Polar Biol (2017) 40:1805-1819
DOI 10.1007/s00300-017-2103-6

@ CrossMark

ORIGINAL PAPER

Abundance, development stage, and size of decapod larvae
through the Bering and Chukchi Seas during summer

Jose M. Landeira'? - Kohei Matsuno® - Atsushi Yamaguchi' - Toru Hirawake* -

Takashi Kikuchi®

Received: 9 January 2016 / Revised: 30 September 2016 / Accepted: 6 March 2017 / Published online: 27 March 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract Crustacean decapods are key components that
structure the benthic ecosystems in the Subarctic/Arctic
regions and support one of the largest fishery industries,
but their larval dynamics are largely unknown. To investi-
gate variability in decapod larvae community in this region,
we analysed plankton samples collected during the sum-
mers of 2007 and 2008 along the southeastern Bering and
Chukchi Seas. Distribution of adult population was stud-
ied using bottom trawling during 2008 cruise. Larvae of
Pagurus spp., Hyas spp., and the commercially important
Chionoecetes bairdi and Chionoecetes opilio were the most
abundant species. The distribution of benthic adults linked
to those of planktonic larvae and may favour recruitment
near suitable habitats and the maintenance of the popu-
lations. Earlier larval stages of C. bairdi, C. opilio, and
Hyas spp. were more abundant in 2008 than in 2007. The
body size of C. opilio showed a significant latitudinal pat-
tern, in which larger sizes occurred at higher latitudes in
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association with distinct temperature and food conditions.
We argue that annual changes in abundance and develop-
mental stage structure of planktonic larvae seemed to be
related to the 1 month delay in the sampling period and are
not determined by the contrasting environmental conditions
observed in both years.

Keywords Distribution - Variability - Decapod larvae -
Snow crab - Arctic

Introduction

Pacific Subarctic/Arctic seas are experiencing profound
ecosystem changes due to human (direct and indirect) pres-
sures, including global warming and the overexploitation
of marine resources (Grebmeier et al. 2006). In this sense,
warming and the loss of sea-ice cover have large implica-
tions for the ecosystem functioning, likely related to altera-
tions in growth, abundance, distribution, and phenology
of marine organisms (Grebmeier 2012). Many of these
substantial changes are already evident. In the pelagic eco-
system, earlier sea—ice breakup affects the promotion of
the phytoplankton bloom and may cause higher levels of
primary production (Arrigo et al. 2008). Zooplankton also
respond to interannual changes, showing higher abundance
and biomass during recent warmer periods with low sea-
ice coverage in both the Chukchi (Matsuno et al. 2011) and
Bering Seas (Ohashi et al. 2013). These alterations were
also detected in Arctic benthic ecosystems. For example,
significant populations of a dominant clam declined in the
Pacific Arctic (Grebmeier 2010), and the trophic structure
of crustacean decapods changed towards generalistic feed-
ers due to environmental disturbances in a North Atlantic
fjord (Berge et al. 2009).
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The Bering and Chukchi Seas are among the most pro-
ductive ecosystems and the former sustains one of the larg-
est fishery industries. The overfishing has led to the col-
lapse of the crab fishery in the southeastern Bering Sea in
1980, closing most of the stocks for harvesting, and it also
modified the distribution pattern of the crabs and changed
the population structure (Loher and Armstrong 2005).
One key component in conservation and fishery manage-
ment is the understanding of the mechanisms involved with
larval dynamics (Cowen et al. 2000). Most marine crus-
tacean decapods release dispersive larvae that act as the
primary connectivity agents among populations (Morgan
et al. 2009). Larval assemblages result from complex inter-
actions of biological traits (e.g., spawning time and loca-
tion, larval behaviour, and planktonic larval duration) and
hydrodynamic processes, and both vary at several spatial
and temporal scales (Pineda et al. 2007). Normally, mor-
tality is high during the planktonic period, because larvae
are very sensitive to predation, pollutants, starvation, and
suboptimal conditions of temperature and salinity (Cowen
and Sponaugle 2009). The persistence of adult populations
requires their replacement by larval recruits; therefore, the
effect of the ongoing changes in the Arctic and subarctic
areas on planktonic phases has significant consequences for
fishery management. Although larval studies are a useful
tool for understanding the dynamics of crustacean popula-
tions, there is a little published information of decapod lar-
vae in the Pacific Subarctic/Arctic seas. In the SE Alaska,
few studies have been conducted on the temporal distribu-
tion of the larvae in the plankton (e.g., Shirley and Shirley
1987; Park and Shirley 2005; Fisher 2006) and some valua-
ble data on spatial variability of larvae can be derived from
monitoring programs (Armstrong et al. 1981; Wolotira
et al. 1984; Incze et al. 1987). Further to the north, in the N
Bering Sea and Chukchi Sea, the gap of information is even
wider, but recently, research groups are making efforts on
selected taxa (Eisner et al. 2013; Weems et al. 2016).

In the present study, we analysed, for the first time, the
large-scale geographical distribution of the decapod lar-
vae community from the south Bering Sea to the Chukchi
Seas during two consecutive summers of 2007 and 2008.
Specifically, this study examined the variability in abun-
dance, diversity, larval stage composition and body size
throughout this wide, ecological transition area in the
Pacific Subarctic/Arctic sector, as well its relationship with
environmental conditions. Moreover, using data from bot-
tom trawls during a 2008 cruise, we evaluated the coupling/
decoupling between the benthic adult distribution and the
larval patterns. The present study established a baseline
for assessing future changes in the Arctic communities
of decapods that may occur in response to variations in
hydrography, circulation, or ice retreat associated with cli-
matic change, as well as impacts from fisheries activities.
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Materials and method
Field sampling

Zooplankton samplings were conducted from the shelves
and upper slopes of the southeastern Bering Sea (55N)
to Chukchi Sea (71N) during the summers of 2007 (20
July—13 August, n=68) and 2008 (24 June—13 July, n=70)
(Fig. 1a, b). The temperature and salinity were measured by
a Seabird SBE-911plus CTD at each station. To estimate
the chlorophyll a (Chl. @) concentration, water samples
were collected from 0, 5, 10, 20, 30, 40, 50, 75, 100, 125,
and 150 m (varied depending on the bottom depth). The
samples were filtered through GF/F filters and measured
using a Turner Designs fluorometer, after extraction with
N,N-dimethyl-formamide. Zooplankton samples were col-
lected by the vertical tow of a NORPAC net (45 cm mouth
diameter, 0.335 mm mesh; Motoda 1957) from 150 m
depth or near the bottom (where the depth was shallower
than 150 m) to the surface. The net was equipped with a
flowmeter in the mouth, estimating the volume of water fil-
tered. Plankton samples were immediately preserved with
5% v/v borax buffered formaldehyde-seawater.

During the 2008 cruise, benthic adult population of
decapods were collected using an Otter trawl (with 10 mm
mesh size inner net installed in the codend, a 24.5 m foot-
rope and 4 m opening) at three stations in the southeastern
Bering Sea, five stations around St. Lawrence Island, and
seven stations in the Chukchi Sea (Fig. 1c). Bottom depth
varied between 42 and 140 m and was monitored acousti-
cally using a Net Sounder (Furuno Electric) mounted on
the upper head-rope of the trawl. The average speed tow-
ing was 3.7 knots (7 Km h™!) and the tow duration was
10-30 min depending on the bottom topography. Distance
of tow was calculated by multiplying the duration by the
speed of tow, and was confirmed from GPS positions
recorded at the beginning and end of each tow.

Sample processing

Zooplankton samples were divided once using a Motoda
box splitter (Motoda 1959). One-half of the sample
is weighed for wet weight (WW), with a precision of
0.01 g, using an electronic balance (Mettler PM4000).
The remaining subsample was used to estimate the zoo-
plankton abundance under a stereomicroscope. From
this subsample (1/2 of total), all of the decapod larvae
were sorted, staged, and identified to the lowest taxo-
nomic level possible, following several specific descrip-
tions and identification keys (see Table 1 for details).
Some larvae were categorized as taxonomic groups, due
to limitations associated with identifying larval stages
to species level (e.g., Pagurus spp. Hippolytidae sp.1).
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To make a quantitative comparison possible, the deca-  present in the samples were measured to a precision of
pod larvae abundance was expressed per square meter  0.05 mm using a dissection stereomicroscope equipped
(ind. m~?). For the abundant and commercially impor-  with a calibrated eyepiece micrometer. Zoea I (ZI) and

tant species, snow crab (Chionoecetes opilio), all larvae zoea II (ZII) were measured for rostral-dorsal length

@ Springer



Polar Biol (2017) 40:1805-1819

1808

1661 UMD pue UoSpIAe( ‘GT ‘600T UIO3] PUE OUSIUIOS] ‘4] (186T SOUARH ‘€T ‘€L6T SQUABH ‘CT 1900T '[e 30 wneqrady ‘[T “pro6T ereinsy ‘01 ‘010C e 19
w10y ‘6 P96 BIRINY ‘g ‘BHOE] BIRINY ‘L ‘9/6] SQUARH ‘9 ‘6L6] SQUABRH ‘G {0861 SQUARH ‘4 ‘8L61 SQUARH ‘€ Q4961 BIeIny ‘7 ‘G861 SeukeH ‘I :(([) UONBOYIIUIPI JIWOUOXE] IOJ SOUAIJIY

*9ouejodwI [RIDISWIWOD YIIM $10dg 1+ ‘So103ds juepunqy e

6V'0FCS0 6£0FCC0 (.H) Asroalq
I’ CTF8YLIT Y6'€F$6'8¢ [eI0L
Y1 T60IFO0SE LEO TET €90 610 6V9FSIT SS0 LED 120 o SNUOSDIYD SNSSIUIL  depIUOTEIRYD
SI'YT 9T e ForCl STl VIIFVCY  T°€ 190 +0 o “dds sody
SI'vI 9T E€6F16'TH 19T €TI¥ SI0IF6IE ¥ 81 + o o1p1do sa1v20u01y)
CITl Sl Fvby vy SOTTF6S9 1€0 879 +  1paIpq $21920U0NY) SEpIU03AI0 eanAyoerg
116 99°¢F880 €60 SS0 81°0 81°0 + SNOUDYISIUDD SIPOYNIDID
0I'6 6V’ 1F0C0 0 + sadiauq sapoyn g SEPIPOI]
@ OO.MH—.V.O :u.o wwﬁimﬁw MSQNGQM.N.QNQ o.m_u_bm.mmOEn—NI
8 LEYYFH90F 8C YTO0l 9T 68°TTFLEOI 980 6S¥ 8LE SO'T o “dds smnsvg sepLnged eINwWouy
I 10°9F 0T €Tl €Tl [ “ds snjppunq
L'9T  8I'TFOL0 €0 + snjoursdSy snjppuvq
Sl 9TTFICO 1€°0 + $102 snppuvd
i SE6F 661 8TT 6€0 TE0 120 120 SuapLL Snjppund
€1 €8'8F6LY L9T 6F'1 €90 110 110 + o snunpios snjppuvd sepiepued
I S8'TF950 960 6V TFEY0 70 120 1 “ds avpruoduni)
_ N.O N.O GNE:.NQDN QDM:B&.QB&EQ
Tl 9SFF8I'1 620 850 1€0  1SL9F 1001 6V’ 1 €I'l 96T 6T €TT o 1] 5181y sepruosuer)
I 06TFCLO 850 ¥1°0 T "ds avpudjoddiyy
I 009F0¢'l 8¢°0 760 €6€EF 190 wo 61°0 [ ds avpudjoddiyy sepnAjoddry LopLIE)
SonImosor POL W AZ AIZ Wz UZ 1Z POL W AZ AlZ Wz UZ 1Z
JIuoXeJ, 8002 1L00T saroadg A[uueq JopIoerjuy

800¢C pue LO0T JO

sIouwuns Y Jurnp seas oYY pue Jurreg oyl ur oeare] podedop JO Xopul AJISIOAIP JOUSIA\—UOUURYS Y} Pue ‘(PS | F uedw) [0} pue 93e)s [eAIR] OB JO 90UBpUNQE ‘)SI| OIWOUOXR], T J[qEL

pringer

Qs



Polar Biol (2017) 40:1805-1819

1809

(RDL distance between the apexes of rostral and dor-
sal spines) and cephalothorax length (CL from frontal
margin, between the eyes, to the posterolateral carapace
margin). Megalopae (M) were only measured for CL,
due to its different morphology. Benthic adults collected
by bottom trawling were also identified on board to the
lowest taxonomic level possible and weighed. The abun-
dances were standardized with the capture per unit of
effort (CPUE: kg h™!). It was calculated for each taxo-
nomic group and trawl haul by dividing catch in weight
by tow duration. The general taxonomic nomenclature in
the present study followed De Grave et al. (2009).

Data analysis

s
The Shannon’s diversity index,H' = Y p;Inp; (where S

i=1

is the number of taxa and p; is the proportion of individ-
uals of taxa i), was computed based on all of the identi-
fied taxa of decapod larvae (Shannon and Weaver 1949).
The mean larval stages of the selected species were cal-
culated following the equation: LS = > %, where i is
the larval stage (e.g. i=1 for ZI; i=2 for ZII...), Ni is
the abundance of the larval stage, and N is the total
decapod larvae abundance of each species. The smaller
and larger LSindicates the dominance of early and late
larval stages, respectively. Differences in LS, zooplank-
ton abundance, temperature, and decapod larvae diver-
sity and abundance between 2007 and 2008 were
assessed using a Mann—Whitney U test, because the data
did not conform to parametric test assumptions of nor-
mality and homogeneity of variance. The spatial rela-
tionship between larval abundance and potential food
resources (integrated mean chlorophyll a and zooplank-
ton biomass) was explored using the Spearman’s rank
correlation.

A regression analysis and ANCOVA were used to
evaluate potential variations in the body size of C. opilio
larvae with latitude. The ANCOVA was performed with
a separate-slope model for each body size measurement
(CL and RDL) to test whether the relationships between
the size (covariate) and latitude (dependent variable)
varied among larval stages (Z1, ZII, M). Spearman’s rank
correlation was used to analyse the factors forcing the
observed size plasticity of C. opilio larvae, relationships
between the body size (CL and RDL) of these larvae
(ZI, Z11, and M), and environmental variables (latitude,
surface temperature: ST, bottom temperature: BT, inte-
grated mean temperature: IMT, integrated mean salinity:
IMS, integrated mean chlorophyll a: IMCh, zooplankton
abundance: ZooAb and zooplankton biomass: ZooBio).

Results
Environmental conditions

Over the study area, temperature decreased offshore, due
to the heating of the shallow waters (Fig. 2). Furthermore,
thermal stratification in the water column was evident,
since sea surface temperature (SST) ranged from 3.7 to
13.9°C, and the bottom temperature (BT) showed lower
values between 1.7 and 8.0°C. The salinity increased off-
shore influenced by the ice-melting and river runoff, with
values between 26.2 and 32.9 PSU in the surface, and
denser values ranged from 30.4 to 33.2 PSU in the bot-
tom. Total zooplankton abundance and biomass showed an
irregular horizontal distribution. The zooplankton abun-
dance ranged from 1,103 to 316,409 ind. m~2 and was
dominated by copepods and barnacle larvae, whereas the
biomass showed values from 0.12 to 226 g m~2 (Fig. 3).
The integrated mean chlorophyll (IMC) ranged from 0.03
to 21.4 ug L™!, showing maximum concentrations around
the Bering Strait at both the surface (19.4 pg L™') and bot-
tom (23.7 ug L7Y).

Comparison of environmental conditions among
cruises revealed differences in temperature and zooplank-
ton dynamics (Figs. 2, 3). Thus, the integrated mean tem-
perature (IMT) was significantly higher (Mann—Whitney
U test, p<0.01) in July—August 2007 (5.11+2.15°C)
than in June—July 2008 (2.07 +1.67°C). This differences
were especially evident in the horizontal maps of SST, but
the maximum SST values (>8.5°C) in both years were
observed in the northeast of St. Lawrence Islands. Regard-
ing zooplankton biomass, annual differences were also
found (Mann—Whitney U test, p<0.01) with higher aver-
age values during 2008 (55.85+45.52 g m~2) than 2007
(35.05+37.08 g m~2). The biomass and abundance of zoo-
plankton showed similar horizontal distribution patterns
in 2007, with higher values northward in the Chukchi Sea
(Fig. 3). However, during 2008, the biomass and abundance
displayed opposite patterns. Thus, higher abundances were
located in the Chukchi Sea due to the dominance of small
organisms, such as barnacle larvae, whereas the biomass
peaked at the southern Bering Sea, where copepods were
the most abundant group.

Pelagic larvae

Abundance and distribution

In total, 1254 decapod larvae were sorted, and 18 differ-
ent species belonging to eight families were identified
(Table 1). The larval composition was characterized by the

dominance of benthic species and the absence of pelagic
taxa. Families with the most species were Pandalidae (five

@ Springer
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Fig. 2 Horizontal distribution of the temperature (°C) and salinity (PSU) in the sea surface and bottom in the Bering and Chukchi Seas during

June — August of 2007 and 2008

species), Crangonidae (three species), and Oregoniidae
(three species) (Table 1). The Shannon—Wiener diversity
index ranged between 0 and 1.76 and displayed a homoge-
nous spatial distribution throughout the study area (Fig. 4).
Although 2008 showed higher diversity values than 2007,
there was no significant difference between the years
(Mann—Whitney U test, p>0.05).

The abundance of decapod larvae had a maximum
value of 1139 larvae m~2 and was characterized by a
large quantity of negative samples (those with O larvae),
especially in 2007. The decapod larvae assemblage was
dominated, in terms of abundance, by species of the fami-
lies Paguridae (Pagurus spp.) and Oregoniidae (C. opilio,

@ Springer

C. bairdi, and Hyas spp.), which accounted for more than
half of the total larval catches (Table 1). During 2008, the
larval abundance was significantly higher than in 2007
(Mann—Whitney U test, p<0.01) (Table 1). The distri-
bution of the decapod larvae in 2007 and 2008 showed
clearly different patterns. Thus, during 2007, the decapod
larvae were more abundant in the eastern Bering Sea. In
2008, the Chukchi Sea was the region that accounted for
the highest densities, mainly forced by the distribution of
the dominant species (Fig. 4). In this area, the maximum
values were 571 larvae m~2 of C. opilio, 275 larvae m™>
of Hyas spp. and 186 larvae m~2 of Pagurus spp. (Fig. 4).
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It should be noted that the very low abundance observed
around the Bering Strait gave the appearance of a disjunct
horizontal distribution in many taxa. However, the horizon-
tal distribution of decapod larvae differed among taxa. The
larvae of C. opilio, Hyas spp., and Pandalus spp., showed
this disjunct pattern in both years, whereas Telmesus cheir-
agonus and Pagurus spp. only displayed such distribution
during 2007 (Fig. 4). During 2008, T. cheiragonus larvae
were restricted to the northern area, whereas Pagurus spp.
larvae showed a wider distribution throughout the study
area, with higher abundances in the Chukchi Sea (Fig. 4).
On the contrary, C. bairdi larvae were only collected in the
south Bering Sea and showed significant abundance values

in both years (Table 1; Fig. 4). Rare species (those found in
less than 3 samples) were also present. For example, larvae
of the commercially important crabs Paralithodes camts-
chaticus and P. brevis were also found in south Bering Sea
at very low densities, as well as the larvae of Hippolytidae
spp. or Oedignathus inermis which were recorded in the
Bering Strait and Chukchi Sea respectively (Table 1).

Larval stage composition
The analysis of the larval stages did not show spatial dif-

ferences, but indicated that in 2007, late-stage larvae were
more abundant, whereas during 2008, the population

@ Springer
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structure was dominated by early stage larvae (Fig. 4).
During 2007, the population structure was characterized
by a greater proportion of ZII and M in C. opilio (LS =
2.33+0.49), C. bairdi (LS = 2.09+0.2), and Hyas spp.
(L_S = 2.75+0.41), whereas during 2008, ZI accounted for
almost 100% (L_S =1) of these three species (Mann—Whit-
ney U-test, p<0.01). In contrast, the population structure
of T. cheiragonus and Pandalus goniurus did not show sig-
nificant differences between the years (Mann—Whitney U
test, p>0.05). The low larval abundance of these species
was insufficient (as was also suggested by the absence of all
larval stages in the samples) to detect changes in the popu-
lation structure (Fig. 5).

Body size

The body size (CL and RDL) of C. opilio showed a sig-
nificant positive correlation with the latitude for each lar-
val stage: ZI, ZII, and M (Fig. 6a, b; Table 2). However, the
ANCOVA analysis showed that the parallelism of the regres-
sion lines was rejected, because the slopes significantly var-
ied for CL (F,, |54 = 13.07, p<0.0001) and RDL (F; 43 =
38.83, p<0.0001) with larval stages. The correlation analy-
sis with environmental parameters showed that the size of ZI
had a significant negative correlation with temperatures: ST
(CL: p<0.0001; RDL: p=0.004), BT (CL: p<0.0001; RDL:
p<0.0001) and IMT (CL: p<0.0001; RDL: p<0.0001). For
711 stage, the size had no correlation with temperature, but it
had a positive correlation with chlorophyll a (CL: p=0.016;
RDL: p=0.043). The body size had no significant correlation
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with any of these environmental parameters for the M larval
stage.

Benthic adults

Seven different taxa were identified in the 15 bottom trawl
samples of decapods (Fig. 7). The mean CPUE of the total
decapod assemblage ranged from 11.7 to 262.1 kg h™!
(Fig. 7), with an average value of 76.3+101.2 kg h™!. The
Chukchi Sea was the region with higher CPUEs, account-
ing for 98.5 kg h™!, followed by St. Lawrence Island (62.2 kg
h™') and the southeastern Bering Sea (18.9 kg h™!) (Fig. 7).
In the study area, the most dominant decapods were the snow
crab (C. opilio) and hermit crabs (mainly Paguridae species),
with mean CPUE values of 46.9 kg h™' and 17.0 kg h™/,
respectively. The numerical importance of each taxa in rela-
tion with the overall composition varied among regions. The
southeastern Bering Sea was characterized by the presence
of C. bairdi (52.1%), which was absent northward. Catches
from St. Lawrence Island and Chukchi Sea were dominated
by C. opilio (78.4% and 43.7% respectively). In the Chukchi
Sea, the contribution of Hyas spp. (20.1%) and Pandalus spp.
(4.1%) increased in comparison with other southern areas
(Fig. 7).
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Discussion
Abundance and distribution of pelagic larvae

In comparison with other planktonic groups (such as cope-
pods, chaetognaths, and apendicularians), decapod larvae
showed lower abundance values in the samples collected
during the summers of 2007 and 2008 (Matsuno et al.
2016). However, the abundance of decapod larvae was
comparable to other studies conducted in the waters off the
southeastern Bering Sea (Armstrong et al. 1981), the north-
ern Bering Sea, and the central and southern Chukchi Sea

bars). Numbers in parentheses indicate the number of larvae for each
year. **p <0.01, NS not significant

(Eisner et al. 2013), but lower than those obtained in the
nearshore waters of Kodiak Island (Wolotira et al. 1984),
and the Glacier Bay, a high-latitude fjord in southeast
Alaska (Fisher 2006). Regarding species composition, the
larval dominance of C. opilio, C. bairdi, Hyas spp., Pagu-
rus spp., and Pandalus spp. in our assemblages was also
in agreement with the composition reported by Armstrong
et al. (1981) and Wolotira et al. (1984) in the Bering Sea
and by Eisner et al. (2013) and Weems et al. (2016) in the
Chukchi Sea, but with a higher contribution of crangonid
larvae (Argis lar). However, differences in sampling meth-
ods, time, and oceanographic variability in the area, make
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Table 2 Spearman’s rank correlation coefficients between body sizes
of each larval stage and environmental variables

Zoea 1 Zoea II Megalopa

CL RDL CL RDL CL
Latitude 0.34%** 0.46%** 0.91#**  (0.82%**  (.72%
ST —0.24%%%  —0.35%*%*% 041 -0.49 -0.54
BT —0.49%**  —0.48*%*%*  —-0.09 -0.01 0.72
IMT —0.43*%%%  —042%*%*  —-0.16 -0.18 0.44
IMS -0.17* —-0.07 0.71%* 0.66* 0.66
IMCh 0.23%** 0.13 0.62* 0.70* 0.47
Z0oAb 0.04 0.03 0.4 0.25 -0.13
ZooBio  —0.25%*  —0.40%** 0.55 0.74**  0.23

RDL rostral-dorsal spines length, CL carapace length, ST surface tem-
perature, BT bottom temperature, /MT integrated mean temperature,
IMS integrated mean salinity, /M Ch integrated mean chlorophyll a,
ZooAb zooplankton abundance, ZooBio zooplankton biomass

#p<0.05, **p<0.01, *%p <0.001

it difficult the quantitative comparison between studies.
Larvae of the commercially important king crabs, P. brevi-
pes and P. camtschaticus, were reported in this study but
were only present in four stations at very low densities
(Table 1). In the Bering Sea and near regions, larvae of
king crabs occur in the plankton from March to June, peak
in May, (Shirley and Shirley 1989; Otto et al. 1990) with
a preference for nearshore waters (Armstrong et al. 1981;
Wolotira et al. 1984), where the adults migrated for spawn-
ing and reproduction (Stevens and Swiney 2007; Dew
2008). It can explain the absence of significant abundance
of king crab larvae, since our sampling mainly occupied
offshore waters, and took place too late to find the larvae in
the plankton.

Significant interannual differences were observed in the
decapod larvae community. Thus, during summer 2007,
we recorded higher larval abundance than during 2008.
Furthermore, the larval distribution showed an opposite

Fig. 7 Capture per unit of effort S.Bering Sea St. Lawrence Island Chukchi Sea
(CPUE) and species composi- 300 - o 100
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pattern, in which the larvae were more abundant in the Ber-
ing Sea during 2007 and in the Chukchi Sea during 2008.
Inter-year differences in environmental conditions were
associated with the development of the sea-ice associated
spring phytoplankton bloom at high latitudes (Stabeno
et al. 2012). During May—June, the melting and breaking
up of sea-ice promote the phytoplankton bloom by enhanc-
ing light availability and maintaining nutrients in the sur-
face waters (Arrigo et al. 2008; Grebmeier 2012). Changes
in phytoplankton bloom phenology may influence the tim-
ing and duration of larval release, because decapods couple
larval hatching rhythms with favourable periods of abun-
dant food resources (Starr et al. 1990). This reproduction
strategy ensures viable offspring, but it is especially sensi-
tive, because the temporal window of favourable tempera-
tures and food conditions can be narrow at high latitudes
(Fisher 2006). The distribution of benthic invertebrates’
larvae often coincides with higher densities of phytoplank-
ton and zooplankton, favouring optimal foraging (Metaxas
and Young 1998; Branddo et al. 2015). In our case, we
cannot test if larval mortality due to starvation can explain
interannual differences in larval abundance. Spatial and
temporal match/mismatch between larvae and their food is
a key issue that need to be addressed in the future for better
understand of larval dynamics in Pacific Subarctic/Arctic
seas.

Larval stage composition

In the summer of 2007, larvae of C. opilio, C. bairdi, and
Hyas spp. occurred in more advanced stages of develop-
ment than during 2008. Alterations in the larval release
timing not only affect the planktonic larval period but also
settling on the bottom. This can be particularly impor-
tant for species with extended planktonic larval durations,
such as the majoid crabs C. bairdi, C. opilio, and Hyas
spp., which spend up to 3-5 months in the water column
before settling (Yamamoto et al. 2014). Late larval release
implies a delay in megalopa settlement under suboptimal
bottom temperatures that can lead to lower survivorship
and recruitment (Parada et al. 2010). Moreover, tempera-
ture is also a key environmental variable determining the
larval release time and the duration of larval stages (Yama-
moto et al. 2014; Gonzélez-Ortegén and Giménez 2014).
The temperature was higher during 2007 cruise than 2008
cruise throughout the study area; therefore, it would be rea-
sonable to assume that changes in the larval community
could be influenced by the temperature regime. However,
both cruises took place 1 month apart (July—August 2007
and June—July 2008), and at high latitudes, the increasing
solar radiation during early summer heats up the upper
water layers, so the differences in SST were only evident in
one month.

Oceanographically, 2007 and 2008 were cold years,
with strong similarities in terms of temperature and sea-ice
extent (Stabeno et al. 2012). Considering the 1-month time
lag between samplings, we can explain the differences in
the larval stage composition observed in 2007 and 2008. In
the case of C. opilio, one of the most abundant species in
our samples, it seemed very clear. The hatching season of
C. opilio starts in March and ends in June, but most hatch-
ing in the EBS occurs in April-May (Incze et al. 1987).
Thus, ZI collected during 2008 could have corresponded to
one of the last larval batches of the year. C. opilio takes
approximately 20 days to pass from ZI to ZII, which was
the exact time lag between the samplings. Consequently,
the larvae in ZII stage collected during 2007 could also
belong to one of the last batches of the year. This may
also be applicable to other majoids, such as C. bairdi and
Hyas spp., which have the same larval development mode
(Z1, ZII, and M) and similar larval duration (Armstrong
et al. 1981). Using the same samples as those that we used
for the present study on decapod larvae, Matsuno et al.
(2016) studied geographical changes in the mesozooplank-
ton community in the Bering as Chukchi Seas and found
similar trend for barnacle larvae. In this study, the authors
reported the abundance peak in June-July (2008 cruise) and
it decreases from July—August (2007 cruise) to September
(2007 cruise by Eisner et al. 2013). In agreement with our
observations, Matsuno et al. (2016) considered the differ-
ences in barnacle larvae abundance between 2007 and 2008
as a result of the 1-month sampling lag, rather than envi-
ronmental variability.

Body size of larvae

Phenotypic plasticity in response to varying environmen-
tal conditions is a well-documented life history trait in
many marine invertebrates (Hadfield and Strathmann 1996;
Anger 2001). In crustacean decapods, larval size may be
influenced by the maternal phenotypes (Sato and Suzuki
2010) and by the environmental conditions experienced
during embryogenesis and during the planktonic larval
period, such as temperature, salinity, and food availability
(Giménez 2010; Gonzalez-Ortegén and Giménez 2014).
Latitudinal interpopulation variations were documented for
wild larvae in many decapods. Poole (1966) and Shirley
et al. (1987) found that dorsal carapace spine, rostral spine,
and lateral spine of Metacarcinus magister Z1 were 14, 14,
and 29% longer, respectively, at higher latitudes off Alaska
than those collected in Californian waters. Similarly,
Marco-Herrero et al. (2012) reported the same plasticity
trait when comparing the ZI larvae of Macropodia rostrata
from UK, which had 32.6%, longer carapace length and
9.65% longer the rostral-dorsal spine length than those ZI
from Spain populations. In our case, the body size variation
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between the Bering Sea and Chukchi Sea populations in C.
opilio larvae may have had maternal influence since Webb
et al. (2006) evaluated the effect of embryonic incubation
temperature on the morphology and found that the body
size and spine lengths were smaller at the warmest incu-
bation temperature. This pre-hatching effect can be propa-
gated throughout the larval development by a carry-over
effect (Giménez 2010). However, the slopes of the relation-
ship between latitude and body size were different among
71, ZI1, and M, suggesting that environmental components
during the planktonic phase also had a strong effect on the
observed pattern. In addition to the temperature effect on
body size, we found that larger ZII larvae occurred at sta-
tions with significant higher phyto-zooplankton biomass,
which may suggest that food conditions also influenced
the observed phenotypic plasticity. Regarding the M stage,
no significant correlations were found between size and
environmental conditions. As we mentioned, C. opilio lar-
vae have an extended planktonic larval period and can be
transported long-distances from parental populations, mak-
ing it difficult to track the forcing environmental conditions
involved in the megalopal phenotype (Parada et al. 2010).

Size variability has profound implications on larval
behaviour, buoyancy, sinking rate, swimming efficiency,
and defence against predation (Webb et al. 2006). Large-
bodied larvae can benefit from the exploitation of a wider
size food spectra and from a more efficient energy alloca-
tion (Anger 2001), but in contrast, they are disproportion-
ally more vulnerable to visual predators, such as plank-
tivorous fish (Brooks and Dodson 1965). On the contrary,
large-bodied larvae also develop longer rostral, dorsal and
lateral carapace spines, which were demonstrated to be
prominent defensive structures to estuarine crab larvae,
preventing the high predation risk by planktivorous fish in
estuarine systems (Morgan 1990). Likely, the development
of longer spines of C. opilio larvae at colder high latitudes
could be a predatory-avoidance trait to minimize the higher
risk of attacks by visual predators due to larger body size
of larvae. Moreover, to distinguish the larvae of C. opilio
from C. bairdi and other majoids, such as Hyas spp., sev-
eral inconspicuous morphological characteristics must be
checked. Therefore, many measurements (carapace length,
rostral-dorsal length, and the posterolateral spine length of
the third abdominal somite) were proposed as key charac-
ters for an easier identification of this larval group (Haynes
1973; Davidson and Chin 1991). Morphometric characters
could be a useful tool for a quick discrimination of larvae
from the same sample or oceanographic region, but in view
of the environmental-mediated larval plasticity, body size
measurements should be used with caution and always in
combination with morphological characters for reliable
identifications, as was previously suggested by Webb et al.
(2006) and Korn et al. (2010).

@ Springer

Pelagic and benthic coupling

Bottom Trawls in 2008 showed adult decapods with higher
CPUE were C. opilio, hermit crab, Hyas spp., and C.
bairdi. These species, from a feeding ecology stand point,
are generalist feeders as opposed to specialists (Wieczorek
and Hooper 1995; Berge et al. 2009). Berge et al. (2009)
found over the last century, in the North Atlantic Svalvard-
area, that the marine ecosystem has undergone a shift
from a community dominated by specialized predators to
the current community characterized by generalistic spe-
cies with wider habitat distribution. The authors related
this phenomenon to environmental disturbance due to the
warming trend in the area, which was also observed in
other southern Atlantic areas and in the North Sea (Kirby
and Beaugrand 2009; Lindley et al. 2010). It is likely that
a similar transition in the community structure is already
occurring in the Eastern Bering Sea and Chukchi Sea, but
further studies are needed to confirm it.

Most of the benthic species ranged widely, indicating
community similarities among areas. C. opilio is a com-
mercially important species, very abundant from depths
of 50-200 m on the continental shelf from the Bering,
Chukchi, and Beaufort Seas and in the northwestern Atlan-
tic, and an introduced population was recently discovered
in the Barents Sea (Alvsvag et al. 2009; Hardy et al. 2011;
Rand and Logerwell 2011). In the southeastern Bering Sea,
the lucrative snow crab fishery was declared overfished in
1999, after a large period of catch fluctuations since 1980
(NPEMC 2009). This area is the northern distribution limit
of C. bairdi, where it overlaps with C. opilio (Incze et al.
1987). Our results confirmed that C. bairdi was only pre-
sent in the south Bering Sea and, hence, its range was not
extended northward, as was expected under the ongoing
warming changes in the area. In fact, we did not find lar-
vae of C. bairdi further than 57N, indicating that the larval
distribution was strongly related to the adult populations.
In addition, the warmer conditions in the Pacific Subarctic/
Arctic seas seem to favour the growth and reproduction of
C. opilio, which has driven a northward contraction of the
distribution range (Parada et al. 2010; Rand and Logerwell
2011). Our results report lower abundance values of both
adults and larvae of C. opilio in the SE Bering Sea, but we
consider that the analysis of a longer time-series is needed
to support the northern contraction of its populations.

The spatial match-mismatch between adult population
and larval distribution in the region results from the repro-
ductive output of adult females and larval transport (Incze
et al. 1987; Parada et al. 2010). In our case, we observed a
clear association between the larval and adult distribution
in most of the decapods (see Fig. 8a, b). This, along with
the absence of C. bairdi larvae in St. Lawrence Island or
Chukchi Sea, suggests that during the summers of 2007
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and 2008, the retention processes may maintain the lar-
val pool near the adult populations. Mesoscale circulation
features (such as internal waves, tidal fronts, and eddies),
coupled with vertical and horizontal larval swimming
behaviours, may lead to the ecologically scaled retention
of larvae relatively close to the source populations (Cowen
et al. 2000). Moreover, larval retention can promote higher
recruitment rates, because the parental habitat is normally
favourable for the larval settlement (Pechenik 1999). In
addition, Parada et al. (2010) applied biophysical model-
ling to estimate the larval transport and connectivity of C.
opilio and observed that most of the larval pool that origi-
nated in the eastern Bering Sea is retained near there, but
some larvae are transported northward, crossing the Ber-
ing Strait. Recently, using population genetics, Albrecht
et al. (2014) showed a single homogenized C. opilio stock
exists throughout Alaskan waters. Therefore, it seems that
the few larvae transported long-distances northward are
enough to maintain a gen flow among populations and con-
nectivity (Parada et al. 2010). Larvae of C. opilio have a
long planktonic duration that lasts 3—-5 months and con-
sists of two zoeal stages and one megalopa stage (Yama-
moto et al. 2014). This relatively long planktonic phase,
in combination with the current circulation, may facilitate
eventual long-distance dispersal between widely distributed

populations (Shanks and Eckert 2005). In this sense, ocean
currents in this region are relative strong and dominated by
a northward flow from the Gulf of Alaska to the Chukchi
Sea through the Bering Sea water masses: the inshore
Alaskan Coastal Water (ACW) flow, the offshore Anadyr
Water (AW) flow, and the Bering Shelf Water (BSW) flow
between them, centred around St. Lawrence Island (Coach-
man and Charnell 1979; Coachman 1986) (Fig. 1d). Unfor-
tunately, our sampling was not designed to study physical
processes related with mesoscale circulation, but it is a
key question to understand larval transport and connectiv-
ity. Therefore, we encourage the scientific community to
implement this analysis for future expeditions to the Pacific
Subarctic/Arctic sector.

Future prospects

We recommend future monitoring studies on benthic
adults, collected by trawling, for a more detailed identifica-
tion, and catch processing onboard to provide data on the
size, sex, and maturity of individuals. Using the Hokkaido
University zooplankton long-term time-series in the Bering
Sea, we are extending the temporal period to track altera-
tions in the decapod larvae community related with cli-
mate changes and fisheries. For that, it would be interesting
the use of the NOAA-NMFS Eastern Bering Sea Bottom
Trawl Survey results (http://www.afsc.noaa.gov/Kodiak/
shellfish/crabebs/crabsurvey.htm) to link the larval results
with adult population dynamics. However, to detect north-
ern distribution shifts of subarctic species in relation to the
current and future conditions in the Arctic, more accurate
larval descriptions are needed. It is relatively easy to iden-
tify the most abundant larvae using the available larval
descriptions, but it is rather complicated to classify the less
common species, such as species belonging to the fami-
lies Hippolytidae or Crangonidae, which are diverse in the
northeast Pacific and have the potential to move northward
to higher latitudes. In the case of the commercially impor-
tant shrimps of the family Pandalidae, the larval descrip-
tions are dated and do not follow the current standards
proposed by Clark et al. (1998). In addition, taxonomists
and meroplankton ecologists benefit from having access to
English versions of current and past Japanese and Russian
larval keys. Therefore, we encourage the scientific commu-
nity to make efforts in this matter, describing in detail the
larval development of crustacean decapods obtained in the
laboratory from ovigerous females.
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