Average 112,224 40,277 152,501 131,705 634,557 3.8
Lower 95% CL 72,657 24,727 97,383 84,104 405,212 2.4
Upper 95% CL 151,792 55,827 207,619 179,307 863,902 5.2

Juvenile males as legal male equivalents (0.63 legal male = 1 juvenile)
Average 8,951 5,806 14,758 12,745 61,406 0.4
Lower 95% CL 3,181 1,926 5,106 4,410 21,248 0.1
Upper 95% CL 14,721 9,687 24,409 21,080 101,564 0.6

Females as legal male equivalents (1 legal male = 1 female)
Average 8,243 3,372 11,616 10,032 48,333 0.3
Lower 95% CL 1,885 219 2,104 1,817 8,754 0.1
Upper 95% CL 14,601 6,526 21,128 18,247 87,912 0.5

Total legal male equivalents
Average 129,419 49,456 178,874 154,482 744,296 4.5
Lower 95% CL 77,723 26,871 104,594 90,331 435,214 2.6
Upper 95% CL 181,115 72,040 253,155 218,634 1,053,378 6.3

Trap removal typically requires (1) a side-scan sonar survey
to locate lost traps; (2) preparation and WDFW approval of a
trap removal plan; (3) diving operations to remove the traps; (4)
onboard collection of data on trap condition, numbers of live
and dead crabs, and habitat impacts; (5) trap disposal costs; and
(6) the preparation of a final report for WDFW. Combining all
costs on a per-trap basis yields a cost estimate of about $193.00
per trap removed, which is higher than the estimated value of
saved crabs to fishers ($36.96–61.04 per trap removed). How-
ever, if operations concentrated on maximizing trap removal
by reducing onboard data collection and administration costs,
and if trap removal was conducted annually with one removal
plan and final report, per trap removal costs could be lowered
to about $92.66 (Table 5). We can expand the estimated ben-
efits of derelict trap removal by adding the expected value of

the recovered traps to fishers. The NWSI has returned approxi-
mately 7% of the removed traps to fishers since 2002. If annual
derelict trap removal work could be conducted shortly after the
season closure, the percentage of recovered commercial traps
that are useful would probably exceed 50% (i.e., 4,296 traps).
The typical new commercial crab trap costs about $100, so the
net value to fishers would increase by a maximum of $429,600
annually for all traps removed ($35.23 per trap) if we assume
that the returned traps are in very good shape. This is an upper
limit to the possible value of recovered traps and would increase
the total net value to fishers to $72.19–96.27 per trap removed,
similar to the optimal removal cost of $92.66 per trap reported
above.

The estimated value of saved Dungeness crabs to fishers as-
sumes that derelict traps are removed soon after trap loss (i.e.,

TABLE 4. Estimated increase in harvest weight from Dungeness crabs saved by the recovery of derelict crab traps, presented with the associated gross exvessel
value (US$), variable cost (VC) of harvest at $1.90 per kg of crab, net value to fishers, and percentage of net exvessel value of recent harvests (CL = confidence
limit).

Statistic
Increased harvest

weight (kg)
Total gross exvessel

value ($) VC of harvest ($)
Net value to
fishers ($)

Percent of recent net
harvest value

Average 154,482 744,296 293,639 450,657 4.5
Lower 95% CL 90,331 435,214 171,629 263,585 2.6
Upper 95% CL 218,634 1,053,378 415,405 637,973 6.4
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DUNGENESS CRAB MORTALITY DUE TO LOST TRAPS 891

TABLE 5. Estimated optimal costs to complete survey and removal of derelict
crab traps.

Item Cost (US$) per trap

Side-scan sonar survey 10.00
Trap removal by divers 75.72
Data collection 2.94
Trap disposal 1.00
Removal plan and final report 3.00
Total cost 92.66

within 51 d) to minimize crab loss. However, this assumption
is unrealistic, and actual savings would probably be lower de-
pending on the rate of derelict trap removal or on increased
compliance with escape cord regulations.

DISCUSSION
Rates of catch, escape, and mortality reported here should

be considered minimum estimates. Dungeness crabs could have
been caught and escaped without detection between monitor-
ing intervals, particularly when weather or water visibility de-
layed the regularly scheduled biweekly monitoring by up to
28 d. Catch and mortality rates may have been underestimated
if some crabs entered the traps between intervals and died, were
eaten by other trapped crabs, or were removed by scavengers.
Mortality rates could have been further underestimated if tags
from dead crabs were lost from the traps and were counted as
representing escaped crabs. Divers routinely found sunflower
stars consuming parts of dead crabs with tags just outside the
traps, but constraints on dive time prevented a wider area search.
Whether the sunflower stars acted as predators of live crabs in
the traps or only as scavengers of dead crabs is unknown, but
they were definitely capable of removing dead crabs from the
traps and they were commonly observed in and around the traps.
Mortality rates may have been further underestimated if crabs
that escaped the traps were in poor condition and eventually
died. Finally, mortality rates were not adjusted for the 24 crabs
that were accidentally lost by divers, crabs that were lost due
to temporary or permanent removal of the study traps, or live
crabs that remained in the traps at the end of the study. Handling
of the crabs may have increased mortality.

The results of the study support conclusions by Breen (1987)
from a study of simulated derelict traps in British Columbia.
Traps without bait will continue to attract, catch, and kill Dun-
geness crabs until the traps become disabled. In contrast to the
study by Breen (1987), in which fairly constant catch and mor-
tality rates were observed, the results from the current study
suggest that crab catch and mortality rates decreased after the
first few months (i.e., when the bait was gone), leveled off,
and then increased near the end of the study, when emerging
molted crabs became more active. Regulated escape rings are
not completely effective in allowing escape of sublegal and fe-
male crabs. In total, 152 sublegal male crabs were caught during

the study: 76 (50%) of these crabs escaped, 67 (44%) died, and
9 (6%) were alive in the traps at the end of the study. Of the 49
female crabs caught during the study, 20 (41%) escaped and 29
(59%) died. Shorter-duration studies by High (1976) and Muir
et al. (1984) found that relatively few legal-size crabs escaped
baited traps, whereas our study documented that 325 (37%) of
the 877 legal-size crabs caught during the study escaped. Breen
(1987) estimated that 52% of legal crabs caught were retained
in the traps and eventually died over 1 year and that about 48%
of legal crabs escaped.

Our observations support those of Breen (1987) in that all of
the traps remaining at the end of the study were in good condi-
tion, continued to actively catch and kill Dungeness crabs, and
would probably have remained viable for an additional year or
more. Lost traps may continue to actively catch and kill crabs for
a longer period than the 2.2 years assumed in our study. In Japan,
wire traps (cages) in shallow water were observed to maintain
their capture functionality for over 3 years (Matsuoka et al.
2005). In the United Kingdom, simulated lost traps continued
fishing into the second year of the study without showing signs
of deterioration (Bullimore et al. 2001). Stevens et al. (2000)
found that traps targeting Tanner crabs Chionoecetes bairdi off
Kodiak Island, Alaska, continued to actively catch crabs for
more than 2 years after trap loss; those authors hypothesized
that the traps had a functional half-life of at least 4 years.

The importance of escape cord for reducing Dungeness crab
mortality was demonstrated during our study. Crab mortality
prior to the decomposition of escape cord (average = 126 d)
represented 72% of the total annual mortality and the value of
crabs that died during the study, even though the remaining traps
were assumed to continue fishing for another 677 d until trap
deterioration. Decomposition of escape cord reduces but does
not eliminate further catch and mortality. The lids of the traps
were unhooked during the last monitoring dive, when the traps
contained 169 crabs. Approximately 1 month later (at the final
dive), 146 (86%) of the 169 tagged crabs had escaped, but 23
(14%) tagged crabs (12 dead, 11 live) remained in the traps and
50 new, untagged crabs (1 dead) were also caught. The recre-
ational traps used in the study had top-mounted lids that were
held shut by gravity after escape cord decomposition. In some
cases, divers observed crabs swimming up and pushing against
the lid without opening it. This is not a typical problem for some
of the other recreational trap designs commonly used in Puget
Sound. Commercial traps were constructed with top-mounted
lids that open upon escape cord decomposition by releasing the
hold-down hook. In our study, the percentage of crabs retained
in recreational traps from the last monitoring dive was nearly
twice the percentage observed for the commercial traps. During
trap removal by NWSI, divers have observed lids of commer-
cial and recreational traps being held shut by giant plumose
anemones Metridium giganteum, which apparently grew on the
trap rim prior to escape cord release.

Generally, the condition of Dungeness crabs held in the traps
deteriorated as the duration of confinement increased. Crabs
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892 ANTONELIS ET AL.

lost limbs, eroded the ends of their claws, developed black-
spot shell disease (chitinolytic bacterial disease), and commonly
exhibited a decrease in activity the longer they were held in the
traps. Divers frequently observed crabs eating other dead crabs
in the traps. Dead crabs were dismantled rather quickly, and
whole dead crabs were rarely present in a trap beyond one
monitoring period (14 d). Only eight crabs molted while in the
traps, which may be evidence of stress due to confinement and
possible starvation. The crabs that molted had been confined for
an average of 28 d (range = 12–76 d). Of the eight crabs that
molted, six died by the next monitoring period and two crabs
presumably escaped as their tags were not found.

The viability of escaped Dungeness crabs was not part of the
study, but some survival was evident based on the recovery of
21 tagged crabs in commercial and recreational fisheries dur-
ing the study. The recovered crabs had an average confinement
duration of 28.4 d (range = 9–97 d) in the traps, were free for
39.0 d on average (range = 1–156 d) prior to recapture, and
moved 3.9 km on average (range = <1 to 13.7 km) from their
escape sites. Research by High and Worlund (1979) indicated
that crabs escaping from lost traps might have a high rate of
delayed mortality.

The predicted number of Dungeness crabs saved by recovery
of lost traps is dependent upon the estimated mortality rates, the
number of traps lost annually, and the rate at which the derelict
traps are removed. Our reported number of lost traps may under-
estimate the actual trap loss for the treaty commercial fishery and
the recreational fishery. Often, the crab season for treaty fishers
is slightly longer than that for non-treaty fishers, and thus their
traps may be more susceptible to loss simply by being deployed
longer. Additionally, since treaty fishers often fish when both
the non-treaty and recreational fishing seasons are closed, their
traps may be more susceptible to theft and vandalism. Based
on WDFW data, the average annual loss rate of traps in Puget
Sound is about 8.6%. Breen (1987) estimated a trap loss rate
of 10.9% for the Dungeness crab commercial fishery in British
Columbia. Trap loss rates in Washington coastal fisheries for
Dungeness crab are higher, ranging from 14% (Barry 1984) to
22.6% (Tegelberg 1974). Recreational trap loss estimates were
based on creel and telephone interviews with fishers who may
have been hesitant to report lost traps. It is also probable that
some portion of lost traps are actually stolen and do not neces-
sarily become derelict gear.

We speculate that the value of the saved Dungeness crabs
to recreational fishers may actually be higher than the value
estimated here based on commercial exvessel prices. A recent
study for WDFW (TCW Economics 2008) found that the net
economic value of both Pacific coast and Salish Sea shellfish
averaged $43 per day, or $18.30 per kg of Dungeness crab
harvested by recreational fishers based on an average catch of
2.35 kg/d (D. Velasquez, unpublished data). If the estimate of
$18.30 per kg is used to value the 17% of saved crabs that
are caught in the recreational fishery, the overall net economic
benefit would increase from $744,296 to $1,100,776 (95%

CI = $643,660–1,557,893) or $90.28 per trap removed (95%
CI = $52.79–127.77 per trap removed), similar to the optimal
cost of derelict trap removal ($92.66 per trap). This is specula-
tive because the recreational survey did not specifically focus
on Dungeness crab fishing. However, this suggests that a fuller
understanding of the overall economic benefits requires a more
in-depth analysis of the recreational values, including a study of
fishing costs.

Removal of lost traps may be warranted for purely ecolog-
ical reasons in some areas. Dungeness crabs are an important
component of the marine ecosystem in Washington State. Crab
larvae can account for up to 60% of the diet for juvenile Chinook
salmon O. tshawytscha, and several Washington State popula-
tions of Chinook salmon are listed under the Endangered Species
Act (Fresh et al. 1981; Brennan et al. 2004). High densities of
lost crab traps in estuarine areas used for feeding by juvenile
salmon may reduce overall crab abundance and therefore larval
crab abundance.

Our results emphasize the importance of using effective es-
cape cord to disable lost traps. Approximately 72% of the total
estimated loss of Dungeness crabs in the study was attributed
to mortality that occurred during the first 126 d prior to escape
cord release, although the 20% of lost traps that were deployed
without escape cord were assumed to continue fishing for over
2 years. The NWSI has sponsored public education programs
to inform crab fishers (primarily recreational fishers) about best
fishing practices and the importance of using regulated escape
cord. The WDFW may want to consider (1) changing the de-
scription of legal escape cord from thread count to diameter
and (2) reducing the diameter of escape cord in crab fisheries,
which would decrease the active fishing period of lost traps. The
average confinement time to mortality in the study was 51.5 d.
Escape cord that is sized to facilitate release within 50 d would
significantly reduce crab mortality in lost traps. Reducing es-
cape cord size would increase labor in the commercial fishery
because traps are fished continuously and escape cord would
need to be replaced more frequently during the fishing season.
Escape cord size reduction would have little, if any, impacts
on the recreational fishery because traps are removed from the
water each week and are fished for a shorter portion of the year.

The design of the recreational traps used in our study impeded
the escape of Dungeness crabs even after escape cord release.
Crabs had to swim to the top of the trap and push the door
open to escape, and weaker crabs were unable to open the door
even when agitated. Crab trap designs should allow for passive
escape of crabs after escape cord release. Release panels on the
sides of traps would allow crabs to simply crawl out of the traps,
even when weakened from confinement.
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