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DeepCam autonomous recording it 1d was downloaded and viewed after each tow (CSAR
2006). The sled was towed at a speed of ca. 3.7 km h”' with on bottom durations of
0.09-0.62 h (CSAR 2006).

Video footage was analyzed to identify substrate from five sets of transects
(Figure 2-1). Areas were classified into hard, soft or mixed substrates according to the
dominant substrate identified ( 2 below). Five sample sets of sea cucumbers (Table 2-1)
were collected by trawl from the three representative substrates and preserved in 100 %
ethanol (EtOH) for further ar sis in the laboratory. A single sample was taken from
rock substrate (n=17 in sample site 1), two samples from gravel (n=21 in sample GlI;

n=15 in sample G2) and two samples from sand (n=23 in sample S1; n=28 in sample S2).

Substrate types

Throughout the study, substrates were classified as hard or sott (Table 2-2). Hard
substrates refer to both rocky and gravelly substrates and a mixture of the two. Rocky
substrate consists of irregular rock bottoms with outcrops and boulders. Gravelly
substrates are relatively flat an  covered in small rocks (2-5 cm in diameter), shells, and
tests of other invertebrates. Hard mixed substrate refers to a combination of rocky and
gravelly substrate types with  :gular rocky bottoms (outcrops 1d boulders) covered in
small rocks (2-5 cm in diameter) and shells. Soft substrate reters to tlat sandy bottoms

with scattered rocks (10-15 cm in di  1eter).
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Accuracy of measurements

The primary difficulty with sea cucumber growth studies has long been the
reliability of measures used due to the plastic nature of the sea cucumber body. Although
reliable measures such as dry weight have been developed (Rutherford 1973; Turner and
Rutherford 1976; Hamel and Mercier 1996a; David and MacDonald 2002) they are
obviously not suitable for growth experiments where individu: ; need to be kept alive and
measured at regular intervals. Immersed weight is ideal for sea cucumber growth studies
because it negates the effects of retained water within the orga; :m, providing a measure
of tissues as shown by the stror relationship with dry wei: t we obtained (r=0.97).
Similar results have been ob 1ed for C. frondosa and other echinoderms in previous
studies (Grosjean 2001; Gudimova et al. 2004). Spirlet et al. (2000) developed a
standardized immersed weight ised on the salinity of the water in which the organisms
were weighed. Since salinity changes off the coast of Newfoundland are minimal (ca. 32;
Kendaris 1980), they were assun  to have negligible effect on the results of this study.
While immersed weight is by far the most accurate measurement, it was also the most
time consuming to use. Sea cucumbers needed to be completely covered by water and
checked to ensure there was 1 ntact th the sides of the seawater container which
otherwise resulted in abnorm: y high values. It is doubtful th this measurement would
be useful in the field as movements, such as the rocking of a »at, could also affect it.
Wet weight was dependent on the amount of retained water within the animal, making it
quite variable, yet it was still  rly we correlated with dry weight. As a sea cucumber’s
body size increases, the volume of water it is able to retain increases, accounting for the

strong linear relationship. However, the drawback is that behavioural and physiological
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(Hamel and Mercier 1996a; Hoegh-Guldberg and Pearse 1995) however temperature
conditions were similar in both studies.

In the St. Lawrence Estuary, Hamel and Mercier (1996a) reported that settlement
occurred after ca. 6 weeks, compared to ca. 5 weeks in our study. Faster settlement may
enable new recruits to take advantage of the shorter productive season, however after two
years of growth sea cucumbe reached a maximum of 6 mm in our study compared to
over 30 mm in the St. Lawren  Estuary (Hamel and Mercier 1996a). The size of larvae
at settlement was also smaller, result that could be explained by the smaller oocyte size
in Newfoundland populations (Marshall and Bolton 2007), and may contribute to the
overall size differences after 24 months, although the coefficient of variation was higher
for the final size of juveniles than it was for oocyte size.

It is unlikely that small  vae/juveniles were space-limited in our tanks as they
occur in such high densities in the field (Hamel and Mercier 1996b), thus food level is the
most likely cause of the lower growth rates recorded. Although sea cucumbers in our
study were constantly supplemented with algae (3.8 x 10° cells ml™), the food availability
was apparently not enough to enhe e or even sustain growth rates. Furthermore, high
variations in sizes w¢  obsern  in juveniles of the same year class indicating differences
in growth rate within a cohort reared in a common ¢ :losure under identical
environmental conditions. L. r individuals were generally found on the undersides of
rocks possibly closer to detrt  food sources, including accun lated organic material on
the bottom of the tank. Sheltering under rocks also allows juveniles to teed uninterrupted
for longer periods than in open areas where they are exposed to water currents and other

disturbances. Similar observations of variable growth rate observed in the field were
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Table 2-4: Development of Ci  maria frondosa in the laboratory. A new stage was
established when ca. 50 % of ¢ ryos reached it. Larvae were reared under ambient
photoperiod and temperature (-1 to 0 °C).

Stage Cize (mm) Time

Just spawned oocyte 0.7+0.1 0
Fertilized oocyte (elevated 0.73 £ 0.16 (excluding space 6 + 2 min
fertilization membrane) between egg and membrane)

2-cell 0.8+0.1 51+09h
4-cell 0.8+0.1 73+t 1.1h
Morula 0.8+ 0.1 22+2h
Blastula (fully formed) 0.9+ 0.1 41+42h
Early gastrula 0.8+0.1 65+6h
Elongated gastrula 1.5+ 0.2 4+£1d
Vitellaria 1.5+0.3 7+x1d
Early pentactula (5 tentacles) 1.2+0.2 10+£2d
Late pentactula (5 tentacles 1.3+£0.2 1I5£1.5d
and 2 podia)

Settlement (negatively 1.3+£0.2 ca 9 weeks

buoyant, no more cilia)




Table 2-5: One way ANOVA of immersed weight between replicates
of Cucumaria frondosa in size Classes 4-8. See Table 2-2 for size
class details.

Class Source of DF SS MS F P
variation

3 Between groups 1 C 26 0.026 18.42 0.002
Residual 10 0.014 0.001
Total 11 0.040

4 Between groups 3 0.034 0011 238 C 85
Residual ~_.0.17  0.0048
Total 39 .21

5 Between groups 3 0.20 0.067 1.69 0.208
Residual 16 0.63 0.039
Total ! 0.83

6 Between groups 2 0.081 0.041 0.45 0.647
Residual 11099 0.09
Total 13 1.07

7 Between groups 3 255 0.85 0.68 0.580

Residual 14 17.53 1.25
Total 17 71.08
8 Between groups 3 1.33  0.44 0.65 0.597
Residual I 9.53  0.68
Total 17 10.86
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3.1 Abstract

Western North Atlantic marine invertebrate populations were vastly impacted by
glaciations during the Last G :ial Maximum (LGM) in the Late Pleistocene. Their
patterns of genetic diversity and structure generally indicate extirpation of populations
after the LGM and high gene tflow across the North Atlantic. Cucumaria frondosa, the
most abundant and widely distri ted sea cucumber in the North Atlantic, was used as a
model to test whether its popu ion ; 1etic structure reflects a history of persistence or
extirpation and recolonization with respect to glaciations. Mitochondrial DNA (mtDNA)
sequences were obtained and analyzed for C. frondosa from 20 locations (separated from
each other by 7-5900 km) covering most of its distribution range in the North Atlantic.
Bayesian skyline plots showed no reduction in effective population size across the North
Atlantic during the LGM indic  ng mi nal to no effects by the most recent glacial
maximum on populations. Long larval times (ca. 4-7 weeks) and the ability to colonize
deep areas to 1300 m may have allowed survival of glaciated areas supporting high

haplotype diversity and long population history in the North Atl tic.


















denaturation at 95 °C, 60 s annealing at 50 °C, 60 s extension at 72 °C. The 35 cycles
were followed by a tinal 10 min extension at 72 °C.

Expected PCR product sizes were verified by electrophoresis on | % agarose gels
(1xTAE). Montage PCR96 cleanup kit (Millipore) was used to purify products and 20-
50 ng ul' of each purified product was used in subsequ t forward and reverse
sequencing reactions. For sequencing reactions, Big D:  TM Terminator Cycle
Sequencing Kits and AmpliTaq (Applied Biosystems Inc.) were used, following supplier
instructions. Sequencing reaction products were purified from unincorporated terminators
with ethanol precipitation and electrophoresed on an Abl Prism 3730x1 Analyzer. PCR
and sequencing reactions were conducted on Peltier Themal Cyclers (PTC-100 and PTC-
225 MJ Research). Forward ¢ | reverse sequences were aligned and then edited with
Sequencher 4.7 (Gene Codes Corporation) creating consensus sequences for each
individual. The mtDNA sequer 3 were submitted to GenBank with the following

accession numbers: EU811768-EU811824, FJ234231-FJ234400, F1603323-FJ603432.

Genetic diversity and phylogenetic analysis

Initial Bayesian phyl¢ eitc analysis conducted in MrBayes (10,000 generations;
Ronquist and Huelsenbeck 2003) resulted in average posteriors of 7.56 for the Ti/Tv ratio
and of 0.128 for the gamma sh  : parameter and these estimates were used in subsequent
population genetic analysis in Arlequin. Genetic diversity measurc and population
parameters were estimated wi  Arlequin version 3.11 (Excoftier et al. 2005). Individual
populations were assessed for haplotype and nucleotide diversity (Nei 194, ,. A haplotype

network was constructed using statistic  parsimony (Templetc et al. 1992) through the
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therefore a cumulative distribi  on function(D.qp) 1s calculated which accounts for this.
This statistic compares the « 1ulative expected and observed differences across all
geographic distances. Unlike Fst and AMOVA, SAShA is able to determine subtle levels
of population structure despite gene flow or within population variance (Kelly et al. in
press).

Populations sampled w  in NAFO area 3K (3KC) and in Bergen, Norway (BEN)
were removed from all demo_ phic statistical analyses with the exception of diversity
statistics and the haplotype network due to small sample size (n=4, Table 3-1). Omission
of small sample populations fi 1 the analyses did not distinctly alter the outcome of the

AMOVA or expansion model.

Laboratory studies

To assess the larval di  -sal capabilities of C. frondosa adults and juveniles were
collected from various areas around Newfoundland and maintained in tanks for over two
years. They were kept under  ural photoperiod within a flow-through seawater system
maintained at ambient t (-1-15°C) that provided natural phytoplankton
levels. In 2006 and 2007, the ~ cucumbers spawned in several of the  ks. The floating
eggs were collected, checked for an elevated fertilization coat [ transterred into culture
vessels provided with running seaw r and rock substrate. The developing larvae were
observed regularly to determii  time to settlement and monitor subsequent growth. Other
biological and behavioral ob vatic s were made throughout this study (see Chapter 2

for details).



34 Results

Sequences of 618 bp length were obtained from 334 specimens of C. frondosa

yielding 143 separate haplotypes (Table 3-1).

Genetic diversity and phvlogenetic analysis

All sample sites showed high genetic variability with haplotype diversity ranging
from 0.849 to 1.000 (Table 3-1). aplotype diversity for pooled populations in the
western and eastern Atlantic was 0.955 and 0.950 respectively. Nucleotide diversity
ranged from 0.0045 to 0.0085 across the North Atlantic. The number of haplotypes per
site ranged from 4 to 24 with no obvious patterns of distribution in relation to
geographical location. The most cor  non haplotype (seq J) was found in 17 of 18 major
sample sites. Private haplotypes comprised 33 % (n=109) of  haplotypes and ranged
from 0-14 haplotypes per sample site. Site-specific haplotypes occurred at low
tfrequencies but comprised 86 % of all haplotypes found.

Maximum parsimony 1lted in a single haplotype network (Figure 3-2) that did
not reveal any partitioning aci s the North Atlantic with most internal haplotypes being
shared across all r« ‘ons or |  w:  the western Atlantic . 1 eastt  or mid-Atlantic
regions. However, the haplotype, located centrally within the vork (N; 10 individuals)
with the most connections, was for d in the western and mid-Atlantic. In contrast, all

haplotypes unique to the eastc  Atlantic are tip haplotypes.
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Population expansion and migration rates

Fs values were significantly negative (p<0.050; 10 random samples) for
individual populations and across regions (Table 3-1). Bayesian skyline plot (Figure 3-3)
showed increasing effective population size for the entire North Atlantic over the past
71 000-156 000 years. A large increase in effective population size occurred 14 300-
31300 years before pre 1t (ybp). In the Western Atlantic, two major effective
population increases occurred 20 000-44 000 and 51 000-113 000 ybp. The mid and
Eastern Atlantic populations have been continually increasing in size with no large
increases. Time to most rec it common ancestor occurred 127 000-277 000 ybp in the
Western Atlantic, 126 000-275 00 ybp in the mid-Atlantic and 119 000-260 000 ybp in
the Eastern Atlantic.

Eftective migration es were high across North Atlantic regions, with
asymmetric gene flow between the mid- and western Atlantic and comparable exchange
between western and eastern tic (Table 3-2). Asymmetric rates were also detected

between mid- and eastern Atlantic with gene flow oriented in  west to east direction.

Population structure

Pairwise corrected Kin 1 two-parameter Fst values wi  : generally low with few
significant values (Table 3-3). Cook’s Harbour, Canada (CHC) an Mpserkvedbukta,
Norway (MON) were signific ly <0.05) differentiated fro sever: sites. Linearized
genetic distance plotted against gec 1phic distance showed v ik increasing population

structure with increasing dist: e (Mantel’s test r=0.32, p=0.028; Figure 3-4).
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Analysis of molecular variance indicated that 98 % of the variation detected was
within populations (®s7=0.018; p=0.031; Table 3-4). Significant variation was detected
with AMOVA between the eastt 2 | western regions of the North Atlantic (®cr=0.016;
p=0.047), but not between any other regions. Small but significant variation was also
detected among populations within the Eastern and Western Atla ¢ ((Ps7=0.024;
p=0.041) A total of 13 haplotypes were shared between the ea . and western Atlantic.

Examination of spatial analysis of shared haplotypes (SAShA) indicated that the
mean distribution of shared | lotypes was not significantly different from distribution
expected under panmixia (p=0.534; Figure 3-5A). The cumulative trequency distribution
statistic showed similar results indicating non-significant deviations from expected

panmictic distribution (D.4=0.047; p=0.621; Figure 3-5B).

Laboratory studics
Sea cucumber larvae  tled after reaching the pentactula stage indicated by the
development of five oral te1  les and two ambulacral podia as well as the concomitant

loss of buoyancy (Hamel and Mercier 1996a; Chapter 2). ttlement under laboratory
conditions started ca. 42 days after spawning. Table 3-5 summarizes ological data

compiled in this and previously _ 1blished studies that are relevant to glacial persistence.

3.5 Discussion

The analysis of mtDNA of C. frondosa populations reveals persistence through

“aciations of the Late Plei ¢« :a the N 1 Atlantic | high historical gene tlow
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consistent with the biology of the species. The results of this study are different from the
phylogeography determined in many previously studied marine invertebrates and may

provide insight into ecological characteristics needed to survive glacial conditions.

Glacial persistence in the North Atlantic

Populations of species that have survived glacial periods are expected to have a
high haplotype diversity because under a neutral model diversity is expected to be higher
in populations with longer histories than in recently founded populations (Wares and
Cunningham 2001; Maggs et al. 2008). Wares and Cunningham (2001) found that several
obligate rocky intertidal inve; rates supported Ingolfsson’s (1992) view of extirpation
in the western North Atlantic followed by an east to west recolonization, based on lower
haplotype diversities in the wi  2rn than the eastern regions. Our results indicate a high
diversity in most areas sam with no significant differences between the eastern and
western Atlantic. However d  rences may be masked by uneven sampling and high
within population variation. Sampled areas for the eastern Atlantic were only available
from western Norway which was ice covered during the LGM (Clark and Mix 2002)
indicating that this area was | :ly recolonized by populations in southern refugial areas
(Maggs et al. 2008). In the case of an east to west recolonization, Norway would likely
still have been recolonized at faster rate than the western Atlantic and higher genetic
diversity would be expected. We agree that an east to west recolonization is plausible for
many obligate rocky shallow-water invertebrates (Wares and Cunningham 2001);
however the high haplotype diversity observed in C. frondosa supports the hypothesis of

persistence through the LGM. Maggs et al. (2008) suggested that high haplotype diversity
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and post-settlement selection are all factors that could cause genetic patchiness (Watts et

al. 1990).

Mid-Atlantic region

In the present study Icelandic samples from the mid-Atlantic were considered
separate from western and eastern Atlantic samples. Previous studies have grouped
Icelandic populations with the istern Atlantic as it may have rovided a stepping stone
for recolonization of the North Ame :an coast (Ingolfsson 1992; Wares and Cunningham
2001). Grouping of mid-Atla. ¢ samples with eastern and western populations can be
difficult as various species within the same area show differences in affinity for either
region (Rignos and Henzler 8 a references therin). Molecular studies by Reeb and
Avise (1990) and Riginos and Henzler (2008) found - : similarity in bivalve
populations between North America and Iceland than between Europe and Iceland. The
opposite trend has been obser  in fish ( ckerson and Cunningham 2006; Bigg et al.
2008) and sea urchins (Addisc and Hart 2005). Populations of C. frondosa from western
Iceland show higher affinity for North America (western) than Norway (castcrn)
populations as they share a ot haplotype in the middle of the haplotype network.
Western Atlantic populations of C. frondosa share the same 1 nber of haplotypes with
Iceland and with Norway; howev: no shared haplotypes were found only between
Iceland and Norway. This pattern may be explained by effective migration rates between
the three regions and is likely due to particularities of North Atlantic currents that link
these areas together (Figure 3-1; I :antoni 2001). Analysis of genec flow rates shows

higher exchange of effective migrants between North America and Iceland than between
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direction of historical gene flow follows dominant ocean currents, providing further
support that larval dispersal is a main component affecting population structure. This
study is in contradiction with the long held paradigm that pelagic lecithotrophic larvae are
poorly dispersive compared to planktotrophic larvae (Duran et al 2004). However, it is
not the first time this prediction has been questioned (Young et al. 1997) and evidence of
high larval dispersal in C. frondosa has been reported (Hamel and Mercier 1995;
Medeiros-Bergen et al. 199¢ Given the larval time we measured (ca. 42 days), C.
frondosa larvae from the western Atlantic could travel an average of 1500 km in the
North Atlantic Current at an a  age speed of 38 cm s™'. Although this does not span the
North Atlantic, it may enable C. frondosa to reach areas around the mid-Atlantic ridge or
the continental shelf of the tern Atlantic. In addition, this may be a conservative
estimate of larval dispersal as the North Atlantic Current may reach speeds of 209 cm s
and we did not factor in the  ent ly longer larval duration in consistently cold water

(Hamel and Mercier 1996a).

Single locus phylogeography

This study employs s1  :le locus (COI) mtDNA to est  h the population history
of C. frondosa in Atlantic waters. Studies with single locus markers 1y overestimate
population demographic pa neters (Brumfield et al 200. thus multiple unlinked
markers would improve statistical estimates. Although eight regions previously amplitied
in other Cucumaria species (Arndt and Smith 1998) were tested (data not shown), only
the COI region showed eno "1 variability to elucidate phylogenetic patterns. For future

studies a combination of markers which undergo varying rates ot mutation and highlight
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3.8

Tables

Table 3-1: Diversity measures for populations of Cucumaria frondosa using 618 bp of
COI. The number of samples per site (N), unique haplotypes (H) and polymorphic sites
(PS) are listed as well as Fu’s Fg neutrality value. Standard deviation is noted in brackets

and significant values are shown in bold.

Site ID Sampling location N H PS  Haplotype diversity = Nucleotide diversity Fg
Canada
BIC Belcher [sland, NU 15 14 18 0.991 (0.028) 0.0060 (0.0036) -5.01
HSC Hudson Strait, NU 13 9 12 0.872 (0.092) 0.0050 (0.0031) -1.37
WHC Williain's Harbour, NL 17 13 18 0.971(0.028) 0.0063 (0.0030) -2.26
LLC L ance au Loup, NL 18 15 21 0.971 (0.039) 0.0072 (0.0041) -3.31
CHC Cook’s Harbour, NL 29 21 22 0.970 (0.018) 0.0070 (0.0040) -4.62
IKC NAFO Area 3K, NL 4 4 5 1.000 (0.176) 0.0045 (0.0035) -0.34
TWC Twillingate, NL 17 15 25 0.978 (0.031) 0.0078 (0.0045) -3.28
HBC Hare Bay, NL 25 24 33 1.000 (0.027) 0.0085 (0.0048) -10.41
ACC Admiral’s Cove, NL 15 13 19 0.981 (0.030) 0.0057 (0.0034) -2.44
SPC St. Pierre Bank, NL 9 6 13 0.889 (0.091) 0.0064 (0.0040) 1.99
AWC NAFO Arca 4W_ NS 14 11 20 0.934 (0.061) 0.0082 (0.0047) -0.40
HPC Havre-Saint-Pierre, QC 8 ) 11 0.928 (0.084) 0.0067 (0.0043) 0.27
PI1C Passamaquoddy Bay (1), NB 21 17 21 0.967 (0.030) 0.0067 (0.0038) -4.57
P2C Passamaquoddy Bay (2), NB 25 16 25 0.900 (0.053) 0.0061 (0.0035) -2.69
United States
CNU Cape Neddick, ME 18 15 21 0.974 (0.029) 0.0072 (0.0041) -3.69
CBU Casco Bay, ME 16 1223 0.959 (0.036) 0.0076 (0.0044) -1.12
Western Atlantic Total 264 129 101 0.955 (0.008) 0.0018 (0.0091) -23.96
(Mid-Atlantic) Iceland
AKI Akrancs 31 21 22 0.957 (0.025) 0.0071 (0.0040) -4.73
Norway
SKN Skaug 12 5 8 0.849 (0.059) 0.0055 (0.0034) 3.95
MON Markvedbukta 23 13 15 0.949 (0.023) 0.0056 (0.0033) -1.82
BEN Bergen 4 4 7 1.000 (0.176) 0.0083 (0.0060) 1.00
Eastern Atlantic Total 39 19 21 0.950 (0.015) 0.0062 (0.0035) -2.02
(.0059 (0.0033) -23.91
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Table 3-2: Effective migration rates of populations of Cucumaria frondosa between three
regions in the North Atlantic« :ulated with MIGRATE (Bee 2008). Upper and lower
95 % profile confidence limits are noted in brackets.

Migration rates

n North America Icela Norway
North America to 2600 - 228 (198-438) 564 (427-892)
Iceland to 31 913 (859-1130) - 680 (597-1250)
Norway to 35 465 (428-605) 56 (36 2) -







Table 3-4: Hierarchical analysis of molecular variance of populations of Cucumaria
frondosa across the North Atlantic.

Source of variation df Percentage of variation Fixation indices
All regions 2 1.11 0er=0.011
Within groups 15 0.68 Bsc=0.006
Within populations 308 98.21 Dgr=0.018*
Western and mid-Atlantic 1 0.55 Ocr=0.005
Within groups 14 0.41 (Ds=0.004
Within populations 275 99.04 Ds1=0.009
Western and eastern Atlantic 1 1.67 Ocr=0.018*
Within groups 15 0.72 Dsc=0.007
Within populations 278 97.60 DOs1=0.024*
Eastern and mid-Atlantic 1 -0.65 Oer=-0.006
Within groups 1 3.62 Bs=0.036
Within populations 63 97.03 (bs1r=0.029
*Significant at p<0.05 ter 101 :rmutations
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Figure 3-2: Haplotype network of cytochrome oxidase 1 (COI) sequences of Cucumaria
frondosa. Each haplotype is noted by its corresponding ID. The area of each circle is
proportional to the number of indiv  uals with that haplotype. Small black circles
represent intermediate haplotypes not found in our samples but needed to link observed
haplotypes. Each line in the network represents one nucleotide substitution. Haplotypes
from the western Atlantic are s. white, those from the mid-Atlantic are shown in
light grey with a thick black bo | those from eastern Atlantic in black. Shared
haplotypes between the eastern and western Atlantic are shown in dark grey, between the
western and mid-Atlantic are shown in white with a thick black border. Haplotypes
shared between all regions are shown in dark grey with a thick black border.
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Figure 3-3: Bayesian skyline plots depicting the demographic history of C. frondosa
across the North Atlantic. The solid line represents the median value for the log of
effective population size (L« N.) and the dashed lines represent the upper and lower
95 % credible intervals. The x-axes represents thousands of years before 2008 with
minimum and maximum time « imates based on previously calculated sea urchin COI
mutation rates of 1.6-3.5 % Myr™' (Lessios et al. 1999, 2001;! :Cartney et al. 2000).
Time estimates of the LGM sted with arrows on the x-axes.
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Figure 3-4: Slatkin’s (1993) lineariz  genetic distance (Fs1/(1-Fst)) plotted against
geographical distance betw« np s of Cucumaria frondosa. All negative values were
zeroed. Mantel’s test, =0.3  .028.
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4.1 Biology and ecology [ Cucumaria frondosa

This study adds key knowlec : on various aspects of the biology of C. frondosa
(Table 4-1) relavant from both ecological and resource management perspectives on a
global scale and for the local fishery (T le 4-2). It also provides tools for further
studying this and other species of sea cucumbers.

Cucumaria frondosa  hib  a patchy distribution at a mean density of
0.29ind m™ that varies with substrate type along the St. Pierre Bank (southwest
Newfoundland). This species shows selectivity for hard subst a in rocky and gravelly
environments that provide refuges for recruits and a hard surface for attachment,
necessary for feeding and spawning. Increasing size of sea cucumber was linked with
increasing hardness of substrate. Sea cucumbers were also found on other less optimal
substrates such as sand where smaller and strangely behaving individuals were found,
suggesting that these individu s may not occur there naturally, but as a result of being
displaced by storms or currents. Artificially high gonadal index in sea cucumbers from
sand substrate was likely the  1lt of reabsorption of the body wall, an energy storage
tissue for maintaining reproduction and body function during non-feeding periods.
Conversely, a higher body wa thickness w  observed in sea cucumbers from soft sand
substrate compared to hard m :d gravel and rock substrate and may be the result of
individuals rolling alo1  the "bc om.

The spawning period for C. frondosa in the Newfoundland region occurs from late
March to early May in response to increasing phytoplankton abundance. Small sizes of

oocytes result in faster development than in other parts of its distribution, leading to
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increased local recruitment and small developing larvae. After two years of growth,
juvenile sea cucumbers reached a maximum of 6 mm in our study, highlighting the
relationship between growth rates and environmental conditions and availability of food.

Immersed weight was the iost accurate measuren 1t for determining sea
cucumber size without sacrificing the animal; it exhibited a strong relationship with dried
weight (r*=0.97). This method which weighs the sea cucumber while suspended in water
negates the etfects ot retained fluids and would be ideal for growth studies on any species
of sea cucumber. Wet weight was also a good measure of size, but showed higher
variability. Contracted length and width, either individually or combined (size index),
were not well correlated with « _ weight. Accurate methods for assessing sea cucumber
size are important in the development and management of sea cucumber fisheries.

Peak growth occurred in correlation with spring phytoplankton production in
almost all size classes of juvenile and adult sea cucumbers. Null annual growth occurred
in several size classes and may be attributed to density in tanks or competition, however it
was likely the product of low food levels. Algae-supplemented size classes showed fewer
changes in overall size, indicatir that more abundant food abled sea cucumbers to
maintain their body size, but | concentrations were not high enough to increase growth
rates. Shrinking body size in response to environmental conditions is not uncommon in
echindoderms and further cor icates sea cucumber growth studies by confounding the
relationship between age and s : and increasing the difficulty in establishing size classes
to estimate growth. In the Newfoundland d Labrador region, estimated growth rates

based on accurate immersed weight studies and size-at-age data for 2-y old juveniles
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indicate a minimum of 25 y« s to reach adult size, however higher growth rates may
occur in the field.

The sea star Solaster enc  a is the most important known predator of C. frondosa
and occurs in areas with high sea cucumber density. Medium-sized sea stars (R: 7-11 cm)
dominate the population on the St. Pierre Bank, suggesting higher predation pressure on
small-sized sea cucumbers (IW: <2 g). This study revealed that very small S. cndeca (ca.
2 mm) prey on post-metamorphic juveniles of C. frondosa which already express the
escape response typical of adults. Prey-predator interactions in very small juveniles of S.
cendeca and C. frondosa s st that these two species have co-evolved, promoting
development of these mechanisms from an early age. Predation by S. endeca on adult
small-sized (IW: 0.6 + 0.3 g) C. frondosa resulted in shorter feeding bouts, there was no
statistically significant preference for small sea cucumbers. Solaster endeca teeding rates
ranged from 2-4 sea cucumb¢ per month, but ceased in response to temperatures > 14
°C. Feeding bouts (length of time spent eating) was long (ca. 9-13 days) due to the large
size of prey and toughness of : body wall. Lower frequency attacks by S. endeca were
observed at high temperatures (ca. 15 °C) compared to lower temperatures (ca. 6 °C)
indicating decreased predation pressure during peak ocean te »eratures (10-15°C) from
August to October. An extrapolation of these factors indicate that 2 % of sea cucumbers
could be removed annually dv top ation by S. endeca, ho :ver this rate assumes that
the sea stars feed only on sea cucumbers, and does not include predation on sea
cucumbers by fish and other invertebrates. Furthermore feeding rates may be continuous
on the St. Pierre Bank where sea cucumbers are fished because bottom temperatures do

not exceed 6 °C. Solaster endeca selectively preys upon sea cucumbers that exhibit
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injuries ressembling those that may be inflicted by benthic trawls. Chemodetection of
damaged sea cucumbers will therefore likely attract S. endeca to harvested areas. No
feeding was observed on damaged or intact C. frondosa by the scavenging sea star
Asterias rubens, however other invertebrate and vertebrate scavengers may feed on sea
cucumber remains.

In predation experiments S. endeca employed direct and indirect attacks where the
sea star would either move s  ght to its prey, or take a ciri itous route. Direct attacks
were only observed if S.en :a was in close proximity to its prey. Indirect attacks
occurred more often with the sea positioned above its prey enabling it to use its full
body weight to capture the sea cucumber. Indirect attacks . o allow the predator to
remove itselt from direct water w and attack from “down-wind”.

The gene flow study indicated that C. frondosa pop itions across the North
Atlantic exhibit high diversity within populations, but low diversity between populations.
At local levels, genetic patchiness was detected between some populations as a result of
adult genetic composition, sou : of recruitment and post-settlement selection. Gene tlow
between populations is sporadic and local recruitment is 1 :ly more frequent. Small
genetic differences were detected between eastern and west 1 Atlantic groups may be
due to variable gene tlow ratt  Gene tlow patterns are linke to larval dispersal through
ocean currents with high effective migration rates across the North Atlantic. The pattern
of genetic diversity of C. frondosa populations across the Atlantic indicate that the
species persisted through glacial conditions ri1  the Last Glacial Maximum (ca. 18,000
years ago). Apart from larval dispersal, the glacial persis ice is likely due to their

adaptation to arctic conditions and ecological p° icity. Weak population structure
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indicates that low levels of distant gene flow are able to outweigh microevolutionary

processes such as genetic drift or mutation.

4.2  Implications for the fishery

Populations of C. frondosa in the western North Atlantic are virtually untouched
by directed harvests and rep ent practically virgin biomass. Annual spawning and
long larval development times enable recruitment to distant populations, however the
magnitude and consistency of :cruitment between populations is likely low. Cucumaria
frondosa growth rates around Newfoudnland and Labrador are slow due to limited
planktonic food availability; therefore heavily fished populations will likely require a
long time to recover. The fittest sea cucumbers (those that w  survive and reproduce)
reside on hard rocky substrate and are reproductively the most important for contributing
to recruitment. Using a trawl to fish sea cucumbers may unintentior ly help preserve
reproductive adults and sources of r -uitment as rocky areas with boulders and outcrops
result in damaged gear and poor catches. Deep-water popula »ns of C. frondosa beyond
the photic zone may support uitment to c« al eas, however their gametogenesis is
triggered by cues from shallower p. ulations. These links b veen populations suggests
that intense coastal harvestii may cause cascading negative effects on annual
recruitment. These factors in ate that C. frondosa is susceptil :to Allee etfects, where
decreasing densities ot sexually mature adults cause a proportionate decline in the number

of juveniles produced.
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Predation by juveniles of the s¢ star S. endeca highlights the negative pressures
affecting post-metamorphic juveniles and thus recruitment. Furthermore, adults of
S. endeca are drawn to damaged sea cucumbers and predation pressure will increase in
areas trawled for benthic invertebrates. An increased number of damaged sea cucumbers
may also draw predatory and scavenging invertebrates and fish, further affecting sea
cucumber populations.

Most of the C. frondosa collected in the North Atlantic appear to be part of a large
population connected through high gene flow facilitated by long larval life and ocean
currents over long ecological time scales (decades or more). Local genetic patchiness can
occur, however, with variations in sources of recruitment and dispersal. The presence of
genetic patchiness highlights the need for 'local' management through closure of
apparently less connected areas.

This project is a major step in creating a successful management plan for the
fishery which ensures economic viability and environmental sustainability provided that
fisheries managers take a itionary approach, heed the lessons frc 1 overexploited
sea cucumber fisheries elsewhere and continue to have the support and co-operation of

harvesters, processors and research scientists.

4.3 Future research

Although C. frondosa is fairly well known, various aspects of its biology could be

investigated to further our | 1 knowleC : of this and other species of sea cucumbers.
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Additional research would also help refine management goals and practices for the
emerging fishery.

e Sea cucumbers are har to tag due to their lack of hard structures. Previous studies
have failed to find a reliable tag that will not be expelled from the body of the sea
cucumber. Development of reliable tagging methods fi  sea cucumbers would be
useful for conducting growth studies in the field.

o Field studies of C. frondosa could be conducted following individuals using DNA
fingerprinting.

e Biochemical analysis could { ther elucidate differences in potential fitness
between sea cucumbers residing on different substrates

e Other gene regions and markers should be used to retine our estimates of
population genetic histe including microsatellites, allozyme markers.

e Analysis of oocytes of C. fr¢ losa from different sites using size and lipid
composition may help determine potential distance trav: ed before settling. The
impact of environmental conditions on oocyte size may be elucidated as well.

e Feeding observations « S. ¢, ’ca should be conducted in the field to determine
natural feedit cycles d if prey switching between sea cucumber and other
echinoderm species occurs. Abundance of' S. endeca she 1d also be compared
between pristine, untouched areas and fished areas to determine if trawlit
increases predation pressure as predicted. Field studies in fished areas can also

indicate whether scavengers prey upon sea cucumber remains.
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Further studies should be con icted on the anti-predat 7 behaviour of C.
frondosa such as the ratio between normal size and increased (“bloated™) anti-
predatory size. The increased size needed for C. frondosa to successtully escape
an attack from §. endeca should also be determined.

Solaster endeca should be observed to determine aggregative feeding behaviour
and their effect on predation rates. Several small to me um-sized sea stars may be
able to overcome a lar  sea cucumber’s anti-predatory tactics.

Chemodetection studies: ould be conducted on S. ¢ndeca using intact and
damaged sea cucumber prey. Although S. endeca is known to be able to detect
prey, it is not known at what  stance it is most effective.

The species C. japonica is almost morphologically identical to C. frondosa and
has a similar Arctic dis  ution. Genetic tests may determine whether the species
are the result of speciat 1 during glacial periods. Analysis ot ossicles in their
tissues may also provide key taxonomic information.

The use of Western blots can determine the presence of  :ht sensitive rhodopsin
on various tissues of C. frondosa and may show which parts ot the sea cucumber
are used to detect I " t.

Aggregation patterns should be determined for C. frondosa to determine if they
aggregate according to size or in reference to tood and water tlow.

Immersed weight should be correlated with weight of beche-de-mer product.
Harvesters would have more accurate method of determining how much product

can be made from fresh catches.
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o Size-at-age needs to be investigated for C. frondosa in the field as it is necessary
for planning sustainable fisheries practices; however no method has been

developed yet to determine this.

4-10



4.4 References

Brinkhurst, R.O., Linkletter, L.E., Lord, E.I., Conners, S.A., and Dadswell, M.J. 1975. A
preliminary guide to the littoral and sublittoral marine invertebrates of
Passamaquoddy Bay. Special Publication, Huntsman Mar e Sciences Centre, New

Brunswick.

Coady, L.W. 1973. Aspects of e reproductive biology of Cucumaria frondosa
(Gunnerus, 1770) and Psolus fabricii (Duben and Koren, 1846) (Echinodermata:
Holothuroidea) in shallow waters of the Avalon Peninsula, Newfoundland. M.Sc.

Thesis. Memorial University ot Newfoundland, St. John's. Canada.

CSAR, Centre for Sustainable Aquatic Resources. 2006. Habitat utilization and density of
sea cucumber (Cucumaria frondosa) on St. Pierre Bank, Newfoundland:
Observations using atc  |c sled in 2004 and 2005. Centre for Sustainable
Aquatic Resources Project Report P-172a. Fisheries a1 Marine Institute of

Memorial University, St. John’s, Newfoundland.

David, V.M.M., and MacDonald, ...A. 2002. Seasonal biochemical composition of
tissues from Cucumari frondosa collected in the Bay of Fundy, Canada: Feeding

activity and reproduction. J. Mar. Biol. Assoc. U.K. 82: 141-147.

Grant, S.M. 2006. Biological resource assessment of the orange footed sea cucumber

(Cucumaria frondosa) occurring in the Strait of Belle e. Fish s and Marine

4-11



Insititute Centre for Sustainable Aquatic Resources Report No. P-169. St. John’s,

Newfoundland.

Grant, S.M., Squire, L., and Keats, C. 2006. Biological resource assessment of the orange

tfooted sea cucumber (Cucumaria frondosa) occurring in the St. Pierre Bank.

Fisheries and Marine Ins tute Centre for Sustainable Aquatic Resources Report

P-137 & P-172. St. John’s, Newfoundland.

Gudimova, E.N., Gudimov, A. and Collin, P. 2004. A study ot the biology for fishery in
two populations of Cucumaria frondosa: In the Barents Sea (Russia) and in the

Gulf of Maine (USA). In Echinoderms: Munchen Proceedings of the | 1th

International Echinod¢ 1 Conference. Edited by T. Heinzeller and J.H. Nebelsick:

CRC Press, London. pp. 269-275.

Hamel, J. -F., and A. Mercier. 1995. Spawning of the sea cucumber Cucumaria frondosa

in the St. Lawrence Estuary, eastern Canada. SPC Beche- -mer Inf. Bull. 7: 12-18.

Hamel and Mercier 1996a. Evidence of chemical communication during the

gametogenesis of holoth  ids. :olr~/. 77: 1600-1616.

Hamel, J.-F., Mercier, A. 1996b. Early development, settleme , growth and spatial

distribution of the sea cucumber Cucumaria frondosa chinode ata:

Holothuroidea). Can. J. Fish. Aquat. Sci. 53: 253-271.

Hamel, J.-F., and Mercier, A. 1996¢. Gamete dispersion and fertilization success of the

sea cucumber Cucumaria frondosa. SPC Beche-de-mer Int. Bull. 8: 34-40.

4-12



Hamel, J.-F., and Mercier, A. 1996d. Gonad morphology and gametogenesis of the sea

cucumber Cucumaria frondosa. SPC Beche-de-mer Inf. Bull. 8: 22-33.

Hamel, J.-F., and Mercier, A. 1998. Diet and feeding behaviour of the sea cucumber
Cucumaria frondosa in the St. Lawrence Estuary, Eastern Canada. Can. J. Zool.

76: 1194-1198.

Hamel, J.-F., and Mercier, A. 1999. Mucus as a mediator ot gametogenic synchrony in
the sea cucumber Cuci  1ria frondosa (Holothuroidea: Echinodermata). J. Mar.

Biol. Assoc. UK. 79: 121-129.

Hamel, J.-F., and Mercier, A. 2008. Population status, fisheries and trade ot sea
cucumbers in temperate areas « the Northern Hemisphere. /n Sea cucumbers. A
global review of fisher” and trade. Edited by V. Toral-Granda, A. Lovatelli and
M. Vasconcellos. FAO Fisheries and Aquaculture Technical Paper. No. £ 5.

Rome, FAO. pp. 293-306.

Jordan, A.J. 1972. On the Ecology and Behavior of Cucumaria frondosa (Echinodermata:
Holothuroidea) at L¢ ine Beach, Maine. Ph.D. Thesis, University of Maine at

Qrono, Orono. United States of America.

Kirshenbaum, S. 2006. Asses: :nt an management of the Ma e sea cucumber
(Cucumaria frondosa). M.Sc. Thesis, University of Maine at Orono, Maine.

United States of America.

Klugh, A.B. 1923. The habits of Cucumaria frondosa. Can. Field Nat. 37: 76-77.

4-13



Legault, C., and Himmelman, J. H. 1993. R« ition between escape behaviour of benthic

marine invertebrates and the risk of predation. J. Exp. Mar. Biol. Ecol. 170: 55-74.

Medeiros-Bergen, D.E., and Miles E. 1997. Recruitment in the holothunian Cucumaria

frondosa in the Gulf of Maine. Invertebr. Reprod. Dev. 31: 123-133.

Medeiros-Bergen, D.E., Olson, R.R., Conroy, J.A., and Kocher, T.D. 1995. Distribution

of holothunan larvae determined with species-specific genetic probes. Limnol.

Oceanogr. 40: 1225-1235.

Robinson, S.M.C., Bemier, ,and Maclntyre, A. 2001. The impact of scallop drags on

sea urchin populations and ben os in the Bay of Fundy, Canada. Hydrobiologia

465: 103-114.

Singh, R., MacDonald, B.A., I vton, P. and Thomas, M.L.H. 1998. Feeding response of

the dendrochirote sea cucumber Cucumaria frondosa  :hinode  ata:

Holothuroidea) to chai food concentrations in the laboratory. Can. J. Zool.

76: 1842-1849.

Singh, R., MacDonald, B.A.. 1s, M.L.H. and Lawton, P. 9. Patterns of seasonal

and tidal feeding activity int :dendrochirote sea cuct  ber Cucumaria frondosa

(Echinodermata: Holo  roidea) in the Bay of Fundy, Canada. Mar. Ecol. Prog.

Ser. 187: 133-145.

Singh, R., MacDonald, B.A., Lawton, P. and Thomas, M.L.H. 2001. The reproductive

biology of the dendrochirote sea cucumber Cucumaria frondosa (Echinodermata:

4-14



Holothuroidea) using new 1antitative methods. Invertebr. Reprod. Dev. 40: 125-

141.

Smimov, A. V. 1994. Arctic echinoderms: composition, distribution and history of the
fauna. /n Echinoderms through time. Edited by B. David, A. Guille, J.-P. Féral and

M. Roux: A.A. Balkema, Rotterdam, Netherlands. pp. 135-143.

4-15



4.5 Tables

Table 4-1: Summary of ecological and biological characteristics of Cucumaria frondosa

Traits Characteristics Sources

Feeding Feeds on phytoplankton. phytodetritus and other Hamel and Mercier 1998: This study
particulate matter.
Scasonal feeding attuned to food abundance; can Hamel and Mercier 1996a; 1998; Singh ct
withstand prolonged fasting periods with no al. 1998; 2001
detriment to reproduction.
Non-teeding periods result in a shrinking of body David and MacDonald 2002; This study
size.

Reproduction Iteroparous. Hamel and Mecrcier 1995 1996b; This

study

Size at sexual maturity: 8-11 ¢, contracted length.  Hamel and Mercier 1996b:; Grant 2006
Massive annual br  cast spawning correlated with  Hamel and Mercier 1995; 1996b: Singh
environmental factors. et al. 2001, This study
High natural fertilization rates. Hamel and Mercier 1996¢
Gametogenic synchrony  tween distant Hamel and Mcrcier 1996a; 1999
populations by chemical communication.
Intermediate tecundity (ca. 9,000 eggs). Hamel and Mercier 1996b, 2008

Larval Naturally long lar  development times (ca. 4-7 Hamel and Mercier 1996b; This study

development and
ceology

Growth

Population ecology

weeks).

Environmentally ¢ :ndent larval development

rates.
Positively buoyant larvae tound high in water
column.

Scttle on hard substrates in cryptic habitats.

Varies with depth, food availability and size class.
From larvae in-the lab: 2-16 mm y™".
From 35 mm in the field: 3-24 mm y™'.

Various size-cla in the lab: 0-3 mm y™' (annual
growth can be null or weakly negative).

All values = contracted length (CL).

Distributed from shallows to great depths (ca.
20-1300 m).

Sex ratio of 111,

Can colonize bedrock, boulder, gravely and sandy
habitats.

Hamcl and Mercier 1996b; This study

Mcdeiros-Bergen et al. 1995: Hamel and
Mercier 1996b; 1996d

Hamel and Mercier 1996b;
Medeiros-Bergen et al. 1997

Hamel and Mercier 1996b: This study

Jordan 1972 Brinkhurst et al. 1975;
Hamel and Mercier 1996a; 2008; J.-F.
Hamel personal observation

Coady 1973; Hamel and Mercier 1995,
1996b, 2008

Klugh 1923; Hamel and Mercier 1996b;
Grant 2006; Grant ¢t al. 2006; CSAR
2006; Kirshenbaum 2006; This study
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Table 4-1 continued

Traits

Characteristics

Sources

Population ccology

Predation

Genctic structure

Can be found in areas of intenmediate salimty (e.g.

cstuarics).
Adapted to Arctic conditions.

Well developed anti-predatory response to a
predator (S. endeca), trom post-metamorphic
juvenile to adult stages.

Damaged sea cucumbers can attract predators and
are vulnerable to scavengers.

Juveniles are subject to grazing predation by
Strongylocentrotus droebuachicnsis.

High historical g flow across the the North
Atlantic.

Genetic patct s at local levels.

High genetic diversity as a result of old
populations.

Hamel and Mercier 1996a; Singh ct al.
2001

Smimov 1994; Gudimova et al. 2004
Legult and Himmelman 1993; This study
Robinson et al. 2001: This study

Hamel and Mercicr 1996b, 2008

This study

This study
This study
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Table 4-2: Summary of ecological a;

on the St. Pierre Bank.

biological characteristics of Cucumaria frondosa

Traits

Characteristics

Sour ™ -

Morphometrics

Reproduction

Growth

Population ccology

Predation

Genetic structure

Dry and immersed weights ¢ the most accurarte
measures of sca cucumber size.

Morphometric variations in relation to environment
(c.g. smaller individuals found on sott sandy
substrate).

Annual spawning tfrom March to May.

Size at sexual maturity ca. Y-11 em contracted
length, ca. 7.3 size index.

Maximum growth (ca. 1.4 cm mo'.0.75 g mo’', 12-
25 % size incre. during periods ot high food
abundance (spring).

Various size-classes in the lab: annual [Dec-Dec]
growth can be null or very low (0-1.4 cm yr', 0.3-
1.6 g yrh).

All values = contracted length and immersed
weight.

Slow growth to commercial size (CL: 15¢m)
(estimated at min 25y ).

Distributed from 10 to 101 m.
Sex ratio of 1:1.

Can colonize bedrock. boulder, gravely and sandy
habitats.

Scasonal variat in body wall thickness.

Average size ot . star predator Solaster endeca ca.

7.5 em radius.
Damaged sea cucu  ers can attract predators

Predation rates of adult Solaster endeca on adult C.

frondosa (2-4 sca cucumbers mo™”, 0.012 ind m~

removed annually).

Juveniles are subject to predation by juveniles of
Solaster endeca.

High west to east ¢ flow in the North Atlantic.
Genetic patchiness at local levels.

High genetic diversity as a result of old populations.

This study

This study

Grant et al.

Grant ct al.

This study

This study

DFO data

Grant ct al.

Grant ct al,

Grant et al.

DFO data

This study

This study

This study
This study

This studv
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Appendix 1: List of presentéti« s delivered

1.

[

Science before the fishery — Growth rates, predation, gene flow and substrate
related health status of the sea cucumber Cucumaria frondosa, Newtoundland and
Labrador. Oral presentation at the Sea Cucumber Industry Meeting, May 14-15,
2007. Marystown, NL, Canas

Growth rate and predation pressure as key factors in t|  management of
Cucumaria frondosa (Holothuroidea) in Eastern Canada. Poster esentation at the
Advancing the Science of Limnology and Oceanography (ASLO) conference,
June 8-13, 2008. St. John’s, NL, Canada.

Science before the fishery — Growth rates, predation, and gene flow of the sea
cucumber Cucumaria frondosa. Oral presentation at the Atlar : Sea Cucumber
Workshop, June 17-18. 7708. Halifax, NS, Canada.

Growth rate and predation pressure as key factors in the management of
Cucumaria frondosa (Holothuroidea) in Eastern Canada. Poster presentation at the
5" North American ..chinoderm Conference, July 20-26, 2008. Melboumne, FL,
USA.

Mitochondrial DNA gene flow analysis in North Atlantic populations of the sea
cucumber Cucumaria frondosa (Holothuroidea: Echinodermata). Oral
presentation at the 5™ North American Echinoderm C¢  rence. July 20-26, 2008.
Melbourne, FL, USA.

Glacial persistence in North Atlantic populations of Cucumaria frondosa
(Holothuroidea: Echinodermata). Poster presentation at the 13" International
Echinoderm Conference, January 5-9, 2009. Hobart, TAS, Australia.

Assessment of the biology, ecology and gene flow of the sea cucumber
Cucumaria frondosa for management of the fishery. Oral presc ation at the Sea
cucumber R¢ " n * Advisory | cess, April 6-7, 2009. St. John’s, NL, Canada.



Appendix 2: Cucumaria frondosa CO1 haplotypes and their frequencies across 20 sample sites in the North Atlantic. See Table
3. Hrsample site identification (ID).

ID BIC > CHC WHC LLC CBU CNU PIC P2C 3KC ACC HBC SPC TWC 4WC HPC MON SKN BEN AKI
A 1 2 1 1 2 I 1 1 2
B l 1 2 1
C 1 2 1 2
1 1 1 1 3
E 1
F 1 1 1 1 2 1 1 3 2
G 1 | 1 1 1 1 3 1
1
I 1 2 3 2
J ? 5 4 4 3 3 1 2 2 3 3 2 2 3 6
K
L 1 2 1 1 2 1 1 1 1 1 2 2 1
N 1 1 1 2 2
O 1 1
P 1
Q 1 1 1 1 1 1 1
R 1
S 1 2 | 1 1
T 1
U 2
Vv 1
W 1
X |
Y 3
Z 1 1
Al 1
RI 1
( 1
D1 1 I
El 1 1
Fl 1
Gl 1
H1 1

I



Appendix 2 continued
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Appendix 2 continued

ID

BIC

HSC CHC WHC LLC CBU

CNU

P1C

pP2C
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Appendix 2 continued

ID BIC HSC CHC WHC LLC « U CNU PIC P2C 3KC ACC HBC SPC TWC 4WC HPC MON SKN BEN AKI

J4 1
K4 |
L4 1
M4 1
N4 1
04 1
P4

Q4

R4

S4

T4

U4

V4

w4 1

X4 1

Y4 1 1

Z4 ‘

— e — o — —

|
AS |
B5 1 ‘
C5 1
D5
ES 1
F5
G5
H5
15
I5
5
L5 1
M5 1

—_—— — —

VI















