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INTRODUCTION

Stocks of North Pacific crab species have declined
precipitously during the last 3 decades. Affected spe-
cies include red king crab Paralithodes camtschati-
cus, blue king crab P. platypus, snow crab Chionoe-
cetes opilio and southern Tanner crab C. bairdi. The
reasons for these declines are poorly understood, but
have generally been attributed to over-fishing and/or

climatic changes (Armstrong et al. 1998, Woodby et
al. 2005). While existing surveys are adequately
monitoring sub-adult and adult populations, a more
holistic understanding of the mechanisms that have
forestalled recovery is hampered by incomplete in -
formation on the early life-history of Paralithodes and
Chionoecetes species. First, because smaller juve-
niles are not sampled by large survey trawls or stan-
dard pots, there is little information on which habitats
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juveniles rely on during their first several years. Sec-
ond, precise aging methods do not exist, and there is
little information on growth rates in early juveniles
and how growth and survival is influenced by physi-
cal and biotic parameters such as temperature and
habitat quality.

While recent interest in stock enhancement has led
to a rapid expansion in knowledge regarding juvenile
life-history for Paralithodes species (Stoner et al. 2010,
2013, Daly & Long 2014), much less is known about
Chionoecetes species. In general, juvenile Chionoe-
cetes species tend to occupy sedimentary bottoms
(Rosenkranz et al. 1998), unlike the Para lithodes crabs
that utilized rugose bottoms with associated attached
plants and animals (Palacios et al. 1985, Stevens &
Lovrich 2014). Of the 2 commercially exploited Chio-
noecetes species, the snow crab is an Arctic species
that occupies relatively deep and cold waters in the
Arctic, North Pacific and North Atlantic. In contrast,
the southern Tanner crab is a sub-Arctic species with
populations in the North Pacific extending from the
southern Bering Sea and Aleutian Islands, southward
through the Gulf of Alaska to Puget Sound (Fong &
Dunham 2007, Ryer et al. 2016). In the Gulf of Alaska,
Tanner crabs settle from April through June and
reach the C3 to C6 juvenile crab molt stages by the
end of August (Ryer et al. 2015).

Deviations from a ‘nominal’ growth schedule may
result from local environmental conditions, particu-
larly in the early juvenile stages. As is typical of ecto-
therms (Hartnoll 2001), growth in North Pacific crabs
is highly temperature dependent (Stevens 1990,
Stoner et al. 2010, 2013, Ryer et al. 2016). We have
observed differences in sizes of recently recruited
age-0 yr Tanner crabs at 4 study sites around Kodiak
Island, Alaska (Ryer et al. 2015), over 2 consecutive
years. At 2 of these sites, Womens Bay and Kalsin
Bay, crabs are larger by July and August than at the
other 2 sites, Holiday Beach and Pillar Creek Cove
(see Fig. 1). While the sites do not differ appreciably
in spring/summer temperatures (Ryer et al. 2015),
they do differ in exposure to wave action from the
Gulf of Alaska. Both Holiday Beach and Pillar Creek
Cove are exposed to strong wave action, whereas
Womens Bay and Kalsin Bay have less wave expo-
sure. Observations of the seafloor at these sites by
divers as well as a video camera sled indicate that
sediments are generally finer at Womens and Kalsin
than at Holiday and Pillar (authors’ pers. obs.).

We suspect that the observed difference in juvenile
Tanner crab growth between sites may be explained
by differences in available food resources, as defined
by both the quantity and quality of prey items. Gener-

ally, the nutritional quality and quantity of organic
matter associated with sediments is inversely corre-
lated with sediment grain size (Longbottom 1970,
 Hargrave 1972, Cammen 1982). In turn, higher or -
ganic content supports a more diverse meiofaunal and
macrofaunal community (Cammen 1982). We have ob-
served age-0 yr Tanner crabs in seawater tanks con-
suming not only macrofauna such as polychaetes, but
also detrital material (C. Ryer pers. obs.). Just as lower
wave action and currents allow for the accumulation of
finer sediments, this should also allow for the accu -
mulation of labile organic materials (Zimmerman &
Canuel 2001). At protected sites around Kodiak, we
have observed the accumulation of a surficial ‘fluff’
during the late spring and early summer, which we
presume to be composed of phytoplankton.

In seasonally cold boreal and Arctic environments,
the flux of spring phytoplankton blooms to the ben-
thos represents an essential source of nutrition for
juvenile invertebrates (Budge & Parrish 1998, Parrish
1998, Richoux et al. 2004). Both high sediment respi-
ration rates and invertebrate benthic biomass have
been reported in cold-water regions that show a high
carbon deposition rate to the benthos and elevated
sediment organic carbon content following the
spring bloom (Grebmeier 1993, Grebmeier et al.
2015). Lipids in particular are one of the important
macronutrients that flux to the benthos and are
important to newly settled invertebrates, as they are
carbon rich and an important metabolic fuel (Cope-
man & Parrish 2003, Parrish et al. 2005). Further,
fluxing phytoplankton lipid pools contain high pro-
portions of phospholipids that are rich in polyunsatu-
rated fatty acids (PUFAs) that are essential to juvenile
stages of many different invertebrate species
(Richoux et al. 2005, Kelly & Scheibling 2012). The
analysis of fatty acid (FA) pools in marine organisms
has become increasingly common in ecological stud-
ies as FAs can provide time-integrated information
about trophic relationships (Dalsgaard et al. 2003,
Budge et al. 2006, Parrish 2013). FA biomarkers are
often produced at lower trophic levels and can corre-
late with various sources of primary production such
as bacteria, diatoms and terrestrial runoff (Budge &
Parrish 1998, Dalsgaard et al. 2003, Copeman et al.
2009). FA biomarkers are, to a degree, conservatively
transferred from lower to higher trophic levels and
have been previously utilized to indicate dietary
sources in both invertebrates (Spilmont et al. 2009,
Kelly & Scheibling 2012, Galloway et al. 2014) and
fish (St John & Lund 1996, Copeman et al. 2016).

Studies on cold-water crab nutrition have demon-
strated increased molt success, lipid storage, survival
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and growth in larval and glaucothoe stages of cold-
water Alaskan crabs in response to diets enriched
with high proportions of PUFAs or live-feeds
enriched with diatom lipids (Stevens et al. 2008,
Beder 2015). Therefore, we hypothesized that the
 differences in age-0 yr Tanner crab growth at our
Kodiak nursery sites is attributable to physical pro-
cess that regulate the flux and accumulation of labile
organic materials, thus controlling habitat trophic
quality for benthic fauna, including juvenile Tanner
crabs.

To evaluate this hypothesis, we compared not only
the size of crabs at selected sites, but their condition,
as measured by gravimetric indicators and total body
lipid content. Further, we quantified the contribution
of specific FAs in crabs to provide insight into the
source of dietary organic matter. Next, we measured
sediment grain size, total organic content, total lipids
and FA profiles in sediments at selected sites to
determine whether high-growth sites receive a
greater input of water column productivity. Lastly,
we conducted a laboratory experiment to assess the
role food quantity and quality (i.e. lipid content) play
in mediating the growth and lipid storage of juvenile
Tanner crabs.

MATERIALS AND METHODS

Study sites

Four sites (Fig. 1) in the coastal waters of Kodiak,
Alaska, were studied, all of which have been the sub-
ject of prior Tanner crab research (Ryer et al. 2015).
The first 2 sites, Holiday Beach (hereafter Holiday;
57° 41.344’ N, 152° 27.958’ W) and Pillar Creek Cove
(hereafter Pillar; 57° 49.136’ N, 152° 25.314’ W), have
gently sloping sandy bottoms off beaches exposed
to wave action from the Gulf of Alaska. The third
site, in Kalsin Bay (hereafter Kalsin; 57° 36.207’ N,
152° 26.890’ W) also has a gently sloping bottom but
is more protected by virtue of its location at the head
of the bay, and has finer sediments characterized by
silty sands. The fourth site, Womens Bay (hereafter
Womens; 57° 42.800’ N, 152° 31.134’ W) has offshore
islands and a narrow entrance with a shallow sill,
features which protect the inner bay from wave
action. Also with a gently sloping bottom, Womens
has the finest sediments of the 4 sites, characterized
by silty mud. Spring/summer salinity and water tem-
perature are generally comparable between sites,
ranging from 28 to 32 psu and 5 to 11°C, respectively,
for all 4 sites (Ryer et al. 2015)

Crab collection

Details of crab collection protocols can be found in
Ryer et al. (2015). Briefly, crabs were collected using
an epi-benthic sled at each site during July and
August 2010, 2011 and 2012. The codend of the
sled was made of 3 mm mesh seine fabric, which
retained C2 (molt stage 2) and larger juvenile Tan-
ner crabs. The sled was towed along the seafloor
at depths of 10 to 30 m, parallel to shore, at a speed
of 0.5 m s−1 for ~30 m. GPS waypoints at the begin-
ning and end of tows allowed for calculation of area
swept. To compare end-of-summer crab size be -
tween sites, 1970 representative crabs from across
the range of sampled depths from August collections
at each site and year combination were measured.
The number of crabs measured for site and year
combinations ranged from 63 (Pillar in 2011) to 307
(Kalsin in 2012). Carapace width (CW) was meas-
ured using digital calipers, to the nearest 0.01 mm.
Variance and normality issues with carapace width
data precluded a holistic analysis of variance
(ANOVA) approach, so we conducted individual
nonparametric Kruskal-Wallis ANOVAs (Sokal &
Rohlf 1969) to compare carapace width between
study sites for each year.
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Fig. 1. Location of the juvenile Tanner crab field study sites
located on Kodiak Island, Alaska, USA. Study sites include
Pillar Creek Cove, Womens Bay, Holiday Beach and Kalsin 

Bay shown with Alaska (inset)



Mar Ecol Prog Ser 597: 161–178, 2018

Condition metrics based on CW−weight relation-
ships were performed on additional crabs collected
in 2010 and 2012. Selected crabs from our most dis-
parate study sites, Pillar and Womens, were indi -
vidually frozen in the field and shipped at −20°C
overnight to the Hatfield Marine Science Center in
Newport Oregon, where they were stored at −80°C
for <6 mo before processing. Intact crabs (n = 174)
without missing limbs from dominant molt stages
during 2012 (C3: Pillar n = 29, Womens n = 42; C4:
Pillar n = 40, Womens n = 63), were thawed and
measured for CW (nearest 0.001 mm). Crabs were
then rinsed with 3% ammonium formate solution to
remove excess salt, then gently blotted dry and trans-
ferred to pre-weighed 43 mm aluminum foil weight
boats. After initial weighing, crabs were dried at
70°C for 48 h. Foils with crabs were reweighed, then
burned in a muffle furnace for 12 h at 450°C, then
re-weighed again. Crab weights were calculated by
subtracting the weight of the pre-weighed foils from
the first 2 weights (dry weight [DWT] and wet weight
[WWT], respectively), while ash free dry weights
(AFDW; i.e. organic weights) were calculated by sub-
tracting the ash weight from the previously calcu-
lated DWTs. We calculated 2 condition metrics: (1)
a size standardized condition index based on the
log(DWT) divided by CW and (2) the relative organic
material or % AFDWT (100(AFDWT/DWT)). So as to
model the relationship between body mass and CW,
log-transformed WWTs, DWTs, and AFDWTs were
regressed against CW (Sokal & Rohlf 1969). The dis-
tributions of weight data (WWTs, DWTs, AFDWTs)
were distinctly discontinuous, given the disparities
in size between C3 and C4 crabs. Accordingly, to
examine differences in weights between Pillar and
Womens, we conducted separate analyses for each
molt stage (C3 and C4). Where raw or log-trans-
formed weight data were normally distributed, the
2-sample t-test (Sokal & Rohlf 1969) was utilized,
 otherwise the Wilcoxon rank sum tests was utilized.

Another 146 of the crabs from Womens and Pillar
were selected for total lipid analysis. These crabs
came from collection depths of 10 to 30 m and repre-
sented the dominant molt stages at Pillar and Wom-
ens during July and August 2010 (Pillar C4 n = 36,
Women C4 n = 10) and 2012 (Pillar C3 n = 20, Women
C3 n = 20, Pillar C4 = 20, Women C4 = 40). Crabs
were quickly processed over ice for CW and WWT, as
described above, and then whole crabs were stored
in 2 ml of ice-cold chloroform under a layer of nitro-
gen gas and placed in a −20°C freezer for later lipid
extraction (within 1 mo). Of these, 100 crabs from
2012 (Pillar: 40, Womens: 60) were also analyzed for

proportional contribution of specific FAs, to provide a
comparison with FA composition of sediment at Pillar
and Holiday. Procedures for lipid class and FA analy-
sis are described below.

Sediment collection and analysis

During August 2012, sediment samples for grain
size and organic content analysis were taken with a
0.1 m2 van Veen grab, at depths ranging from 5 to
25 m, at 5 m increments, although not all depths were
sampled at each site. A total of 50 grabs were taken.
A plastic spoon was used to scoop 10 to 20 cm3 of
 surface sediment (<3 cm depth) from each core into
individual plastic bags, which were placed on ice and
later frozen. In the laboratory, each sediment sample
was processed to determine percent silt−clay fraction
and organic content by weight. Approximately 50 g
of thawed sediment was dried for 72 h at 50°C in pre-
weighed aluminum pans, weighed, then burned at
550°C for 4 h and reweighed to determine percent-
age organic content. Another subsample of sediment
was washed through a 0.062 mm mesh sieve to sepa-
rate the silt−clay and sand fractions. Both the filtrate
and the sediment retained by the sieve were simi-
larly placed in pre-weighed aluminum pans, dried
at 50°C for 72 h and then re-weighed to determine
the percent silt−clay fraction by weight. We pooled
depths and statistically compared both the % silt−
clay fraction and % organic content between sites
using Kruskal-Wallis non-parametric ANOVA.

Sediment samples for FA profile analysis were also
taken during August 2012 at Pillar and Womens, by
divers using 13 cm inner diameter acrylic core tubes.
A total of 12 cores were taken at each site, at depths
of 15 to 20 m (Table 1). The tube was inserted into the
bottom and then the open end of the tube was
plugged with a rubber stopper. The tube was then
carefully removed from the bottom. While maintain-
ing the core vertically, and with one hand under the
core tube so as to prevent loss of sediment, the intact
core was brought to the surface and passed to the
support vessel. Onboard, the core was placed on a
table and the rubber stopper removed. A piece of
flexible tubing was used to siphon the fluff material
into a sample jar. We use the term ‘fluff’ for the floc-
culent mixture of organic and inorganic material that
rested on the sediment surface. Next, the remaining
water was siphoned from the core tube and a plastic
spoon was used to scoop 10 to 20 cm3 of surface
 sediment (<3 cm depth). Sediment samples (n = 24)
were placed in plastic bags, and along with fluff sam-
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ples (n = 24), placed in a cooler with ice and returned
to the lab within 6 h, where they were frozen (−20°C)
for later FA profile analysis (see below).

Laboratory growth experiments

Two laboratory growth experiments were con-
ducted. The first examined the influence of feeding
frequency upon juvenile Tanner crab growth, while
the second examined the influence of diet quality, in
terms of lipid content, upon growth. C2 stage (2nd
crab stage) Tanner crabs (4.2 to 5.6 mm CW) were
collected from Kodiak embayments during July 2013.
After live-shipment to the Hatfield Marine Science
Center in Newport, OR, crabs were placed into indi-
vidual growth cells immersed in temperature con-
trolled flow-through seawater baths (for details see
Ryer et al. 2016). Briefly, growth cells were 3 mm
mesh tubes (10 cm diameter) with one closed mesh
end. Growth cells were pushed down into the fine
sand lining the bottom of the water bath, closed end

down. The open end of the growth cell protruded
above the water level and was lined with a smooth
PVC ring which prevented crabs from climbing out of
the cell. Individual C2 crabs were placed in cells at
9°C and fed daily with a gelatinized food. Food was a
blended combination of 175 g of cod fillets, 15 g
freeze-dried krill, 7.5 g cod liver oil (Everest Nutri-
tion), 7.5 g krill oil (Everest Nutrition), 10 g commer-
cial amino acid supplement (Amino Fuel; Twin Lab),
10 ml algal paste (RotiGrow Plus; Reed Aquiculture),
1 commercial vitamin capsule (Multi Complete, 1.3 g;
Nature Made), 15 g commercial calcium supplement
(Nature Made), 25 g gelatin powder (Know, Heinz
Foods) and 200 ml hot seawater. The mixture was
blended to uniform consistency, then 50 g coarse
sand was blended in to achieve negative buoyancy.
The mixture was poured out into petri dishes,
allowed to cool and then frozen until needed. Prior to
feeding, the gel food was thawed and minced into
fine pieces using a scalpel.

When feeding crabs, each individual was given a
quantity of food that, based upon our experience,
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Womens crabs Womens cores Pillar crabs Pillar cores
C3 C4 Sediment Fluff C3 C4 Sediment Fluff

Number of samples 20 50 12 12 20 56 12 12
Hydrocarbons 0.1 ± 0.0 0.1 ± 0.0 6.5 ± 1.3 7.0 ± 1.0 0.2 ± 0.0 0.1 ± 0.0 7.8 ± 1.2 5.7 ± 1.3
Triacylglycerols 27.5 ± 2.0 24.3 ± 2.0 4.6 ± 1.8 6.2 ± 3.4 3.8 ± 1.1 7.6 ± 1.8 18.7 ± 3.0 9.3 ± 2.1
Sterols 11.0 ± 0.4 12.2 ±0.5 3.6 ± 1.3 8.6 ± 2.8 16.2 ± 0.7 17.5 ± 0.9 8.0 ± 3.0 11.2 ± 2.8
Acetone mobile polar lipids 0.7 ± 0.1 0.4 ± 0.0 24.4 ± 2.2 20.9 ± 1.8 0.7 ± 0.1 0.3 ± 0.0 17.5 ± 2.9 21.8 ± 2.6
Phospholipids 47.8 ± 1.4 50.9 ± 1.3 38.6 ± 3.2 35.9 ± 1.6 56.9 ± 2.4 60.5 ± 1.3 24.8 ± 3.4 18.2 ± 3.3

Number of samples 20 20 12 12 20 40 12 12
14:0 1.6 ± 0.1 1.6 ± 0.1 7.1 ± 0.3 4.4 ± 0.1 0.8 ± 0.1 1.0 ± 0.1 5.7 ± 0.5 4.1 ± 0.2
16:0 14.0 ± 0.2 13.9 ± 0.2 16.3 ± 0.8 10.6 ± 0.5 14.1 ± 0.2 13.6 ± 0.1 20.2 ± 0.7 13.2 ± 0.3
18:0 4.0 ± 0.1 4.0 ± 0.1 3.7 ± 0.7 2.5 ± 0.1 4.7 ± 0.1 4.7 ± 0.1 3.9 ± 0.8 1.6 ± 0.1
∑SFA 21.5 ± 0.2 21.4 ± 0.2 36.9 ± 1.4 27.4 ± 0.8 21.4 ± 0.3 21.0 ± 0.2 35.8 ± 0.6 26.0 ± 0.4
16:1n-7 5.8 ± 0.4 5.1 ± 0.3 29.3 ± 1.1 28.7 ± 0.8 2.8 ± 0.2 3.3 ± 0.2 31.9 ± 2.3 28.3 ± 0.7
18:1n-9 7.3 ± 0.2 7.4 ± 0.2 2.7 ± 0.2 1.7 ± 0.1 6.8 ± 0.1 6.4 ± 0.1 5.4 ± 0.4 2.2 ± 0.2
18:1n-7 6.0 ± 0.1 6.0 ± 0.1 6.1 ± 0.3 6.7 ± 0.4 7.3 ± 0.2 7.9 ± 0.1 3.8 ± 0.3 4.5 ± 0.2
20:1n-11 1.4 ± 0.1 1.3 ± 0.1 − − 0.6 ± 0.1 0.8 ± 0.1 − −
∑MUFA 27.1 ± 0.4 26.1 ± 0.4 42.8 ± 1.1 41.3 ± 1.0 23.2 ± 1.0 23.7 ± 0.4 43.7 ± 2.2 38.0 ± 0.6
20:4n-6 3.1 ± 0.1 3.0 ± 0.1 0.9 ± 0.1 2.4 ± 0.3 2.4 ± 0.1 2.7 ± 0.1 0.6 ± 0.1 2.2 ± 0.1
20:5n-3 23.1 ± 0.4 24.1 ± 0.4 7.1 ± 0.9 10.5 ± 1.0 27.3 ± 0.5 26.7 ± 0.3 5.0 ± 0.6 14.5 ± 0.5
22:5n-3 2.1 ± 0.12 2.1 ± 0.1 0.0 ± 0.0 0.2 ± 0.2 1.9 ± 0.1 3.2 ± 0.2 0.0 ± 0.3 0.3 ± 0.2
22:6n-3 13.8 ± 0.5 14.3 ± 0.3 1.2 ± 0.2 1.6 ± 0.2 15.5 ± 0.9 14.8 ± 0.3 0.6 ± 0.2 1.5 ± 0.1
∑PUFA 49.9 ± 0.5 51.0 ± 0.5 20.3 ± 1.8 31.3 ± 1.6 53.9 ± 1.1 53.5 ± 0.5 17.3 ± 1.5 36.0 ± 0.6
Bacterial (∑odd and branched) 4.1 ± 0.1 4.0 ± 0.1 14.9 ± 0.6 15.7 ± 0.7 2.7 ± 0.1 3.0 ± 0.2 9.3 ± 0.7 10.7 ± 0.3
Diatom (16:1n-7/16:0) 0.4 ± 0.0 0.4 ± 0.0 1.9 ± 0.1 2.8 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 1.6 ± 0.1 2.2 ± 0.1
Nearshore indicators 

∑18:2n-6 +18:3n-3 1.0 ± 0.0 1.2 ± 0.1 1.3 ± 0.0 1.7 ± 0.1 0.9 ± 0.0 0.9 ± 0.0 1.4 ± 0.1 2.3 ± 0.2
Terrestrial ∑22:0 +24:0 0.2 ± 0.0 0.2 ± 0.0 0.6 ± 0.2 0.6 ±0.2 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.1 0.7 ± 0.1

Table 1. Detailed lipid class and fatty acid composition of Tanner crabs and cores collected in July and August of 2012 from Womens
and Pillar nursery habitats. Data for crabs and cores averaged across depth. A total of 48 sediment  samples were analyzed for lipid
and fatty acid parameters, 146 crabs were analyzed for total lipids and lipid classes and 100 crabs were analyzed for fatty acids. Data 

are means ± SE
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was larger than what the crab could consume in a
24 h period. Food that remained from a prior day was
removed before any new food was provided. When
each crab molted to C3 stage, it was measured using
digital photography. At this point, food quantity and
food quality experiments were commenced. For the
food quantity experiment, crabs were fed either once
weekly (Wednesday), 3 times (Monday, Wednesday,
Friday) or 7 d a week. For the food quality experi-
ments, crabs were fed either the standard gel food
described above (medium lipid), a gel food with no
added cod liver or krill oil (low lipid) or a gel food
with double the added oil (high lipid: 15 g cod liver
oil and 15 g krill oil; Table 2). For both experiments,
each treatment was initiated with 10 replicate crabs.
Growth cells, and hence crabs, were randomized into
6 water baths, and re-randomized on a weekly basis
to preclude any tank effects. All 6 water baths were
provided with continuous flow-through seawater
(~33 psu) at 9 ± 1°C. Crabs were visually checked
daily, and dates of molting recorded. Crabs were re-
measured 2 to 5 d after molting. The delay helped
ensure that crab exoskeletons were hard enough to
resist damage and limb loss during handling. Crabs
were reared in this manner until they reached the
mid-point (days) between the C5 and C6 stages. This
estimate was based upon prior data on the relative
increase in intermolt periods from one stage to the
next (C. Ryer unpubl. data), as well as the individual
growth trajectory of each crab. A randomly chosen
subsample of 6 crabs from each treatment in each
experiment was measured, weighed and placed in a
sealed vial with 2 ml of chloroform under a layer of
nitrogen and frozen (−20°C) for later lipid extraction
(<1 mo). For both experiments, intermolt periods,
from C3 to C4 and C4 to C5, as well as molt incre-
ments, i.e. percent increase in carapace width from
one stage to the next, were analyzed to test for treat-
ment effects. Where raw or log-transformed data
met the assumptions of normality and homoscedas-
ticity, standard ANOVA was used, otherwise non-
parametric Kruskal-Wallis ANOVA was used.

Total lipid and lipid class analysis

Whole individual crabs were sampled as detailed
above while ~500 mg WWT of sediment and fluff
material were processed in each extraction. Fluff
samples were centrifuged to settle particulate matter
and then excess overlying seawater removed and
discarded. Lipids for crabs, sediment and fluff were
extracted in chloroform/methanol according to (Par-
rish 1987) using a modified Folch procedure (Folch
et al. 1956). Lipid classes (steryl/wax esters, triacyl-
glyerols, free FAs, sterols, alcohols, acetone mobile
polar lipids and phospholipids) were determined
using thin layer chromatography with flame ioniza-
tion detection (TLC/FID) with a MARK VI Iatroscan
(Iatron Laboratories) as described by Parrish (1987).
The extracts of field-caught crabs, sediments and
fluff material were spotted on silica gel coated Chro-
marods and a 3-stage development system was used
to separate lipid classes. The first separations con-
sisted of 25 and 20 min developments in 98.95:1:0.05
hexane:diethyl ether:formic acid. The second separa-
tion consisted of a 40 min development in 79:20:1
hexane:diethyl ether:formic acid. The last separation
consisted of 15 min developments in 100% acetone
followed by 10 min developments in 5:4:1 chloro-
form:methanol:water. Data peaks were integrated
using Peak Simple software v.3.67 (SRI Inc.) and the
signal detected (in mV) was quantified using lipid
standards (Sigma).

A simplified method for lipid class analyses with a
MARK V Iatroscan (Iatron Laboratories) was used for
Tanner crabs from the laboratory feeding experi-
ments. Details of the methodology are as in Lu et al.
(2008) and Copeman et al. (2017). Briefly, a 3-stage
development system was used to separate lipid
classes (lipid classes quantified were wax esters,
triacylglyer ols, free FAs, sterols and polar lipids).
The first rod development was in a chloroform:
methanol:water solution (5:4:1 by volume) until the
leading edge of the solvent phase reached 1 cm
above the spotting origin. The rods were then devel-

oped in a hexane:diethyl ether:
formic acid solution (99:1:0.05)
for 48 min and finally rods were
developed in a hexane:diethyl
ether:formic acid solution (80:
20: 0.1) for 38 min. After each
solvent development, rods were
dried (5 min) and conditioned
(5 min) in a constant humidity
chamber. Following the last de -
velopment, rods were scanned
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Low lipid diet Medium lipid diet High lipid diet

Total lipids per WWT (mg g−1) 7.48 ± 0.55 23.68 ± 0.16 41.11 ± 2.8
% Triacylglycerols 25.33 ± 4.02 64.66 ± 0.46 52.50 ± 7.11
% Free fatty acids 24.53 ± 2.10 6.86 ± 0.08 14.07 ± 0.45
% Sterols 4.83 ± 0.43 4.41 ± 0.02 5.25 ± 0.26
% Phospholipids 36.06 ± 10.58 21.37 ± 0.61 27.82 ± 7.66

Table 2. Total lipids and lipid class composition of low, medium and high lipid diets 
used in the Tanner crab laboratory feeding experiments. WWT: wet weight
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using Peak Simple software and the signal detected
in mV was quantified using lipid standards. Lipid
classes were expressed both in relative (% of
total lipids) and absolute amounts (lipid per WWT,
mg g−1).

Fatty acid analysis

Total lipid extracts were transesterified into fatty
acid methyl esters (FAMEs) by heating lipids to 85°C
for 90 min with 14% boron trifluoride (BF3) in
methanol (Morrison & Smith 1964, Budge & Parrish
1999). FAMEs were analyzed on an HP 6890 gas
chromatograph (GC) with flame ionization detection
(FID) equipped with a 7683 autosampler and a ZB
wax+ GC column (Phenomenex). The column was
30 m long, with an internal diameter of 0.32 mm and
a 0.25 µm film. The oven temperature began at 65°C
for 0.5 min and then the temperature was increased
to 195°C (40°C min−1), held for 15 more min, then
increased again (2°C min−1) to a final temperature of
220°C. Final temperature was held for 3.25 min. The
carrier gas was hydrogen, flowing at 2 ml min−1.
Injector temperature started at 150°C and increased
(200°C min−1) to a final temperature of 250°C. The
detector temperature was constant at 260°C. Peaks
were identified using retention times based upon
standards purchased from Supelco (37 component
FAME, BAME, PUFA 1, PUFA 3). Chromatograms
were integrated using Galaxie Chromatography
Data System v.1.9.3.2 (Varian).

Statistical analyses of lipid data for crabs 
from the field

Statistical differences among the lipid parameters
of crabs from different nurseries were compared
using standard ANOVAs, but when the data failed to
meet normality assumptions, we utilized nonpara-
metric Kruskal-Wallis ANOVA. Individual FAs pres-
ent at >1% in all samples as well as the percentage of
bacterial FAs (∑odd and branched chains), the per-
centage of triacylglycerols (TAGs) and percentage
phospholipids (PLs) were included in multivariate
analyses using PRIMER v.6 (Primer-E). Together,
TAGs and PLs accounted for ~75% of the total lipid
classes in juvenile crabs (Table 1). We were not able
to perform tissue-specific lipid class analyses due to
the small size of these crabs. However, the inclusion
of percentage TAGs (neutral lipid storage) and PLs
(membrane structures) allowed us to determine FAs

that were associated with trophic accumulation and
storage of neutral lipids (Copeman & Parrish 2003).
To this end, we also included lipid density in our
 multivariate analyses of crab lipids in order to show
FAs that were associated not only with TAGs but also
with total lipid density (mg g−1). Qualitative data
(% total FA, % lipid classes) were log(x+1) trans-
formed prior to analyses and were then used to calcu-
late a triangular matrix of similarities (Bray-Curtis
similarity) between each pair of samples. Non-metric
multidimensional scaling (nMDS), an iterative pro-
cess that uses ranks of similarities, was utilized to
explore the effect of nursery site and molt stage on
the FA composition of C3 and C4 Tanner crabs.

We completed a 2-way crossed analysis of similari-
ties (ANOSIM) to examine the effect of site and molt
stage on lipid composition of juvenile Tanner crabs.
The ANOSIM test statistic, R, is a measure of similar-
ity between groups on a scale of 0 to 1. Values
between 0.5 and 0.75 indicate that groups are differ-
ent, but have some degree of overlap, while R > 0.75
indicates well-separated groups (Jaschinski et al.
2011, Kelly & Scheibling 2012). A similarity percent-
age routine (SIMPER) was used to determine the
lipid variables that accounted for the largest portion
of the variance between crabs from the Womens and
Pillar sites.

RESULTS

The size, weight and condition of recently settled
Tanner crabs differed among study sites around
Kodiak Island. Age-0 yr crab CWs diverged among
sites by August 2010, 2011 and 2012 (Fig. 2; Kruskal-
Wallis ANOVA, p < 0.001 for each year). In general,
crabs were largest at Womens and smallest at Pillar,
although the pattern among sites varied slightly
among years. During 2010, CW did not differ signifi-
cantly between Womens and Kalsin (p > 0.05), but
these crabs were significantly larger than crabs from
either Holiday or Pillar (p < 0.05), which also did not
differ from one another (p > 0.05). During both 2011
and 2012, all sites differed significantly in CW, with
Womens crabs larger than Kalsin crabs, Kalsin crabs
larger than Holiday crabs, and Holiday crabs larger
than Pillar crabs (p < 0.05 for each).

Among the 2012 crabs from Pillar and Womens,
WWTs, DWTs and AFDWTs were each characterized
by an exponential relationship to CW (Fig. 3; see
 legend for statistics). C3 and C4 molt stages were dis-
tinct, with crabs <6 mm belonging to the C3 molt
stage, and those >6 mm belonging to the C4 molt
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stage (Fig. 3). However, even within these respective
stages, crabs from Womens were on average larger
and heavier than those from Pillar. Among C3 crabs,
those at Womens had greater CW (t69= −5.91, p <
0.001) and weighed more in terms of WWT (t69 =
−8.94, p < 0.001), DWT (t69 = −5.05, p < 0.001) and
AFDWT (Wilcoxon, p < 0.001). This difference be -
tween Pillar and Womens was also evident among
C4 crabs. Again, those at Womens had greater CW
(Wilcoxon p < 0.001) and weighed more in terms of
WWT (Wilcoxon p < 0.001), DWT (t36.2 = −2.12, p =
0.011) and AFDWT (t38.2= −2.58, p = 0.013).

For a given molt stage, crabs at Womens were gen-
erally in better morphological-based condition com-
pared to crabs at Pillar. Although the difference was
small, mean condition index (logDWT / CW) was sig-
nificantly higher for crabs from Womens than Pillar
(Fig. 4a) among both C3 (Wilcoxon p < 0.001) and C4
(t14.8 = 12.71, p = 0.016) stage crabs. A second condi-
tion metric, % AFDWT, i.e. the relative amount of
crab tissue that was organic in nature (Fig. 4b), also
differed between sites. Again, % AFDWT was greater
at Womens than at Pillar, among both C3 crabs (Wil -
coxon p < 0.001) and C4 crabs (Wilcoxon p < 0.001).

Crabs from Womens and Pillar also differed in lipid
content with crabs from Womens having higher total
body lipid levels (Fig. 4c; lipid mg g−1 WWT). This
was statistically demonstrable for both C3 and C4
stage crabs (Kruskal-Wallis ANOVA, p < 0.001 for
each). Of the total body lipid, the percentage repre-
sented by triacylglycerols (%TAG), dramatically
 differed between crabs from Womens and Pillar
(Fig. 4d). Among both C3 and C4 stage crabs, %TAG
was much greater at Womens than at Pillar (Kruskal-

Wallis ANOVA, p < 0.001 for each). Of all the con -
dition metrics, %TAG showed the most disparate
mean values between crabs from the 2 study sites
(Fig. 4a−d).

Juvenile Tanner crabs from Womens and Pillar
sites were visualized using nMDS and were spatially
segregated based on lipid parameters >1% (Fig. 5).
Tests for dissimilarity between the FA and lipid class
proportions in Tanner crabs from Womens and Pillar
sites and between molt stages revealed that crabs
from the 2 different nursery sites were statistically
different, with only a small degree of overlap (2-way
ANOSIM, global R = 0.662, p = 0.001). There was no
significant segregation of crabs by molt stage across
nursery sites (R = −0.017, p = 0.63). SIMPER ana lyses
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Fig. 2. Mean (±SE) carapace width of age-0 yr Tanner crabs
at the 4 study sites during August 2010, 2011 and 2012. Total 

of 1970 crabs measured

Fig. 3. Plots of Tanner crab wet weight (WWT), dry weight
(DWT) and ash-free dry weight (AFDWT) against carapace
width (CW). All crabs <6 mm CW were C3 stage (left side of
graph), while all >6 mm were C4 stage (right side of graph).
Regressions were made on pooled data for C3 and C4 crabs
from both Pillar (triangular symbols) and Womens (square
symbols). Regression statistics are as follows: log(WWT) =
0.185(CW) + 0.766, r2 = 0.953; log(DWT) = 0.175(CW) +
0.284, r2 = 0.679; log(AFDWT) = 0.174(CW) − 0.098, r2 = 0.578
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demonstrated that the top 5 lipid parame-
ters that explained dissimilarity between
sites had a cumulative contribution of 79%
of the dissimilarity and in cluded, in order
of importance, TAG (39.4%), PL (23.2%),
20:5n-3 (6.9%), 16:1n-7 (4.9%) and 22:6n-3
(4.8%).

Sediment characteristics differed appre-
ciably among the 4 study sites (Fig. 6).
While all were characterized by relatively
coarse sediments at 5 m depth, at 10 m
depth and beyond, Womens and Kalsin
had finer sediment than Holiday and Pillar
(Fig. 6a). Using pooled depth data, the %
silt−clay fraction by weight differed among
sites (Kruskal-Wallis, p < 0.001), being
higher at Womens than at either Holiday or
Pillar (p < 0.05), and higher at Kalsin than
at Pillar (p < 0.05). The % silt−clay did not
differ between Womens and Kalsin, Kalsin
and Holiday, or Holiday and Pillar (p <
0.05 for each). The % organics by weight
(Fig. 6b) also differed between sites
(Kruskal-Wallis p < 0.001), with differences
among nursery means comparable to those
seen for the % silt−clay.

The prevalence of FA biomarkers in
 sediments that were indicative of diatom
and bacterial production differed between
Pillar and Womens (Fig. 7). The ratio of
16:1n-7/16:0, a biomarker for diatom pro-
duction (Fig. 7a), was greater in Womens
than at Pillar (F1,44 = 11.28, p = 0.002).
Although this marker was more prevalent
in the fluff than in the sediment (F1,44 =
21.07, p < 0.001), the nursery site effect was
consistent in both the fluff and sediment,
that is, there was no significant site × sam-
ple type (fluff vs. sediment) interaction
(F1,44 = 0.44, p = 0.511). The prevalence of
odd and branched FA chains (∑15:0 +
ai15:0 + i15:0 + 15:1 + i16:0 + ai16:0 + 17:0
+ 17:1), a biomarker for bacterial produc-
tion (Fig. 7b), was also higher at Womens
that at Pillar. However, in this instance, the
bacterial marker’s contribution to total FAs
did not differ between the fluff and sedi-
ment (F1,44 = 0.92, p = 0.342). Again, there
was no significant site × sample type inter-
action (F1,44 = 0.00, p = 0.961).

Our laboratory experiment indicated that
food availability (feeding frequency; Fig. 8)
and food quality (lipid content; Fig. 9), both
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Fig. 4. Mean (±SE) condition metrics for 3rd and 4th molt stage crabs from
Pillar and Womens. DWT: dry weight; WWT: wet weight; CW: carapace
width. (a) log(DWT) CW−1, n = 174; (b) % ash-free dry weights, n = 174;
(c) Mean total lipid (mg g−1 WWT), n = 146 and (d) Mean % triacylglycerol 

(TAG) contribution to total lipid, n = 146

Fig. 5. C3 and C4 Tanner crabs sampled in 2012 from Womens and Pillar
sites displayed using non-metric multidimensional scaling (nMDS). j:
crabs from Womens Bay (n = 60); m: crabs from Pillar Creek (n = 40).
TAG: % triacylglycerols; PL: % phospholipids; bacterial: ∑ of the % odd
and branched chain fatty acids. Lipid vectors are shown that have a 

correlation value of >0.6
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influence growth and energy content of juvenile
Tanner crabs. Feeding frequency increased the rate
at which crabs molted (Fig. 8a), as demonstrated by
C4 and C5 in termolt periods (C4: Kruskal-Wallis, p <
0.001; C5: Kruskal-Wallis, p = 0.003). Among C4
crabs, those being fed once a week had longer inter-
molt periods (p < 0.05) than those fed either 3 times or
7 times weekly, of which the latter two did not differ
from one another (p > 0.05). Similarly, among C5
crabs, those fed once weekly had longer intermolt
periods than those fed 7 times weekly (p < 0.05), with
those fed 3 times weekly being intermediate and not
differing from the other feeding frequencies (p >
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Fig. 6. Mean (±SE) (a) % silt−clay fraction by weight at
depths ranging from 5 to 25 m at Holiday, Pillar, Womens
and Kalsin study sites; (b) % organic content by weight. Not 

all depths were sampled for each study site

Fig. 7. Mean (±SE) (a) % diatom contribution to total fatty
acid profile in fluff and sediment at Pillar and Womens study
sites and (b) % bacterial contribution (∑15:0 + ai15:0 + i15:0
+ 15:1 + i16:0 + ai16:0 + 17:0 + 17:1). Samples were from 

water depths of 15 to 20 m

Fig. 8. Mean (±SE) (a) intermolt period in days for C4 and C5
crabs fed a medium lipid diet once, thrice and 7 times
weekly; (b) % intermolt increment based on carapace width;
(c) total body lipid by weight for C5 crabs, midway through 

their C5 to C6 intermolt period
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0.05). Feeding frequency had no demonstrable effect
upon molt increments (Fig. 8b) among either C4 or
C5 crabs (C4: F2,21 = 0.86, p = 0.438; C5: F2,21 = 2.39,
p = 0.116).  Similarly, feeding frequency had no effect
upon body lipid content (Fig. 8c) of crabs that had
molted to the C5 stage (F1,8 = 3.42, p = 0.101).

Diet quality, in term of lipid content, also influ-
enced growth and the energy density of juvenile
Tanner crabs (Fig. 9). Among C4 crabs, intermolt
periods (Fig. 9a) tended to be longest, i.e. less fre-
quent molting among crabs on the low lipid diet,
although this trend was not statistically significant
(Kruskal-Wallis ANOVA, p = 0.095). This influence

was, however, more pronounced and statistically sig-
nificant among C5 crabs (Kruskal-Wallis ANOVA,
p = 0.036), such that crabs on the low lipid diet had
longer intermolt periods than did those on high lipid
diets (p < 0.05). Crabs on the medium lipid diet were
intermediate and did not differ between either the
low and high lipid diet crabs (p > 0.05). Dietary lipid
had no influence on molt increment (Fig. 9b) for C4
crabs (F2,20 = 1.22, p = 0.317), but did significantly
influence the molt increments of C5 crabs (F2,17 =
3.42, p = 0.044). Molt increments were smaller for
crabs on the low lipid diet than for those on the high
lipid diet (p < 0.05). Molt increments were intermedi-
ate on the medium lipid diet, and did not differ from
the other 2 diets (p > 0.05). Lastly, dietary lipid had a
significant influence upon crab body energy content
(Fig. 9c; F2,11 = 5.04, p = 0.028). Crabs on the low lipid
diet had lower body lipid content than crabs on the
high lipid diet (p < 0.05). Crab on the medium lipid
diet had intermediate levels of body lipid and did not
differ from the other 2 treatments (p > 0.05).

DISCUSSION

Over multiple years we have observed that the size
of recently settled Tanner crabs varies considerably
between bays around Kodiak Island, Alaska. Among
our study sites, crabs are consistently larger at shel-
tered sites (Womens and Kalsin) than at exposed
nurseries (Holiday and Pillar). Potential explanations
include differential growth, differing size-dependent
predation and differential rates of emigration (Ryer
et al. 2015). Here, we tested hypotheses related to
the first of these explanations, differential growth.
Focusing upon the most disparate of the 4 sites, Pillar
and Womens, we demonstrate that age-0 yr crabs are
larger (CW) at Womens than at Pillar. As in prior
studies, this is partially due to crabs molting more
rapidly at Womens, such that at any given time crabs
there are characterized by more advanced molt
stages (Ryer et al. 2015). However, even for a given
molt stage, crabs at Womens were still larger than
crabs from Pillar. Further, once standardized for size
(CW), Womens crabs were generally in better con -
dition, both in terms of DWT and % AFDWT, than
crabs at Pillar. Finally, crabs collected at Womens
accumulated more dry biomass and specifically or -
ganic mass in the form of high-energy lipids than
crabs from Pillar. Using a FA biomarker approach,
we found that higher conditioned crabs from shel-
tered bays were characterized by their accumulation
of lipids from diatom and bacterial origins.
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Fig. 9. Mean (±SE) (a) intermolt period in days for C4 and C5
crabs fed a low, medium or high lipid diet, thrice weekly; (b)
% intermolt increment based on carapace width; (c) total
body lipid by weight for C5 crabs, midway through their 

C5−C6 intermolt period
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We have observed that Womens and Kalsin nurs-
ery sites are protected from waves coming in off the
Gulf of Alaska, while Holiday and Pillar are more
exposed. Our data on sediment grain size is indica-
tive of a lower energy bottom at Womens than at Pil-
lar. Anecdotal observations by divers also indicated
that sediments are finer at the more protected sites,
which had a thick fluff layer on top of the sediments.
We reasoned that the finer sediments are a conse-
quence of a lower energy environment, which also
facilitated the retention of phytoplankton settling
from the water column. Both grain size and wave
exposure are reliable predictors of total benthic bio-
mass for sedimentary shores and rocky shores, re -
spectively (McQuaid & Branch 1984, Ricciardi &
Bourget 1999). A greater transfer of water column
productivity to the seafloor should support a more
diverse and abundant infaunal and epibenthic com-
munity (Cammen 1982, Grebmeier et al. 2015), which
in turn would support larger predators such as
 Tanner crabs.

Our contention that larger crab body size and
higher lipid storage at protected sites is a consequence
of more and/or higher quality food is supported by the
sediment characteristics at our study sites. All near-
shore sediments receive organic matter from a variety
of sources that include fresh phytoplankton, benthic
production and terrestrial run-off (Kharlamenko et al.
2001, Spilmont et al. 2009, Schmidt et al. 2010). The
trend of increased labile lipids (i.e. total PUFAs) in
fluff samples compared to cores is expected, as con-
siderable breakdown of freshly deposited sedimentary
material likely occurs over time (Copeman & Parrish
2003). Canuel & Martens (1996) demonstrated that
rates of FA degradation were higher in the top 1.25
cm than those below 3.5 cm in sediments collected at
Cape Lookout Bight, North Carolina. Results indicate
that not only did our protected sites have finer sedi-
ment, but they were also higher in organic content,
particularly in the case of Womens, where growth was
consistently highest. Higher organic content is typical
of lower energy environments with finer sediments
(Ricciardi & Bourget 1999), since low density organic
materials are not continually suspended or transported
offshore. In preparing sediment samples for organic
analysis, we excluded large, easily observed macro-
fauna (large polychaetes, amphipods, isopods, clams,
shrimp, etc.) as well as easily identifiable pieces of
 detrital material, e.g. bits of kelp and algae. Thus, the
remaining organic matter represented the smaller
macrofauna, meiofauna, microalgae, fine detritus and
associated micro-organisms, which likely constitutes
the diet of age-0 yr Tanner crabs.

Both sediments and crabs at sheltered sites had
higher lipids per WWT than at exposed sites. Lipids
are energetically rich compounds that have a wide
diversity of structures in marine food webs (Parrish
1988). They are abundant in animals from cold and
seasonal environments and they provide the densest
form of energy, with over two-thirds more energy per
gram than proteins or carbohydrates (Parrish 1988).
Storage of lipids in high latitude organisms is con -
sidered an adaptation to prolonged overwintering
periods when feeding activity may be severely re -
duced (Sogard 1997, Kattner et al. 2007). Relatively
few studies have measured total lipids and lipid
classes in the juvenile stages of cold-water crabs.
However, previous field efforts in the near-shore cold
waters of Labrador, Canada did examine the lipid
composition of both hermit crabs Pagurus sp. and
toad crabs Hyas coarctatus and found them to have
total lipids per WWT of 14 and 3 mg g−1, respectively
(Copeman & Parrish 2004). Further, wild-caught ju -
venile red king crabs from southeast Alaska ranged
in lipid densities from 5 to 12 mg g−1 WWT during the
C2 to the C4 stages of development (Copeman et al.
2012). We measured total lipid densities within this
range, as Tanner crabs had on average 8 to 14 mg g−1

depending on their sampling location but not their
molt stage.

The 3 major lipid classes in juvenile Alaskan crabs
are TAGs, sterols (STs) and PLs (Copeman et al.
2012, Stoner et al. 2013). Much of the changes in total
lipid density in Tanner crabs was due to the accumu-
lation of TAGs, with higher levels in Womens crabs
(>25%) than in Pillar crabs (<10%). Numerous stud-
ies have demonstrated that higher proportions of
TAGs are associated with better growth, survival and
molting success in early life stages of marine inverte-
brates (Copeman et al. 2012, Stoner et al. 2013, Con-
nelly et al. 2014, Beder 2015) and better growth and
swimming capability in juvenile fish (Copeman &
Laurel 2010, Litz et al. 2017). Higher energy reserves,
all other things being equal, are typically indicative
of animals that have access to either better quality
food (Catacutan 2002, Hu et al. 2017) or a greater
quantity of food (Andres et al. 2007, McLean & Todg -
ham 2015). Juvenile Tanner crabs within our labora-
tory experiments responded to both of these dietary
parameters by storing higher lipids per WWT in the
form of neutral storage lipids, TAGs.

For juvenile and larval crustaceans, dietary lipids
are important factors in improving growth and molt-
ing success (Xu et al. 1994, Wen et al. 2006, Glen-
cross 2009, Tziouveli & Smith 2012). However, there
is sparse literature on lipid metabolism of cold-water
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juvenile crabs in the North Pacific. Crabs experience
discontinuous growth by molting (ecdysis), with their
growth otherwise constrained by a rigid exoskeleton
(Sánchez-Paz et al. 2006). Copeman et al. (2012) did
examine the changes in proximate composition and
lipids throughout a complete intra-molt cycle (C4 to
C5) in red king crab Paralithodes camtschaticus juve-
niles. They found 3 distinct phases of lipid accumula-
tion throughout the molt cycle. The first stage, post-
molt, only lasted a few days and was characterized
by crabs with soft, pale bodies that had low lipid
 levels and high water content. The second phase,
intra-molt, was defined by rapid accumulation of
lipids and higher feeding rates while the last stage,
pre-molt, was characterized by reduced feeding be -
havior and low lipid accumulation. This tri-modal lipid
accumulation pattern observed in red king crabs
from Alaska was similar to that previously reported
in other invertebrates such as shrimp (Ouellet et al.
1992) and in older life history stages of crabs (Zhou et
al. 1998). Here, we observed a similar pattern in the
feeding behavior of juvenile Tanner crabs in our
 laboratory experiments. Due to variation in lipids
throughout the molt cycle, Copeman et al. (2012)
suggested that caution should be taken when com-
paring the condition of crabs from the field, given
their indeterminate intra-molt status. Therefore, we
avoided sampling any wild Tanner crabs that were
pale or soft in appearance, and our sample sizes were
large enough that it is unlikely that molt status may
have affected the consistent differences between
crabs from different nursery embayments. Further,
throughout our laboratory experiments, we only sam-
pled crabs at a standardized mid-molt period to con-
trol for variation in lipids throughout the molt cycle.

We are uncertain of the importance of lipid storage
to overwintering survival of cold-water juvenile
crabs. In many boreal groundfish species (i.e. Pacific
cod Gadus macrocephalus and walleye pollock Gadus
chalcogrammus), lipids accumulate during the sum-
mer in the liver and play a vital role in overwintering
survival. Increased recruitment of North Pacific fish
has been observed in cold years, when elevated fish
condition during the late larval and early juvenile
phases is positively correlated with matches in the
abundance and distribution of large cold-water, high-
fat zooplankton species (Beaugrand & Kirby 2010,
Heintz et al. 2013, Siddon et al. 2013a,b, Sigler et al.
2016). Thus, late summer has been proposed as a
critical period for boreal fish as they must store
enough energy or face high overwintering mortality.
Tanner crab juveniles feed on the benthos and are
likely generalists, consuming both detrital and in -

faunal invertebrates. Therefore, it is likely that the
seasonality of food availability for Tanner crab is
much less variable than for juvenile groundfish.
However, during non-feeding early life-history stages
of Alaskan crabs, such as the glaucothoe stage of red
king crabs, survival has been correlated with suffi-
cient storage of TAGs observed in the form of micro-
scopic lipid droplets (Beder 2015). In addition, the in -
cidence of molt-death syndrome is common in other
species of crab reared on diets with inadequate lipid,
cholesterol or PUFAs (Holme et al. 2007, Wu et al.
2014, Han et al. 2015). Therefore, increased lipid
storage both in fish and crabs is associated with
higher growth and resistance to starvation. How-
ever, further research is required to determine if lipid
storage prior to overwintering affects winter growth
and later recruitment into adult cold-water crab
 populations.

The diet of adult Tanner crabs has not been well
described. However, Tanner crab adults were exam-
ined near Kodiak Island, and the 3 major prey items
for crabs >40 mm in CW were crabs, fish and mol-
lusks, while crabs <40 mm in CW consumed bi -
valves, fish, decapod crustaceans, polychaetes and
sediments (Jewett & Feder 1983). This is in agree-
ment with studies on Arctic snow crab Chionoecetes
opilio that reported major prey items to include poly-
chaetes, decapod crustaceans, echinoderms and mol-
lusks (Divine et al. 2017). However, the largest crabs
in our study were 10 mm in CW, and much less is
known about the diet of recently settled Tanner
crabs. One study on the food of post-larval king crab
Paralithodes camtschatica in southern Alaska found
a high dietary incidence of occurrence for sediments
(93%) (Feder et al. 1980). This indicated that sedi-
mentary feeding is common in newly settled crabs.
Further, diatom fragments were found in 27% of king
crab stomachs and most of the diatoms were identi-
fied as pelagic rather than benthic in origin, indica-
ting the importance of pelagic−benthic coupling for
newly settled crab nu trition (Feder et al. 1980). Juve-
nile stages of the southern king crab Lithodes san-
tolla in the San Jorge Gulf, Argentina, showed high
reliance on red algae, ophiuroids, isopods, poly-
chaete worms and bryo zoans (Vinuesa et al. 2013),
with unidentified organic remains being the most
common prey item. This finding is in agreement with
observations on the feeding behavior of similarly
sized juvenile Alaskan red king crabs, where Pirtle &
Stoner (2010) recorded juvenile crabs removing the
soft tissue of hydroids and bryo zoans without ingest-
ing the capsule or theca. Based on the above obser-
vations of cold-water newly settled crab diets, we
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assume that juvenile Tanner crabs are generalists,
consuming a wide variety of small infaunal organ-
isms as well as detrital material that is found on the
sediment−water interface.

It is probable that the ontogenetic stage of crab
development plays an important role in the utility of
different methods of diet determination. Kolts et al.
(2013) examined the relative value of stomach con-
tents, stable isotopes and FAs for determining diet in
northern adult Bering Sea snow crab and concluded
that stomach contents yielded the most definitive diet
information. However, they noted that this was true be -
cause larger crabs (40 mm CW) eat prey that mostly
contained hard, easily identifiable structures. This is
not the case for small juvenile crabs such as those in
this study (4 to 8 mm CW) that have stomach contents
typified by unidentified organic remains (authors’
pers. obs.), making the FA biomarker approach more
attractive.

FAs are important components of acyl lipid classes
(i.e. TAGs and PLs) and are now commonly used in
marine ecology studies to determine dietary sources
(Kelly & Scheibling 2012, Parrish 2013). The use of
proportional FA data derived from the total lipid pool
should be approached with caution. Here, we also
present complementary data on total lipids per WWT
and the lipid class composition (i.e. %TAG and %PL)
of crabs. The addition of these data allow us to inter-
pret biomarkers as those associated with excess dietary
energy storage (i.e. TAGs) versus those associated
with membrane structure and function (i.e. PLs). This
is demonstrated in multivariate space with crabs
from Womens having higher total lipids and %TAG
clustered with elevated diatom and bacterial FA mark-
ers. Oppositely, Pillar crabs that had relatively higher
proportion of PLs and lower total lipids were associ-
ated with elevated 22:6n-3 and 18:0. These 2 FAs are
often indicative of the molecular-species composition
of PLs in marine fish and invertebrates (Bell & Dick
1991, MacPherson et al. 1998), and the directionality
of these FAs do not indicate a higher dietary propor-
tion but rather less bacterial and diatom FA accumu-
lation in the TAG reserves of crabs from Pillar.

The FA biomarker approach has previously been
used to determine crab diets in warm mangroves
(Meziane & Tsuchiya 2000, Hall et al. 2006, Meziane
et al. 2006), seagrass systems (Alfaro et al. 2006,
Canuel et al. 2007) and cold-water sub-photic zones
(Galloway et al. 2013, Kolts et al. 2013). However,
this study is the first to examine the dietary patterns
in juvenile crabs from cold boreal systems. Similar to
other recent studies in seasonally pulsed environ-
ments (Copeman et al. 2016, Bosley et al. 2017, Miller

et al. 2017), we found that diatoms are important to
the energy storage of juvenile crabs. Recent criticism
of the use of FA biomarkers in benthic studies has
been due to the complexity of dietary sources in
 benthic food webs, the ability of benthic consumers
to modify dietary FAs and the relative lack of truly
unique FA trophic markers (Kelly & Scheibling 2012,
Kolts et al. 2013). For this reason, we focused on the
utility of 2 well established FA markers for diatoms
(16:1n-7/16:0) and bacteria (∑odd and branched
chains) (Claustre et al. 1988, Viso & Marty 1993, Dals -
gaard et al. 2003, Kelly & Scheibling 2012, Parrish
2013, Galloway & Winder 2015, Bosley et al. 2017).

Previous trophodynamic studies on crabs have also
found high dietary representation from diatoms and
bacteria as is typical of invertebrates that feed on
benthic organic debris (Copeman & Parrish 2003,
Alfaro et al. 2006, Spilmont et al. 2009, Bosley et al.
2017). From a FA biomarker perspective, we cannot
separate this diatom signal into benthic versus pe -
lagic production. Although Parrish et al. (1995) did
find a strong correlation between 16:1n-7/16:0 and
pelagic centric diatoms that was not present for either
pennate or benthic diatom production. Given the
depth of our crab collections (10 to 30 m), we con-
clude that most of this production originated in the
pelagic zone and had settled to the benthos. The
addition of bulk δ15N to FA trophic studies can
improve information on dietary pathways from
 primary producers to secondary consumers. This is
because δ15N indicates trophic position in food webs,
as δ15N is assumed to become enriched by a mean of
~3.4‰ with each trophic level (Deniro & Epstein
1981). Spilmont et al. (2009) used this dual biomarker
approach to investigate the diet of soldier crabs Mic-
tyris longicarpus in an Australian sand bank and also
found that bacteria and diatoms constituted the base
of its diet. However, the δ15N isotopic signatures of
the crabs in their study suggested that meiofauna
represented an intermediate link between crabs and
diatom/bacterial production. This is likely also the
case for juvenile Tanner crabs, with previous studies
in our nursery sites showing a high co-occurrence
between dense lawns of ampharetid polychaetes
Sabellides sibirica and juvenile Tanner crabs and
Alaskan flatfish (Laurel et al. 2012, Ryer et al. 2015).

While food quality/quantity would appear to play a
substantial role in the growth-related size disparity
between crabs at our study sites, there are other non-
mutually exclusive explanations. We previously con-
sidered the possibility that temperature, a principal
driver of growth in poikilotherms (Ryer et al. 2015),
might be driving differences in growth between
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sites; however, we concluded that the small differ-
ences in temperature between sites (<0.5°C), as well
as the pattern of differences (Womens > Pillar > Hol-
iday > Kalsin), did not support a principal role for
temperature (Ryer et al. 2015). We also considered
differential size-dependent predation, positing that
disproportional predation on smaller crabs would
skew size distributions towards the larger size at
high-predation sites. Settlement is complete by July
around Kodiak, and crab densities from July to
August remained relatively constant at Womens and
Kalsin, while densities at Pillar and Holiday declined.
This pattern runs contrary to expectations under a
differential size-dependent predation hypothesis.
However, it is consistent with another possible mech-
anism: differential off-shore movements as crabs in -
crease in size. It is difficult to imagine newly settled
Tanner crabs moving extensive distances. If, how-
ever, after several molts crabs began moving to seek
out more favorable habitat, this could result in crabs
at Pillar and Holiday moving offshore to deeper
water and finer sediments. This would skew the size-
distribution towards smaller crabs. In contrast, at
Womens and Kalsin, where sediments are already
relatively fine, crabs might be more inclined to stay
put, contributing to the observed difference in size
distributions between sites. Although our sediment
data from the field as well as our laboratory experi-
ment both indicate a potential for higher growth at
sites with fine sediment, our distributional data on
crabs cannot eliminate differential migration as a
potential co-contributor to the observed size pattern
in crabs.

While there is a general understanding that adult
Tanner crabs are typically found in association with
relatively fine sediments (Zhou & Shirley 1997), there
has been scant information on habitat associations
and habitat quality for recently settled Tanner crabs
(Rosenkranz et al. 1998, Nielsen et al. 2007). In the
shallow-water embayment around Kodiak Island,
Alaska, where high summer temperatures can accel-
erate growth, the availability of adequate nutrition
appears to limit growth in some habitats. Embay-
ments with fine sediments, associated with low wave
energy, appear to support more rapid crab growth
due to an influx of labile organic materials. In par -
ticular, we determined that lipids associated with
diatom production were associated with more rapid
crab growth. These finding were supported by labo-
ratory experiments demonstrating that high lipid
diets result in shortened intermolt periods as well as
greater incremental growth associated with each
molt. These findings indicate that availability of pri-

mary production, as well as favorable mechanisms
that allow for its accumulation and incorporation into
the benthic food web, can control the quality of habi-
tat for newly settle Tanner crabs. While these find-
ings further our understanding of juvenile Tanner
crab habitat in shallow water, they may also have
applicability for elucidating how annual variation in
the intensity and location of phytoplankton blooms
(Sigler et al. 2016) may modulate habitat quality for
the Tanner crab throughout its range.
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