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Abstract

Red king crab, Paralithodes camtschaticus, was commercially important around Kodiak, Alaska, USA, in
the 1960s and 1970s; however, the stock crashed in the late 1970s and has remained closed since 1983.
The lack of recovery inspired consideration of stock enhancement through the release of hatchery-
reared juveniles as a means to bolster the wild population. We examined the effects of release timing
on in situ survival of hatchery-reared red king crab by releasing juveniles in June, August, and September
2015 in Trident Basin, Kodiak. We monitored densities inside and outside of release plots for six months
using quadrat counts to determine loss and emigration rates. Relative predation risk was determined
using tethering experiments performed after each release, and predator densities were quantified using
qguadrat counts and predator transect counts. Initial mortality over the first 24 h was approximately
53%, and subsequent mortality rates decreased with month-of-release, likely due to a combination of
larger size-at-release and seasonal changes in predation. Although predator density was consistent over
time, relative predation risk of tethered crabs decreased with season, suggesting later releases may be
beneficial. However, the extended hatchery rearing period needed for later releases presents other
challenges, including cannibalism, and the potential for developing maladaptive traits. Stock
enhancement programs must balance these trade-offs to maximize overall success. Early releases of
small juveniles immediately after settlement may be optimal if large-scale hatchery communal rearing

results in significant juvenile production loss and/or hatchery conditioning is impractical.

Keywords: Red king crab, Paralithodes camtschaticus, stock enhancement, release strategy, hatchery,

size-at-release, mortality, tethering
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1. Introduction

Red king crab, Paralithodes camtschaticus, represented a major fishery species in Kodiak, Alaska,
USA, during the 1960s and 70s, but the population crashed in the early 1980s (Bechtol and Kruse, 2010).
The commercial fishery was closed in 1983 but the population has since failed to recover. The cause of
the population crash is not fully understood, but it likely was due to a combination of climactic shifts,
changes in the food web structure, recruitment failure, and overfishing (Bechtol and Kruse, 2009; Blau,
1986; Orensanz et al., 1998; Zheng and Kruse, 2000). The population crash and lack of a subsequent
recovery, have spurred interest in using stock enhancement to supplement wild populations, with the
hope of rebuilding local stocks to the point that sports or commercial fisheries would be viable again
(Kron, 1992; Stevens, 2006; Stevens et al., 2014). Although large-scale hatchery production techniques
have been developed for rearing red king crab from the larval to juvenile stages (Swingle et al., 2013)

release strategies must be further developed to maximize post-release survival.

Red king crab are a long-lived crustacean with a complex life history (Fig. 1). Mature female red
king crab brood between about 10,000 and 450,000 eggs annually before hatching in the spring (Stevens
and Swiney, 2007; Swiney and Long, 2015; Swiney et al., 2012). Larvae pass through 4 zoeal stages prior
to molting to the glaucothoe, or settling, stage; total larval duration is temperature-dependent,
approximately 450 degree-day, which generally takes about 2-3 months in situ (Long, 2016; Shirley and
Shirley, 1989). Glaucothoe seek complex habitats for settlement, and once they have found it, molt to
the first crab stage (Stevens, 2003). Juvenile crab are highly cryptic (Daly and Long, 2014) and rely on
complex habitat, such as hydroids, shell-hash, or rocky substrates (Loher and Armstrong, 2000;
Sundberg and Clausen, 1979), to reduce predation (Long et al., 2012b; Long and Whitefleet-Smith, 2013;
Stoner, 2009) for about the first 2 years of life. After the second year, when crab have become too large

to effectively use crypsis to avoid predation, they undergo an ontogenetic behavioral shift, forming
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groups of crabs called pods (Powell and Nickerson, 1965), which forage at night, and form piles during
the day, likely as a predator-avoidance strategy as they grow to maturity (Dew, 1990). Crabs reach
sexual maturity at about 6 years of age (Stevens and Munk, 1989). Although hatchery techniques have
developed for large scale rearing of juveniles, embryo and female biology do not offer much scope for
varying the time of hatching more than a few months. The easiest way to achieve this is to vary holding
temperatures during embryo development; however, red king crab embryos are primed to hatch in the
spring and although holding temperature can alter hatch date to a small extent, by 2-3 months, lower
temperatures lead to hatch failure and higher temperatures to hatched, but inviable larvae (Shirley et

al., 1989).

Red king crab is likely a good candidate for stock enhancement. In addition to being a high-
value species, mortality during the larval phase is believed to be high in the wild, with perhaps 1%
survival from hatching to the glaucothoe stage (Shirley and Shirley, 1989), likely due to a combination of
environmental factors such as high rates of predation, starvation, and failure to reach suitable
settlement habitat, amongst others. In situ survival to the first crab stage is nearly impossible to
estimate but is also likely low due to several factors. First, metamorphosis to the first crab stage is
associated with high mortality even in the laboratory or hatchery (Persselin and Daly, 2010; Swingle et
al., 2013). In addition, successful recruitment requires the glaucothoe to find suitable habitat to settle in,
and it is unknown what proportion of them are able to do so. The development of large-scale hatchery
rearing techniques has overcome these bottlenecks: survival to the first juvenile stage can exceed 60%
(Persselin and Daly, 2010; Swingle et al., 2013), several orders of magnitude higher than in situ survival.
The Kodiak area appears to be recruitment limited; a recent study in Trident Basin which was historically
a nursery habitat for red king crab (Dew, 1991), found no evidence of wild recruitment (Long et al.,

2018).
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Post-release survival of hatchery-reared individuals can vary widely with a number of factors.
Survival of hatchery-reared blue crab, Callinecetes sapidus, decreases with release density (Hines et al.,
2008), likely because the predator functional response of the major predator of juvenile blue crab, larger
blue crab (Hines and Ruiz, 1995), is a type lll response, indicating a low-density refuge from predation
(Long et al., 2012a). Size-at-release and release season can affect post-release survival as predation
rates generally decrease with prey size (Johnson et al., 2008; Lebata et al., 2009) and predator densities
(or predation rates) vary throughout the year (Johnson et al., 2008; van der Meeren, 2000). Because
predator densities vary in space, release location is also an important consideration. In Chesapeake Bay
both lower bay (near the mouth) and upper bay sites are under carrying capacity for juvenile blue crab;
however, mortality rates are much higher in the lower bay, which is generally attributed to higher
predator densities (Hines et al., 2008; Seitz et al., 2008). In systems where predator activity varies
between night and day, the time of day of release may also be an important determinant of post-release

mortality (Poh et al., 2018).

In this study, we released red king crab at three different times (release timing) to determine
the optimal release strategy. This builds on previous research that demonstrated that release density
(between 25 and 75 crab/m?) of hatchery-reared red king crab did not affect post-release survival (Long
et al., 2018). Because there is currently no way to control red king crab broodstock hatch timing (and
thus the timing of hatchery rearing), later releases consisted of older, larger crabs. As such, we could not
unambiguously distinguish between the effects of release date and size-at-release. However, our intent
was to determine optimal release strategies for this species in realistic future enhancement scenarios.
Throughout this manuscript, we will refer to our treatments as release timing or the time of release
(relative to hatchery production) to differentiate it from the release date (the calendar day of release)

and the size-at-release.
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2. Methods

This study was designed to build on previous work on red king crab stock enhancement (Long et
al., 2018). Except insofar as the two studies were designed to address different aspects of release
strategies, all other pertinent aspects, including broodstock source, crab transportation and holding,
hatchery procedures, release and monitoring locations and protocols, and modeling were the same
between the two studies. This was done to maximize our ability to quantitatively compare the results

from these two studies.

2.1. Ethic approval and data availability

Animal care followed all applicable federal and institutional guidelines. Research was permitted
through the Alaska Department of Fish and Game (Fish Resource Permit P-15-013 and Fish Transport
Permit 15A-0034). Data generated or analyzed during this study will be publicly available through

figshare upon publication of this manuscript (Long et al., 2024).

2.2. Crab rearing

Thirty ovigerous female red king crab were captured in crab pots in November, 2014 in Alitak
Bay, Kodiak, Alaska, USA, and transported to the Alutiiq Pride Shellfish Hatchery in Seward, Alaska, by air
where they were held in flowing seawater and fed to excess a diet of chopped frozen herring and squid
until larval hatching. Larvae were reared according to Swingle et al. (2013). In brief, they were stocked
at 50 larvae I'* and reared in conical tanks in flowing seawater at 12 °C, and fed a diet of Artemia
enriched with DC DHA Selco (INVE Aquaculture, UT, USA). Resulting first crab stage juveniles were
transported to Kodiak in two shipments of about 12,000 crabs each on June 5 and 17,2015in4 L

containers with chilled seawater and gill netting packed inside a larger cooler with ice blocks. Shipments
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were completed in a single day and no mortality of animals was noted. Until experimental release,
juveniles were held in tanks with gill nets in flowing, unfiltered seawater at local ambient salinity (31.6 £
0.3, mean £ SD) and temperature, which ranged from 8.7°C in early June to a maximum of 13.0°C at the
end of September before decreasing to 5.3 in late December). Because the experimental release and the
water intake for the laboratory are both in Trident Basin, Kodiak, these conditions are also reflective of
those at the release site. Crabs were fed a diet of frozen bloodworms and Artemia (Brine Shrimp Direct,
Ogden, Utah, USA), frozen Cyclop-eeze and Cyclop-eeze flakes (Argent Laboratories, Redmond,
Washington, USA), and Gelly Bely mixed with Cyclop-eeze powder, walleye pollock bone powder (U.S.
Department of Agriculture, Agricultural Research Service, Kodiak, Alaska, USA), and astaxanthin (Daly et

al., 2012b) three times a week to excess.

2.3. Enhancement site and release design

Experiments were performed in Trident Basin, Kodiak, along a continuous stretch of shoreline at
a depth of 8-10 m. Methods used were identical to those in a previous study on the effect of density on
red king crab stock enhancement success (Long et al., 2018). Twelve 5 x 5 m release plots separated by
a distance of 10 m from each other were established along a transect that ran parallel to the shoreline
(57°46'56.6"N 152°23'36.4"W to 57°46'51.9"N 152°23'41.4"W). Each plot was assigned to one of four
treatments: 1) Control (no crabs released), 2) June release (crabs at approximately the second instar
stage, C2), 3) August release (crabs at approximately the third instar stage, C4), and 4) September (crabs
at approximately the fifth instar stage, C5). Three replicate plots were assigned to each treatment.
Substrate in each plot was quantified once by estimating the percent cover of rock, gravel, shell, sand,
and mud in three 50 x 50 cm quadrats during diver monitoring of crab densities (below). Substrate was
analyzed with an analysis of similarity (ANOSIM) on a Euclidian distance difference matrix, with

treatment and plot (nested within treatment) as factors. All multivariate data analyses were performed
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in Primer (v. 7.0.13, Primer-e, Plymouth, UK). The substrate was primarily a mixture of complex
habitats: rock, shells, and gravel (Fig. 2) and did not differ among treatments (Global R =-0.102, p =
0.80). Plots were also covered with macroalgae (primarily Saccharina latissima); average percent cover

(estimated in quadrats) was about 40%.

Releases were separated by approximately 6 weeks. Crab were counted by hand into containers
and were released immediately by SCUBA divers; a maximum of 2 h elapsed between beginning
counting out the crabs and release. Plots were sub-divided into 4 equal parts, and crabs were counted
and released into each quarter separately to ensure that crabs were evenly spread within each plot.
During the June and August releases, crabs were released at densities of 75 m2. The same density was
planned for September; however, mortality, primarily from cannibalism, in the holding tanks reduced
the total available for release, constraining this release to a density of 13.1 m™. The releases occurred
on June 23, August 4, and September 21, 2015. At each release, the carapace widths (including spines)
of a subset of crabs were measured to the nearest 0.01 with digital calipers. Average size at release £ SD
was 2.02 £ 0.18 mm in June, 3.29 £ 0.44 mm in August, and 5.10 = 1.04 mm in September and size at

release differed among the release months (ANOVA, F;142 = 249.711, p < 0.0005).

2.4. Release Monitoring

Crab densities were sampled by divers using 50 x 50 cm quadrats. Densities were sampled the
day after release (day 1), days 2, 3, 4, then twice a week for the following 2 weeks, followed by once a
week for the following 3 weeks, then every 2 weeks for the next 2 months, and then finally, monthly. All
sampling ceased in December when densities had dropped to a level not reliably detectable; this was
182, 142, and 81 days post-release for the June, August, and September releases, respectively. Three
haphazardly placed quadrats were sampled inside each plot during each sampling event. Additionally,

three more were placed outside each plot along the edge to quantify emigration from the plots. Control
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plots were only sampled inside, as no emigration can occur in the absence of crabs and on the same
schedule as the earliest release treatment (June). Each quadrat was carefully searched, and all red king
crab were counted. Measuring densities outside the plots allowed us to estimate the number of crabs
present outside the sites and, assuming that mortality rates are the same inside and outside the sites,
distinguish between losses due to mortality and those due to emigration. In addition, all predators were

identified to the lowest taxonomic level possible and were counted in each quadrat.

No red king crab were found in any control plot during the experiment, so the density of wild crabs is
assumed to be below detectible limits, and the control plots were not included in any of our analyses of
crab density. Further, given this, we assume that all red king crab encountered during monitoring were
of hatchery origin. Red king crab densities both inside and outside of experimental plots were modeled
using the model described in (Long et al., 2018). In short, the average density of crabs in the absence of
mortality, C, was modeled as a function of t, time from release; Co, the density at t = 0; D, the diffusion
parameter assuming a random walk model; and r, the distance from the center of the initial distribution

(allowing for differentiation between counts performed inside and outside the plots):

C = f(t,CoD, 7).

The expected number of crabs in a quadrat, A, was modeled assuming a Poisson distribution:

A = Ac,S(0)C,

where A is the area searched, c. is the counting efficiency, and S(t) is expected survival as a function of

time. Survival was modeled in several ways. In the first, the mortality rate was kept constant such that

S@®) =1 —m)e ™,

where m; is the initial mortality right after release and m is the instantaneous mortality rate. In addition,

using a difference model, we allowed mortality to vary with time from release such that
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Se=1A-m)A- maembt)st—l ,

where m, and my, are parameters describing how the mortality rate changes over time. See Long et al.
(2018) for a full model description and development. A was set to 0.75 m?, and to avoid
pseudoreplication, we used the sum of the crabs counted in the three quadrates for each day a plot was
sampled both inside and outside the plots. We set c. to 0.74, the counting efficiency previously
determined for juvenile red king crab in this habitat (Long et al., 2018). We fit the data to a series of
models in which we allowed the diffusion coefficient, D, and the parameters describing mortality, m or
mg and my, to vary among the treatments (treated as a discrete factor) using maximum likelihood in R
v.3.6.1 (Vienna, Austria). We estimated m; as the average proportional decrease in density over the
plots in the first day. When mortality (m or m, and my) was modeled as the same across all treatments,
we used the average m;over all the plots: 0.525. When mortality was allowed to differ among
treatments, we used the average m; within each treatment: June- 0.415 £ 0.270, August- 0.663 + 0.134,
and September- 0.496 + 0.079 (mean +.SD). The Akaike Information Criterion corrected for small sample
size (AIC.) was calculated for each model, and the best model selected; models whose AIC.s differed by

<2 were considered to explain the data equally well (Burnham and Anderson, 2002).

2.5. Tethering Experiments

Relative predation risk was assessed through tethering experiments (Hines and Ruiz 1995). The
crab tethered were from the same cohort as those released and were held in the laboratory specifically
for this purpose. Tethers consisted of 15 cm length of 1 kg test monofilament line and were attached to
individual crabs on the dorsal side of the carapace with cyanoacrylate glue. Crabs were held in
individual containers overnight to ensure that the tethers were securely attached and that crabs did not
display obvious effects from the tether attachment process (e.g., limb immobility from incidental glue

application). At approximately 0900 h, three crabs were tethered at a haphazard location at each plot,
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separated by at least 2 m, and marked with a marker flag. Crabs were checked after 8 and 24 hours
(roughly day and night). When an intact carapace was found on the line, the crab was assumed to have
molted and was excluded from analysis. The experiments were performed during the week after each
release on July 9, August 13, and October 1; only control plots and plots into which crab had already
been released were used. Immediately prior to each tethering deployment, diver transects were
conducted to quantify larger or more mobile predators not well accounted for in the quadrat counts;
this included piscine predators (ronquils, rockfish, greenlings, sculpins, and shanneys; see results for full
species identifications), and two large invertebrate predators (giant Pacific octopus and Telmessus
cheiragonus); note that there was overlap between the species included in the two predator data sets.
In each transect, divers swam along the 5 m lines on opposite sides of each plot and counted all

potential predators to the lowest taxonomic level possible within 1 m on either side.

Predation rates were modeled as per (Long et al., 2018), assuming a constant rate of predation
such that N, = NyeP¢, where N; is the number remaining alive on a plot at time t, Ny is the initial
number, and p is the predation rate. We fit a series of models in which p was allowed to vary with
calendar month (July, August, October), release treatment, and time of day (day/night), all treated as
discrete factors, assuming a binomial distribution, in R v3.6.1. The AIC. was calculated, and the best-fit
model was selected (as above). Predator counts from both the transects and the plot counts were
visualized using non-metric multidimensional scaling plots based on a Bray-Curtis similarity matrix and
analyzed using an analysis of similarity, with release treatment and calendar month of the experiment
(July, August, October) as factors. Predator assemblages were compared using non-metric
multidimensional scaling (nMDS), and analyses of similarity (ANOSIM). Predators in quadrat counts were
analyzed with ANOSIM, with sampling month crossed with treatment and plot nested within treatment
as factors. Larger predators from transects were analyzed with an ANOSIM, with release treatment

crossed with sampling month as factors.
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3. Results

Red king crab juveniles demonstrated highly cryptic behavior shortly after release: crabs were
almost exclusively found under rocks or shells, or within kelp holdfasts. The best-fit model of movement
and mortality was the most complex model fit, and none of the other models had any support
whatsoever (Table 1). Both the diffusion term and mortality differed among the treatments, and
mortality also decreased with time from release (Table 1, Fig. 3). Emigration (diffusion) rates were
lowest in the June release and highest in September (Table 2, Fig. 3). Mortality followed the opposite
trend being generally highest in the June release, and lowest in September (Table 2; Figs. 3, 4). Densities
inside plots dropped rapidly after release for all treatments, but the decrease slowed over time.
Densities outside plots were nearly undetectable after the June release; however, in the August and
September releases, they were detected outside plots almost immediately after release and peaked
about 20-40 days post-release. Given the estimated mortality rates (Table 2), predicted survival 90 days
post-release for crab that survived the first day was 3.8%, 6.4%, and 10.0% for the June, August, and

September releases, respectively.

In the best-fit model, predation on tethered crabs varied with month and time of day but not
release treatment (Table 3). Post hoc, we noted that the predation rates in the July and August
tethering experiments were almost the same, so we fit an additional model where they were the same
but differed from the October experiment. This model had an AIC. value that was more than 2 lower
than the full model, showing that there was no support for including the dropped parameter (Burnham
and Anderson, 2002), and as such, this reduced model was selected due to parsimony. Predation was

higher in July and August than in September and was higher during the day than at night (Fig. 4).

Predators observed in and around the experimental plots included piscine predators such as

greenlings (Hexagrammidae spp.), rockfish (mostly Sebastes ciliatus (Tilesius, 1813)), Arctic shanny
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(Stichaeus punctatus (Fabricius, 1780)), crescent gunnels (Pholis laeta (Cope, 1873)), Alaskan ronquils
(Bathymaster caeruleofasciatus (Gilbert and Burke, 1912)), and sculpins (Cottoidea spp.). Invertebrate
predators included hermit crabs (mostly Elassochirus gilli (). E. Benedict, 1892) and E. tenuimanus (Dana,
1851)), and dock shrimp (Pandalus danae (Stimpson, 1857)). Predator assemblages of smaller, less
mobile species, in quadrats did not vary among release treatments (Global R = 0.025, p = 0.348, Fig. 5) or
sampling months (Global R =-0.016, p = 0.623). Similarly, in transects conducted during the tethering
experiments, the assemblages of larger, more mobile predators did not vary among release treatments

(Global R =0.078, p = 0.260, Fig. 5) or sampling months (Global R =0.151, p = 0.074).

4. Discussion

When extended hatchery-rearing and post-release mortality are considered, releasing crabs
soon after molting to the first crab stage is likely the best strategy for this species. We demonstrated
that juvenile post-release survival increased from the June to the September releases. This is
unsurprising, as later release dates corresponded with a larger release size, which likely decreased
predation risk. We also found that crab migration rates were higher at later releases, also likely due to
increased release size as larger crabs tend to be more active. Relative predation rate decreased with
increasing calendar date, further substantiating these conclusions. However, although later release
dates were associated with better survival post-release, the difference was small and would likely not
offset the high rates of cannibalism in extended hatchery communal holding conditions (Daly et al.
2009), production cost, or the possibility of developing maladapted traits (Daly et al. 2020). Rearing
individual crabs in isolation improves survival but it is labor intensive on a large scale, affects growth

(Swiney et al. 2013), and could impede brain development (Sandeman and Sandeman, 2000).
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The greatest difficulty in the interpretation of these release results is that the densities in the
September release were markedly lower than those in the other two releases. We cannot say for
certain whether the differences between this treatment and the other two are due to the later release
(larger body size and/or reduced predation), the density at release, or a combination of the two. Ina
previous experiment, performed with the same methods in the same areas and designed to test the
effects of release density on release success, we found no density-dependent effects on either mortality
or migration (Long et al., 2018). This provides fairly strong evidence that the differences observed in this
experiment were due primarily to differences in release timing and not density. In addition, the effects,
increasing migration rate and decreasing mortality rate, are both continuations of the trend apparent in
the June and August releases and are consistent with likely mechanisms (see discussion below). Also, if
density were to effect migration, one would expect that it would be positively correlated with density
(Hines et al., 2008), not negatively correlated, as observed here. Although we acknowledge that the
results could be affected by density, we believe that the differences observed between the September

release and the other two are primarily driven by release timing.

Post-release survival varied with release timing. Initial mortality (within the first 24 h) was high
in all treatments and it was highest in August and lowest in June, yet the high variability in our estimates
makes any interpretation of this pattern questionable. Subsequent mortality, however, followed two
clear patterns: decreasing with time-of-release (release timing), and decreasing with time after release.
Several non-exclusive mechanisms could be contributing to the decreasing mortality with month of
release. The first is that predation rates on released red king crab decrease with size (Pirtle et al., 2012).
Larger crabs exclude predation from a greater proportion of gape-limited predators and they may also
be better able to defend themselves or flee from all predators. Blue crabs, similarly, suffer heavy
predatory mortality at smaller sizes, which decreases with size (Hines and Ruiz, 1995; Johnson et al.,

2008; Pile et al., 1996), and survival of mud crabs, Scylla spp., increases with size-at-release (Lebata et
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al., 2009). It is worth noting that this trend holds despite the red king crab in our study (2-5 mm CW)
being much smaller than the sizes of the blue crab (20 — 70 mm CW) or the mud crabs (20-30 mm) in
these other studies (Johnson et al., 2008; Lebata et al., 2009). Second, there may be seasonal
differences in predation risk. In both this study and the previous one (Long et al., 2018), predation risk
on tethered crabs decreased after August. In neither did we see a change in the predator guild;
however, as temperatures decrease into the fall months, predation rates by ectothermic predators are
likely to decrease. It is likely that both of these are factors in this case. A similar effect of release season
on stock enhancement success occurs for other species. In blue crab (Johnson et al., 2008) and
European lobster (van der Meeren, 2000), seasonal differences in release success are likely driven by
changes in predator abundance. Differences in predator activity, rather than abundance, likely drive
differences in mortality of released individuals for both the queen conch, Strombus gigas (Stoner and
Glazer, 1998) and hard clams, Mercenaria mercenaria (Peterson et al., 1995). On the other hand, there
is a strong effect of season on the survival of hatchery-reared striped mullet, Mugil cephalus, likely
driven by the ability of hatchery fish to integrate into the anti-predator schooling behavior of similarly-
sized wild fish (Leber et al., 1997). This last effect is likely not a significant factor at the early benthic
stage for red king crab; however, given that red king crab transition to podding behavior at around the
end of their second year (Dew, 1990), the availability of other crabs to pod with could become a

significant factor at this later stage.

In the tethering experiments, predation was higher during the day than at night. Superficially,
this is the opposite pattern observed in our previous tethering experiment (Long et al., 2018). However,
in both experiments, the period directly after placement of the tethered crabs had the highest mortality,
suggesting that the period of highest predation risk is in the first few hours after release. The difference
between day and night was more than 50% greater in this study than in the previous experiment (Long

et al. 2018), which supports the hypothesis of lower predation rates at night and it is consistent with a
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similar study in southeast Alaska, where tethered crabs were more likely to be attacked and consumed
during daylight hours (Daly et al., 2013). The importance of visual detection of prey likely varies by
predator species; however, if predation rates are generally higher in daylight hours, this could, in part,
explain higher survival later in the season when periods of daylight are relatively shorter (Kodiak

daylight ~18 h in June and ~10 h in October).

In this study and our previous study (Long et al., 2018), there was a clear pattern of high
mortality soon after release which decreased with time and approached a low limit. The decline was
steepest in the first 2-3 weeks post-release. Notably, in the August and September releases, the
mortality rate during these first 2-3 weeks was higher than the estimated rate for the June release at the
same time (that is, the calendar date, not the time from release as shown in Fig. 5), suggesting that post-
release mortality in hatchery-reared red king crab occurs in three general phases. First, there is high
(~50-70%) mortality in the first 24 h after release, likely caused by the disorientation of being
transferred from the hatchery environment to the natural environment. Hatchery-reared European
lobsters, another species that relies on crypsis to avoid predators, will freeze or even swim toward the
surface when released leading to high predation rates (van der Meeren, 1991; van der Meeren, 2000).
Although red king crab cannot swim, we observed individuals motionless and failing to proactively seek
structural refugia shortly after release. Second, there is a phase that lasts 2-3 weeks during which the
mortality rate rapidly declines. During this phase, we propose that crabs exhibiting less adaptive
behaviors, such as a low degree of crypsis, a high degree of activity, or maladaptive feeding behaviors,
are more likely to die. This could be due to innate differences in behavioral characteristics among
individuals, or to a learning curve, or to a combination, though the latter is the most likely. Red king
crab juveniles that have not been exposed to predators are less cryptic than those that have (Long et al.,
2015), and this behavior makes them more vulnerable to predation (Daly et al., 2012a). In the same

way, hatchery-reared mud crabs have a lower survival rate than their wild counterparts, suggesting
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similar mechanisms (Lebata et al., 2009). Finally, after 2-3 weeks, mortality rates level off at a low level
which is, presumably, close to what wild crabs would experience in the same environment. The same

pattern occurred in our previous release experiment, but because all the releases were simultaneous, it
was impossible to determine if the decline during the second phase was due to environmental changes

or gradual acclimation of released crabs.

Movement (diffusion) rates increased with the time of release. This is almost certainly primarily
due to the size of the crabs being released. Larger crabs are expected to be able to move faster and
likely show a lower degree of crypsis and more movement due to a lower risk of predation (Pirtle et al.,
2012). For this ectothermic species, a positive correlation between temperature and activity level would
be expected (Hill, 1980). The highest migration rates occurred after the September release when
temperatures were close to their seasonal maximum so temperature could be an important factor too.
Overall, the migration rates were very low, which is not surprising given juvenile red king crab reliance
on crypsis. There are few studies to compare this to; however, hatchery-reared blue crab also show
slow migration after release (Davis et al., 2005), and the movement rates differ between hatchery-

reared and wild crab (Davis et al., 2004).

When considering optimal release timings for red king crab, it is important to consider all
sources of mortality, including both holding and post-release mortality. Red king crab are highly
cannibalistic, and mortality rates of communally held crabs are high with average survival over 6-7
weeks around 30-80% depending on holding conditions (Daly et al., 2009; Daly et al., 2012c). In
contrast, survival of individually held crabs can be much higher (Swiney et al., 2013), but it is impractical
at a large scale because it is labor-intensive, requires large amounts of space/cost, and introduces the
possibility of developing maladaptive traits (Daly et al., 2021). To provide an estimate of overall survival,

we used estimates for holding mortality from Daly et al. (2009), who found an average survival of 52.9%
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388  when holding crabs from C1 to C3 over 42 days (approximately the same time as between our June and
389  August releases), and an average survival of 38.0% from C3 to C6 over 44 days (approximately the same
390 time as between our August and September treatments). We then used our initial and post-release
391 mortality estimates from this experiment to estimate cumulative survival for all 3 treatments at 90 days
392 after a September release (Table 4). When all sources of mortality are included, overall survival was
393 highest in the June release, which was about twice as high as the September release, and three times as
394 high as the August release (Table 4). This leads us to the conclusion that the best release strategy for
395 red king crab is to release them as soon as possible after they are reared to the C1 stage. Fortuitously,
396 this strategy is also the most economic, as it avoids the costs inherent to holding crabs in a hatchery

397  after they reach the C1 stage.

398 There are few estimates of mortality or movement rates for juvenile red king crab. Compared
399 with our previous study, overall mortality rates were much higher in this experiment; for our August
400 release, the same month of release as our previous study, the estimated 6-month survival of crabs that
401 survived the first day after release was only 2.4%, compared with 47% (Long et al., 2018), and the

402 maximum estimated 6-month survival in this study was 8.8% for the September release. In the only
403  other study from which an estimate of mortality of wild red king crab juveniles can be calculated, wild
404  red king crab survival was estimated at 27% over a 6-month period (Loher and Armstrong, 2000). In
405  addition, the movement (diffusion) rate of crabs in this study was far lower than that of our previous
406  study by about an order of magnitude (Long et al., 2018). What is causing these differences is unclear,
407  but it is apparent that there is wide variation in survival rates of juvenile king crabs. In comparing this
408 study to our previous study (Long et al., 2018), predation rates on tethered crabs were more than 25%
409 higher in September and more than 100% higher in October in this study. This suggests that predation
410 may have played a large role in determining the higher overall mortality rate in this study. However, the

411 difference in movement rates suggests that there may have also been behavioral differences between
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the crabs in the 2 years, which could also contribute. Whether this is due to differences in rearing,
genetic differences, or environmental factors is not clear. Although the estimates of survival for year-0
red king crab vary considerably, this occurs in other crabs as well. For example, survival of hatchery-
reared blue crab varies extensively both within and among years as well as spatially (Hines et al., 2008;
Johnson et al., 2011). Despite this variance, the survival rates of hatchery and wild blue crabs do not
differ in the field (Johnson et al., 2011). Given this, and since our estimates of red king crab mortality
are both much higher, and much lower than our only estimate for wild mortality, we suggest that the
mortality rates observed on hatchery-reared crabs are likely similar to those that wild crabs would

experience.

This study demonstrates that releasing hatchery-reared red king crab as early as possible after
transition to the first benthic juvenile stage is the best strategy to both maximize survival for the first 6
months and to minimize rearing costs. Future work should focus on methods to increase post-release
survival, particularly during the first 24 hours, but also during the first 2-3 weeks. Providing partial
protection to the juveniles by releasing them under screens or inside cages to provide protection while
the crabs adapt to the field environment (Beal et al., 2002), and from which they can move into the
surrounding substrate, should be attempted. Alternatively, releasing at night, when predation is lower
(Daly et al., 2013), may reduce predation in the first few hours or days, as it does for the prawn
Metapenaeus dalli (Poh et al., 2018). In addition, it may be worth considering techniques to condition
hatchery-reared crabs (Daly et al., 2021; Hinchcliffe et al., 2022). There is evidence that exposure to
predators prior to release can induce a greater degree of cryptic behavior in red king crab, which might
decrease predation rates soon after release (Daly et al., 2012a). Results in other hatchery-reared
crustaceans are mixed; conditioning blue crab (Davis et al., 2004; Young et al., 2008) and New Zealand
rock lobster (Oliver et al., 2006, 2008) is effective in increasing anti-predator behaviors but it does not

decrease mortality in the field, whereas conditioning European lobsters is effective in both increasing
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shelter use behavior (van der Meeren, 2001) and in decreasing predation after release (Agnalt et al.,
2017; Aspaas et al., 2016). How such conditioning could be performed at scale and whether it would
reduce post-release mortality in red king crab have yet to be determined. Alternatively, it would be
worth comparing releasing glaucothoe to releasing crab stage juveniles. Laboratory-reared glaucothoe
are attracted to complex habitats (Stevens, 2003; Stevens and Kittaka, 1998) thus releases in targeted
habitats may be an effective strategy. Releases of glaucothoe or recently-settled first-stage juveniles
would reduce production costs substantially, allow for more production cycles in a given season in a
given hatchery, minimize cannibalism associated with communal holding, and preclude the need for
conditioning. Finally, the experimental releases conducted to date have been performed only on a
small-scale, both spatially and temporally. To what degree these estimates will apply if release areas are
scaled up from 10s to 1,000s of m? is unknown. Further, the time that crabs in these small-scale
experiments can be effectively tracked is short, as migration out of small plots and mortality quickly
reduces densities below detectible limits. Future work should focus on performing large-scale releases
and tracking crabs for at least the first two years of life, after which monitoring becomes more difficult
because of the shift to podding behavior (Dew, 1990). This will allow for more accurate estimates of
survival, which would better inform estimates of the economic feasibility of red king crab enhancement.
Finally, it is clear that post-release mortality can vary by more than an order of magnitude, and the
factors that contribute to that variance, such as genetic variability, temperature, predator densities,
habitat, or other biological or environmental factors should be further investigated (e.g., Hines and Ruiz,

1995; Long et al., 2011).
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Table 1: Ranking of models describing morality and emigration of juvenile red king crab in experimental
plots using Akaike’s Information Criterion corrected for small sample size (AIC.). Models contained
parameters for diffusion (D) and mortality (m). Where T is included parenthetically, the parameter was
modeled as a linear function of release treatment (release timing). Where t is included parenthetically,
it indicates mortality varied with time from release. See methods for full model descriptions. K

represents the number of parameters.

AIC, AAIC, Likelihood  AIC. Weight

Model K
D,m 2 869.40 80.89 0.00 0.00
D(T),m 4 871.00 82.50 0.00 0.00
D,m(T) 4 868.94 80.44 0.00 0.00
D(T),m(T) 6 861.58 73.08 0.00 0.00
D,m(t) 3 807.24 18.73 0.00 0.00
D(T),m(t,T) 9 788.50 0.00 1.00 1.00
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Table 2: Parameter estimates for the best-fit model of red king crab emigration out of experimental

plots and mortality as plotted in Fig 2. See text for model description.

Treatment D (m? day™) m, m;, (day™?)

June 0.000022 + 0.000007 0.134 £ 0.016 -0.041 £ 0.007
August 0.000581 + 0.000002 0.0494 + 0.0077 -0.012 + 0.0058
September  0.00178 + 0.0000005 0.077 £0.035 -0.032 £ 0.029



700

701

702

703

704  Table 3: Models of predation rates, p, on tethered, hatchery-reared red king crab ranked by Akaike’s
705 Information Criterion corrected for small sample size (AlIC.). Parenthetical factors indicate that p was

706 modeled as a linear function of the indicated factors. Factors included T: release treatment (June,

32

707  August, or September), M: calendar month of the tethering experiment (July, August, or October), and t:

708  time of day (day or night). An x indicates inclusion of an interactive effect. An * indicates a post hoc

709 model where the predation rates in June and July did not differ. See text for full model details.

Model K AIC, AAIC, Likelihood  AIC. Weight
p 1 114.68 16.47 0.00 0.00
p(T) 4 116.58 18.37 0.00 0.00
p(t) 2 110.18 11.97 0.00 0.00
P(M) 3 103.01 4.80 0.09 0.06
p(M,t) 4 100.50 2.29 0.32 0.20
p(M*t) 3 98.21 0.00 1.00 0.63
p(M,t, M x t) 6 104.34 6.13 0.05 0.03
p(T,M) 6 104.07 5.87 0.05 0.03
p(T,t) 5 110.28 12.07 0.00 0.00
p(T,M,t) 7 103.28 5.07 0.08 0.05
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Table 4: Estimated sources of mortality and cumulative mortality for releasing crabs at different times.
Holding mortality is estimated from (Daly et al., 2009) for each of two holding periods. Initial release
mortality and post-release mortality are estimated from this study. Days post-release indicates the
number of days included in the estimate of post-release mortality. Total is estimated percent mortality

over the same 180-day period for each treatment.

June August September
Holding mortality (C1-C3, 42 days) - 47.1% 47.1%
Holding mortality (C3-C6, 48 days) - - 62.0%
Initial release mortality 41.5% 66.3% 49.6%
Days post-release 180 132 90
Post-release mortality 96.5% 96.3% 90.0%
Total survival 2.0% 0.7% 1.0%
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Figure 1: Red king crab life history. Each life history stage is labeled and the approximate time between
stages is indicated. Year-0 crab is approximately the size of the crabs used in this study. (Image credit:

Mature female and glaucothoe- S. VanSant, NOAA Fisheries; remaining images- WCL)
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Figure 2: Average percent cover of substrate categories in experimental plots. Bars represent the mean

and the error bars one standard deviation.
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Figure 3: Change over time in density (A) and proportion of initial release (B) and density outside plots
(C) of red king crab juveniles released into experimental plots at three different times. Points show the
mean counts and error bars are plus one standard deviation. Lines represent the best-fit models (see

text for description). Parameter estimates are given in Table 2.
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Figure 4: A) Predation rates on tethered, hatchery-reared red king crab juveniles. Bars are mean plus
one standard error. Month represents calendar month the crabs were tethered (not the release month
treatment). Light bars represent predation rate during the day, and dark bars the predation rate during
the night. Factors that differed in the best-fit model (Table 3) are indicated with different letters. B)
Overall survival of crabs in each of the three release periods, including the observed initial mortality and

mortality predicted by the best-fit model (see Table 2 for parameter estimates).
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Figure 5: Non-metric, multidimensional scaling plots of predator assemblages on and around
experimental release plots in juvenile red king crab enhancement experiments. Assemblages included
A) Smaller, less mobile predators in quadrat counts and B) larger, more mobile predators in transect

counts. Different symbols represent different release treatments.
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