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Abstract

Pennatulacean®ctocorallia: Pennatulaceaommonlycalledsea pens, are
colonial corals that typicallgnchor themselvestimsoft sediment (mudand),allowing
them tocolonize large areas of the sea floor from the intertidal zone down to the abyssal
plain. Sea pens can occur sparsely or form largeeggtions, suggesting that they may
provide an important structural habitat to other organisms by increasing the complexity of
the muddy seabed. The investigation of the three most common seé&p#rp(ilum
grandiflorum Halipteris finmarchicaandPennatila aculeata of the continental slope of
Newfoundand and Labrador (Northwest Atlantic) showed different morphologies and
adaptations to environmental parameters. Variations in their morphology were visible
along bathymetric and latitudinal gradients|daling food availability. This study
identified different feeding strategies according to stable isotope signatures and
macromorphologies (polyp diameter, colony length, shape). Different defense strategies
were also identified based on the presence asaligation of sclerites in the tissues.
Reproductive strategies were determined¥ograndiflorumandH. finmarchica with
both species presenting a seasonal spawning between April (Southern Newfoundland) and
July/August (Labrador). The latitudinal shift spawning followed the development of
the surface phytoplankton bloom (i.e. sinking of phytodetritus). Low fecundity at the
polyp level (13 and 6 oocytes potyprespectively) yielded similar wholeplony
fecundity in the two species (5@D00 oocytesolony?l). The measure of fecundity is
discussed to highlight the importance of standardizing metrics (mature oocyte just before

spawning) to avoid an overestimation of the fecundity and to allow comparison among



species. Only ~20% of the oocyte maturetioth species. The remaining oocyte#\in
grandiflorumdisappeared, indicating that oogenesis develops and culminates over 12
months. INH. finmarchicathe persistence of the small oocyitedicates protracted
oogenesis (>12 months). Finally, an analg$ithe associated biodiversity showed that
sea pens have relatively few associates but that they play an important role in their life
history. Some associates are obligate (e.g. parasitic copepods) and others facultative
symbionts (the sea anemadBephaauge nexiliy. The seasonal (AprVMay) presence of
fish larvae Sebastespp.) and shrimp larva®éndalus borealisPasiphae multidentata
andAcanthephyra pelagigeemphasize the role of sea pens as nursery habitat, and

provides an argument to recognthem as an essential fish habitat.
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1. Corals

Coralsare a paraphyletic group of organisms and are members of the phylum
Cnidaria, class Anthozoa and class Hydrozoa,livefrom the Arctic circle to
Antarctica, between the surfaaed >6000 m deptfWilliams 1995; Longo et al. 2005;
Etnoyer et al. 2006; Roberts et al. 2006; Cairns 2007 flate 5080 species of corals
have been describe@6% of which(3336) live below 50 m and are azooxanthel(ate,
lacking symbiotic algag)Carns 2007) Zooxanthellate corafsom warm and shallow
water environmentge.g., tropical coral reefs) have received considerable attention;
however cold-water and deepea coralsemain comparatively understudied despite
increasing interest in recentays

Shallow and deevater corals form an important habitat for other species
(Moberg and Folke 1999; BulMlortensen and Mortensen 2004). However, they are
highly sensitive to humarelated disturbance (Roberts et al. 2002; Roberts et al. 2006)
includingclimate change, dynamite fishing, eutrophication due to erosion, pollution (e.g.
oil leaking), and trawling. Therefore, it is important to know and understand their biology
and ecology to determine their potential for resilience and ultimately managecaect
these habitatorming species.
1.1 Coral morphology

Knowledge of the morphology of coral species allows a better understanding of
their ecology and biology (e.g. small polyps harbour a lower fecundity than larger
polyps). Coral morphology variegth surrounding environmental conditions including

light (for shallowwater species)vater movement, sedimentation, depth and competition
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for spacgChappell 1980; Prada et al. 2008; Todd 2008)date morphological
variationshavebeen examined in cakspecies from shallow wateasrosdimited depth
ranges (spanning50 m)due to the easier access to these coral colonies as well as to a
better knowledge of environmental conditions along the coasts. In contrasgedeep
corals thatolonize a wide nage of depths (spanning >1000 m) and occasionally present
a cosmopolitan distributiofRoberts et al. 2006) are more rarely considered (Pasternak
1989; Riceet al.1992). Their wide geographic distributions makem ideal for studies

of intra-specific mophological variatioracrossdeptts andgeographiagegiors.

Species or individual morphology can be described/discriminated using
biometrics. Coral biometric parameters include a large number of macrometric
characteristics: colony length, colony height, giej polyp density, polyp diameter,
polyp length. All of these parameters have previously been shown to vary along
environmental gradients. For example, the shalleater coraBriareum asbestinum
sampled in the Bahamas showed different colony sizesrat 35m depth (West et al.
1993). The shallow colonies were shorter and stouter, with more polyps than the deeper
colonies. The authors suggest that the decrease in polyp density with depth is an
adaptation to a decrease in light intensity; lower polysiteeminimizes shading of
adjacent polyps of the same colony, decreasing any impact on the photosynthesis of the
mutualistic algae.

Biometrics can also be measured at a smaller scale: micrometric parameters
include the shape, length and number of tentasiespinnulel(Grossowicz and

Benayahu 2012), or length, stoutness, concentration and abundance of sclerites (West

1 The pinnules are small lateral extensions on the tentacles; they are involved in the capture of prey.
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1998). Klerites are small calcareous elertsdound in the tissues of corals (Bayer et al.
1983).They are present in mastxaand areoftenused to identify coral species (Lewis
and Von Wallis 1991; Carlo et al. 2011). Sclerites have two main functions: (1) support to
the colony and (2) defense against predation (West 1988ix. prevailing role can be
determined by their shape, densitgncentration, size and arrangement. For example, it
has been found that long sclerites are less palatable than shofast4998; Puglisi et
al. 2000; Clavico et al. 2007)
1.2 Reproduction

Thevulnerabilityof corals to disturbance highlights the necessity to understand
their resilience capacity, which depends on different factors including reproductive
strategy (fecundity, gametogenic cycle and spawning periodicity). Corals exhibit a variety
of reproductivestrategies. Some species are gonochastbers hermaphrodificsome
are broadcast spawners while others brood their offspring internally (Roberts et al. 2009).
Fecundity corresponds to thember of offspring that an organigoduce in a period
of time (Ramirez Llodra 2002). When it is not possible to count the number of offspring
produced, due to a limited access to the organisms (e.gsdaegpecies) or in the case of
broadcast spawners, fecundity is determined by the number of oocytes in tleicdpe
organs of an individual. In corals, fecundity is usually determined by the number of
oocytes or spermatocysts per polyp (Ramirez Llodra 2002) as corals do not have any
defined gonads; gametes are produced along the mesenteries. Different malkeods h

been used to estimate coral fecundity: number of oocytes gepenieaf (for the

2 One individual or colony is either male or female.
3 One individual or colony is male and female (simultaneous or sequential).
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Pennatulacea, see below) or per polyp, which precludespaaies comparison. Another
impediment to comparisons is the fact that fecundity is measured at diffenemso
throughout oogenesis even though all primary oocytes will not necessarily mature and be
released (Eckelbarger and Watling 1995). These different measures may lead in some
cases to an overestimation of the potential number of offspring produced.

Theperiodicity of the reproductive cycle can be examined at two different levels:
(1) the pace at which gametes undergo full development (gametogenesis) and (2) the
frequency of gamete release (spawning). The two cycles typically (but not always) follow
eachother. Reproductive cycles have often been defined as continuous;agimuous,
seasonal or aseasonal. Usually, a diagnosis of continuous reproduction is based on the
presence of different oogenic stabigsthe same polyp (Pires et al. 2009). Howetles,
presence of oocytes in different stages of development may also be evidence of multiple
cohorts resulting from protracted oogenesis. Maturation of oocytes can occur over a few
months (Waller and Tyler 2005; Mercier and Hamel 2011) or take > 12 m@ntjas et
al. 2002; Orejas et al. 2007; Mercier and Hamel 2011; Brooke and Jarnegren 2013). A
prolonged oogenesis with overlapping cohorts does not always indicate that gamete
release is also continuous or aseasonal, i.e. spawning may follow a shoidenzre
discreet period. The simplest example of this is when gametes take two years to mature
but, because a new cycle is initiated every 12 months, one cohort is ready to be released

annually (Edwards and Moore, 2008).

4 Stages(or level of maturity)are determined by the size arellularcontent of the oocytes and spermatocysts
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2 Cold-water corals

2.10verview

While the existence afold-water corals hembeen knowsince the 18 century,
the extent and importancé deepsea coral ecosystems has only recently been shown,
due in parto the emergence of new technologieg (acoustic surveys and submersibles)
and the deepening forays of the fishing and oil industReberts et al. 2006)
Unfortunately, many of these emerging technologies also have negative impacts-on deep
sea corals, which are now finding themselves threatened by human activities including
battom trawling and oil exploration as well as by ocean acidification (Roberts et al.
2006). Their slow growth (Andrews et al. 2002; Sherwood and Edinger 2009) compounds
the necessity to protect them before irreparable damage has been done.

Deepsea coralgan occuras solitary formsas isolated coloniesr form large
thickets or reefs that may reach 300 m in height and sekikmaletres in dianeter (Buh
Mortensen and Mortensen 2005; Longo et al. 2005; Roberts et al. Z6@§form one
of the most complx biolbgical habitats of the deep se#ering a variety of
microhaitats that serve as feeding amhwningsites, or sheltetp other species
including cnidarians, polychaetes, crustaceans, molluscs, echinoderms and fishes (Buhl
Mortensen and Mortensen 2005; Longo 2005; Murillo et al. 2011). The biodiversity
associated with deegea corals is comparable to that encountered in shallow tropical
coral reefs (Roberts et al. 2006) and is generally higher than insdeegreas without

corals (Jensen and Frederiksen 1992; Mortensen et al. 2008).

1-6



Most of the deeysea corals studied so far are gonochoric and present a continuous
reproductive cycle (Wadlr 2005; Watling et al. 2011) which has been considered as the
typical pattern in the deep sea due to the presumed homogeneity of this environment
(Gage 1992). However, accounts of seasonality in the deep sea are multiplying (Brooke
and Young 2003; Orejaat al. 2007; Sun et al. 2010b; Mercier and Hamel 2011). This
seasonality is often explained by variations in food availability, linked with surface
blooms of phytoplankton (Sun et al. 2010a; Mercier and Hamel 2011).

2.2 Pennatulacean corals

Most of the linited studies on the distribution and biology of dsep corals have
focused on the subclass Hexacorallia, order Scleractinia (stony corals), and to a lesser
degree on some species of the subclass Octocorallia. Within the latter, members of the
order Alcyaacea (soft corals) have received more attentionttiefPrennatulacea
(commonly calledsea pens)lnlike other octocorals, sea pens are formed by a primary
large polyp called the oozooid. The 0ozooid is divided in two parts: the peduncle, which
anchors th colony in the sediment, and the rachis, where the secondary polyps are
formed. Four different secondary polyps exist: (1) the autozooids, (2) the siphonozooids,
(3) the mesozooids, and (4) the acrozooids (Williams et al. 2012). The autozooids and
siphonaooids are present in all sea pen species, while the mesozooids have been
observed only ifPennatulaandPteroeidesand the acrozooids only détteroeides
(Williams et al. 2012). The autozooids are large, bearing 8 tentacles and mesenteries; they
are useddr feeding and reproduction. The siphonozooids are small ciliated polyps
employed for the regulation of the inhalant movements of water in the colony (Williams

1995; Williams 2011) while the mesozooids, when present, are used for exhalant
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movements (Willias et al. 2012). The acrozooids have only recently been discovered,
and have been suggested to allow asexual reproduction (Williams et al. 2012). In most
studies, the general term polyp is used to designate the autozooids, and this will be the
case in the@resent thesis.

Pennatulaceans are reported from the shallows to >6100 m (Williams 1995).
Some species exhibit worldwide distributions, possibly due to their adaptation to live
anchored in the soft sediment (Williams 2011). In addition to having laagraghic
distributions, sa penganeither be solitary (Figure-1A) or cover extensive areas
forming fields(Figure1l-1B and D; Baker et al. 2012). The presence of sea pens on mud
or sand flats, whether as solitary colonies or in large aggregationgronage an
important structural habitat to other organigifissot et al. 2006 However, not all sea
pens anchor in soft sediments. At least three species are known that have the ability to
attach to hard substratum (Williams and Aderslade, 2011).

Studies have already shown clear evidence of the negative impact of human
activities on sea penahich have been identified as vulnerable species in both shallow
and deep environmenfSIAFO 2008; Donaldson et al. 2010; Murillo et al. 201Gates
and Jones (2@) recently demonstrated that sea pens, in spite of being the most common
species on soft sediment in Norwegian Sea (BB0vere less abundant in areas disturbed
by drilling. Another study noted the absence of the sed/pgularia mirabilisin areas
disturbed by dredging and boat moorings in the North Atlantic (Hoare and Wilson 1977).
Moreover, due to their slow growth (Wilson et al. 2002), a long period might be

necessary for the recovery of many sea pens.
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3. Study areas and focal species

Five highdersity areas of deepea corals have been identified along the
continental slope of Newfoundland and Labrador in eastern Canada: Southwest Grand
Banks Slope, Flemish Pass, Northeast Edge of the Northeast Newfoundland Shelf,
Labrador Shelf Edge and Upper S¥pand Hudson Strait (Figurke2). This continental
slope shelter60 known species of deegea coralsncluding at least 16ea pes
(Gilkinson and Edinger 2009; Murillo et al. 2011; V.E. Wareham, personal
communicationpccupying nearly all five higllensity areas (Laurentian Channel,
Southwest Grand Banks, FlemiBass, Orphan Basin, Figur&}

This thesis focuses on three of the most common species of sea pens found along
the continental slope of Newfoundland and Labradathoptilum grandiflorungVerrill,
1879),Halipteris finmarchica(Sars, 1851) anBennatula aculeatéDanielssen, 1860).

A. grandiflorum(Figure 21A) is acosmopolitan speciasith confirmed ocarrences in

the North and SoutAtlantic, North and South Pacific, and Indian axarcticOceans
(Williams 2011)from 100 to 2000 m(Baker et al. 2012)A. grandiflorumis easily
distinguishable by its questianark shape (Figure-1A). The polyps are arranged around
the central axis and it either lacks or has only minute scléHiesker et al. 1980;

Williams 1990, 1995; Lopesonzélez et al. 2001i. finmarchicaandP. aculeataare

found in the North Atlantic (Williams 2013a, b) between 100 and >2000 m (Baker et al.
2012). Both species are highly calcified, with sclerites fouohfthe peduncle to the tip

of the rachisH. finmarchica(Figure £1C)can be longer than 150 cm whife aculeata

(Figure X1E)reaches a maximum of 25 cm. Polypsiofinmarchicaare arranged into a
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ridge (Figure :1C) while those oP. aculeataare fugd to create leaves (Figurell). A.
grandiflorumusually occurs as a solitary colony (Figur&A), but can also form large

fields as is commonly observed fdr finmarchicaandP. aculeataFigure 21B and D)

4. Objectives and chapter structure

The man goal of my thesis is to expand knowledge on the biology and role of
deepsea pennatulaceans and thereby provide arguments for their protection and
management. The thesis is further divided into three main objectives: (1) to gain a better
understanding aheir morphology and trophic position (Chapter 2), (2) to determine their
reproductive cycles and strategies (Chapters 3 and 4) and (3) to establish their importance
as biogenic substrates for other species (Chapters 5 and 6). Chapter 2 considereel the thr
species presented earlier while Chapters 3 to 6 considered only the two most common sea
pens in the Northwest Atlantig&. grandiflorumandH. finmarchica

In Chapter 2, | studied different macrobiometric parameters (colony length, wet
weight, peduncléength, polyp diameter, polyp density) and microbiometric parameters
(sclerite length, sclerite stoutness, sclerite abundance, sclerite concentration, sclerite
elemental composition). | compared them among the three species to identify potential
biologicd differences. The study was completed by an analysis of the stable isotope
signatures of the species to highlight potential differences in their diet, and in their
feeding strategies. Finally, | determined the influence of region and depth on all these
paameters. Samples for this study came from a large area, between the Laurentian

Channel and the lower Arctic, spanning 2,200 km, and were collected between 98 and
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1415 m depth. It is likely that different regions and depths are submitted to different
environmental conditions, which can lead to morphological adaptations in the species.

In Chapter 3, | used colonies sampled in 2006 and 2007 to determine the
reproductive cycle of. grandiflorumand relationships with environmental parameters
(temperature anfbod availability) | characterized the gametogenesis and spawning
cycles of the species, determined fecundity at the polyp level in different sections of the
colony and estimated whole colony fecundity based on the presence of mature oocytes
just before pawning. This chapter emphasizes the importance ofdeéithed measures
of fecundity by comparing fecundity values based on the number of mature oocytes just
before spawning and the fecundity measured at other moments during the cycle (total
number of oogtes per polyp).

In Chapter 4, | elucidated the reproductive cycle and fecundiy Bhmarchica
using colonies sampled in 20@607. The presence of two cohorts of oocytes in the
polyps ofH. finmarchica(i.e., maintenance of a pool of small oocytes and maturation of a
portion of the oocytes every year) was evidenced and suggested a protracted oogenesis.
The chapter discusses the factors which may underlie this type of reproductive strategy
and criticallyr evi ews the wuse of the term Acontinuo
spawning.

In Chapters 5 and 6 | analysed the associated spetiesal sea pens to
determine their importance as a biogenic habitat. In chapter 5, | looked at the biodiversity

and dstribution of various associates Af grandiflorumandH. finmarchica The

5The associatd species refao the organisms that live inside and at the surface of the ¢BratéMortensen and
Mortensen 2005).
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different species were classified as endobiont, ectobiont oliVieg according to their
position on the sea pen. Their distribution was discussed according to sea pen
morpholay, season, and depth. The three most common associates were further
examined and their relationship with their hosts characterized. | determined whether they
were parasites, commensals or mutualists, and assessed their level of dependence to the
sea pen bist. Using isotopic analysis and examination of gagistular contents, | also
characterized the respective diets of the sea pens and their common associates.

Finally, in Chapter 6, | focused on some of the most important and common
associated speciefish larvae ofSebaste spp. (redfish), which were found to use sea
pens as a nursery habitat. These associates were considered separately due to their
economic importance (fisheries). | determined the abiotic and biotic factors influencing
the presencefdish larvae on the sea pens. Moreover, to gain a larger view of the
importance of deepea corals as nursery habitat, | determine the presence of fish larvae
on other species of sea pens and octocorals found at sites where the presence of larvae on

A. grandiflorumor H. finmarchicahad been observed.
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Figures

Figure 1-1 Photosn situof (A) Anthoptilum grandiflorumn presence of an adult redfish
(Sebastesp.), (B) a field and (C) a single colonyHélipteris finmarchica(D) a field
and (E) a single colony éfennatula aculeataPhotos courtesy of DFO.
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Chapter 2 : Comparative biometry and isotopy of three

dominant pennatulacean corals in the Northwest Atlantic
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Abstract

Animal biometrics quantify phenotypic character to help identify species and
detect individuals, behaviagiand morphological variations relevambiogeography,
population ecology and behavioural studB®metric analyses were conducted on three
common deejvater pennatulacean corals (sea pens) in the Northwest Atlantic:
Anthoptilum grandiflorumHalipteris finmarchicaandPennatula aculeatal hese three
species show different morphological characters and adaptations to their environment.
Analyses of colony lengthatio of peduncleo colony lengthweight/length ratio, polyp
size and density as well adesite shape, location and abundance indicate that their
plasticity is modulated by external factors, including latitude and depth of collection, food
availability and antpredator strategies. Moreover, the three species had different carbon
andnitrogenstableisotope signatures, primarily linked with polyp diameters as well as
different colony shapes, suggesting that they rely on slightly different food sources
(varying proportions of phytodetritus and zooplankton). Finally, the Mgd@aof
scleritediffered among types of scleriten P. aculeatapotentiallyindicatingdifferent

pathways in their formation related to their different roles (support or defense).
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1. Introduction

Animal biometrics provide quantitative measures of phenotypic chasticgr
typically based on appearance and behavikihl and Burghardt 2013 hey can be
used to identify and classify species and to provide information about their biology. Like
a number of colonial organisms, corals present high-sgegific phenotgic variations,
especially in external morphological characters. This has largely been documented in
tropical reef corals, where variable morphologies have sometimes misled taxonomic
identifications (Todd 2008). Variations in morphology can be explainggbgtic
differentiation, phenotypic plasticity, or both (Todtal.2001). Phenotypic plasticity
allows an organism to adjust its attributes to a specific environment during-tisnie
whereas genotyp differentiationleads tathe maintenance of tee characteristics across
generations (Bradshaw 1965).

Different factors influence the morphology of shaltawater scleractinians and
octocorals, such as light, water movement, sedimentation, depth and competition for
spacgPrada et al. 2008; Todd 2008)owever, it is generally difficult to determine
which specific parameter(s) might drive the different components of the phenotype (Todd
et al.2001). Morphological characters prone to vary include colony size, shape and
weight, polyp diameter and densiaind sclerite size and shafighappell 1980; West
1997; Costa et al. 2011Biometric analyses using these variables can provide issight
into biological adaptations. For example, studies showed that shallow colonies (5 m) of
the gorgoniarBriareum asbestiumin the Bahamas were plumper and shorter with a

higher density of polyps and shorter sclerites than deeper colonies (35 me{\&est
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1993).In turn, greater polyp density in corals can lead to increased gamete production
(fecundity) and greater fitise (Sakai 1998}-urthermore, thehape, density,
concentration, size and arrangemefgclerites (minute skeletal elements present in the
tissues) caprovide information on themain function, which is generally divided
between defense against predat@mnd colony support (West 199Bhng sclerites are

less palatable than short ones, suggesting a-tfidetween resistance to flow and
resistance to predation with increasing sclerite le(\gtbst 1998; Puglisi et al. 2000;
Clavico et al. 2007)

The tophic level occupied by a species also ties into its morphological and
biological adaptations. Different methods can be used to study trophic niches, including
analysis of polyp diameter and of stable isotope signatures. Polyp dianigieprovide
geneal information on potential prey size. According to Sebens (1987), there is a
correlation between size of polyp and size of pheyever othestudies have shown the
absence of relationsh{palardy et al. 2005, 20063table isotope analysis determirties
trophic level (nitrogen signature) and dominant carbon source (i.e. in benthic
communities, det riCtharvsospemsivords §Sherwamdhl. B008) h e r
Isotopic signatures of deegga corals from Newfoundland showed possible ranges of
feeding modes from fresh phytodetritus consumers Rauggoria) to carnivorous
species (e.g-labellum Sherwoocket al.,2008). Potential links between nitrogen or
carbon signatures and polyp diameter have not been verified so far.

Morphological variations/adaptations and their implications have mostly been
examined in coral species from shallow waters across restricted depth ranges (spanning

<50 m). A very limited number of studies relate to eatater and deepvater corals
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(Pasterak 1989; Rice et al. 1998gspite the fact that they constitute hotspots of marine
biodiversity comparable to tropical coral reefs (Bidrtenseret al.2010). These corals
colonize a wide range of depths (spanning >1000 m) and occasionally present a
cosnopolitan distribution (Roberet al.2006), making them ideal for studies of inatra
specific morphological variations across depths (Pasternak 1989) and geographic regions.
To date, some 60 species of deg@a corals have been identified along the contate
slope of Newfoundland and Labrador (Northwest Atlantic, Canada), nearly one third of
which are sea pens (Octocorallia: Pennatula@&ayeham and Edinger 2007; Baker et
al. 2012) Sea pens are considered to be the most advanced octocorals, basedian co
complexity, functional specialization of polyps, and colonial integration (Bayer 1973).
They are formed by one primary axial palyfpe oozooid, a unique feature that
distinguishes pennatulaceans from other octocdiatther divided in two sectian the
peduncle and the rachis. The peduncle allow the anchorage of the colony in the sediment
while the rachigxhibits lateral budding of the body wall to give rise to secondary polyps
(i.e. autozooids and siphonozooids) (Williams 2011). The oozooibdeanpported by a
central axis of calcite, which provides support to the colony. The functions of autozooids
include feeding and gamete synthesis, while the ciliated siphonozooids control water
movement for the expansion and contraction of the cqlPagker 1920; Soong 2005;
Williams 2011)

Despite the abundance and diversity of sea pens worldwide, studies on their
biometrics and morphology are sca(Pasternak 1989; Rice et al. 1993klerites are
usually mentioned in the taxonomic description of a igs€eVilliams 1995; Lopez

Gonzalez et al. 2001; Lop&zonzéalez and Williams 20L1however the only
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investigation of their role in sea pens was conductel/emmilla muellerifrom shallow
waters off Brazi(Alonso 1979; Clavico et al. 20QHlere, we exammbiometric
variations in three of the most common deegier sea pens in the Northwest Atlantic,
Anthoptilum grandiflorumHalipteris finmarchicaandPennatula aculeatavhich were
recently found to act as nurseries for larvae of commercia{Biation et al. 2012,
Chapter 6)The three sea pen species are distinguishable by their general external
morphology.P. aculeatais the smallest and presents a feather or quill shape with polyps
arranged along leaveA. grandiflorumis of medium length in the form of a question
mark and with polyps arrandé rows.H. finmarchicais the longest with a whifike
shape and polyps arranged in fused rows, forming ridges. Variations in macrometric
(colony length, wet weight, polyp dianeetand densifyand micrometric traits (sclerite
metrics) were investigated along depth gradientsl¢®B m) and among various regions
of the continental slope spanning ~2500 km. Variatinrihe stableisotope signature
among species were analysedelation totheir polyp diameters. Sclerite metrics were
examined to gain biological knowledge under the assumption that primarily structural
sclerites would exhibit more environmentathediated variations than those functioning
as a defense mechanism; stuctural sclerites would respond more directly to
hydrological and geological conditions present at different depths and/or in different

regions.
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2. Material and methods

2.1 Sampling

This study took advantage of routine mugliecies research surveysidacted by
Fisheries and Oceans Canada (DFO) between 2005 and 2010 along the continental slope
of Newfoundland and Labrador (eastern Canada; F@jlie Surveys followed a
stratified random sampling design using a Campellen 1800 trawl towed for 15 min on
~1.4 km of seafloor. Byatch corals were collected and frozer28°C. A total of 252
colonies ofAnthoptilum grandiflorun{98-1347 m), 102 colonies éfalipteris
finmarchica(214-1333 m) and 172 colonies d?ennatula aculeatwere analysed (98
1415 m;Appendix2-A).
2.2 Biometrics

2.2.1 Colonies and polyps

Each sea pen colony was divided into four sections: peduncle (anchoring the sea
pen in the sediment) and lower, middle and upper sections of the rachis (bearing the
secondary polyps, autozooids aighonozooids) similar to previous studies on sea pens
(Soong 2005; Pires et al. 2008) grandiflorum(Figure2-2) andH. finmarchica(Figure
2-3) present the same general organisation with the autozooids positioned directly on the
0o0zooid, whereas iR. aculeatathe autozooids are arranged along leaves (Fizmde In
this study we considered only the autozooids and used the term polyp to designate them.
The following macremorphological traits were measured for each colony: total wet
weight,total colony length (from the base of the peduncle to the tip of the colony), colony

height (from the base of the rachis, corresponding to the sea floor, to the highest point of

2-7



the colony) central axis length, and length and maximum diameter of the peduncle. The
percent peduncle length (PPL) was defined as the peduncle length/colony lengthx100 and
the colony weightength ratio (W/L ratio) as the colony weight/colony length. Measures

of polyp density around adm segment of the colony and of the basal diamet&d of

those polyps were taken in each sectioA.ojrandiflorumandH. finmarchica Within

each section d?. aculeatathe number of leaves was noted, then the length of three

leaves per section were measured. Finally, the number of polyps on thiedlveewas

recorded as well as the basal diameter of 10 polyps on those three leaves.

2.2.2 Sclerites

The flesh around a-&@m segment of each of the four colony sections was removed An 17
grandiflorum 24 H. finmarchicaand 27P. aculeata The samplewere dried in an oven at 6C for 48 h
and their dry weight measured with an analytical balance (precision of 0.1 mg). Each dry sample was
placed in a vial with 0.51 NaOH and boiled until all the organic matter was dissolved as per Clavico et al
(2007) The solution was filtered according to the minimum size of sclerite reported by Williams (1995) in
the same or similar species (i.e., 20 umAograndiflorum 40 um forH. california; 120 um forP.
phosphorea The isolated sclerites were then rinsathwlistilled water five times, dried in an oven at

60 °C for 48 h and weighed.

For quantitative analyses, photos of sclerite monolayers were taken with a
stereomicroscope (Nikon SMZ1500) coupled to a digital camera (Nikon DXM1200F)
using ACT1 imaging safvare. The unbroken sclerites were counted, and the lengths and
middle widths of each measured (minimum n=20) using Simple PCI 6 soff\etas
of the sclerites were also taken with a scanning electron microscope (SEM; Phenom

ProX). The stoutness of the sclerites was defined as their length to width ratio. Sclerite
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metrics were also defined by: (1) sclerite concentration ([scl]) as percent weight of
sclerite in the different colony sections ([scl]=sclerite weight divided-bsnlisse dry
massx100) and (2) sclerite abundance (Ab) corresponding to the number of sclerites per
1-g of dry soft tissue in each colony section (Ab=number of sclerites divided by dry
weight of 2cm tissue minus dry weight of sclerites htrh tissue).

To obtan a finer picture of the repartition of sclerites, samples taken from specific
areas were analyzed separately in 5 colonies of each species using the techniques
described previously. These samples included the tissue surrounding the central axis, the
columm andpolyp tentacles foH. finmarchica(Figure2-3), and the dorsal track (sensu
Bayeret al. 1983, leaves and polyp tentacles foraculeataFigure2-4).

Elemental composition of the tentacle sclerites, peduncle sclerites and long
scleriteq(including leaf sclerites and dorsal track scleritedfoaculeata were measured
using the SEM operated at kK% coupled with energy dispersive spectroscopy (EDS).
Measures were taken over a period of 30 seconds and elemental concentrations recorded
as weight prcentage. This method allows determination of surface composition of
sclerites. The magnesium to calcium (Mg/Ca) ratio was calculated. To limit the potential
influence of region and/or depth of collection, three colonid$. dinmarchicaandP.
aculeatasampled in GB at 62373 m were analysed, in which three measures were
recorded on three sclerites of each type. As well, to limit the influence of colony section
on the calcium and magnesium concentratidsinbauer and Vellmirov 1995pnly
sclerites fom the middle section of the rachis were used for the terdelestesand long

sclerites.
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2.3 Isotopic analysis
The three species showed significant differences in polyp diameters (see results)
which might lead to different diets. To determine thaiphic level and potential food
sources, analyses of stable isotopes were conducted according to Sherwood et al. (2008)
on 9 colonies (A. grandiflorum 3H. finmarchicaand 4P. aculeatd sampled in April
2007 in the Laurentian Channel. Briefly, dried géa8 were ground to powder and
treated with 5% (v/v) HCI to remove carbonates, then rinsed three times vitthisied
water and dried again for 24 h at 60 °C. Between 0.6 and 2.3 mg of sample was placed
into 10x10 mm ultralight Sn capsules. The analyse® carried out using a Carlo Erba
1500 elemental analyser connected via a CefiRitderface to a FinniganTM MAT 252
isotope ratio mass spectrometer in the Department of Earth Sciences at Memorial
University. The carbon and nitrogen isotopic valuegpareovi ded wusitng the s
not at i 0 QmdRndF >R where X corresponds téC or>N and R is
13C2C and™N/*N, respectively.
Trophic | evel ( TL) P“Nwalss usisgtthe folowirgd f r om t
equation Nilsen et al2008): TLconsumer [ PN&onsumek i°Nbasd / 6Pl TL basewhere
UNeonsumelC O T r e S po P so ft ot Hé et dix a PNeaslTighse r ed, whi
correspond to the value of the baseline of the trophic web considered, °Noidithe
trophic fractionation fofit>N ( aver age 3. 8 &sed studiesfliedta.r and d
2005) Here the base vals®ere considered similar to the anese in Galest al.(2013)

using zooplankton as the primargnsumexTLpase2.3, i*Npase9).
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2.4 Data analysis

The different bbmetrics (colony length, wet weight, polyp density and diameter,
and sclerite metrics) were analysed relative to the four colony sections, five geographic
regions (Laurentian ChanneC, Grand BanksGB, Flemish Cag-C, North
NewfoundlandNNL and LabradoiB; Figure2-1), depth and depth ranges (200
strata, to determine the presence of potential threshold) using linear regression, analysis
of variance (onavay ANOVA or ttest) and analysis of covariance (ANCOVA) after
verifying assumptions of normality aimmogeneity of variances. Pdgic pairwise
analyses (StuderfMewman tests) were conducted as appropriate. Normality and
homogeneity of variance were verified using normal probability plots of data and
residuals and predicted vs. residual scores. Date tremsformed using leg0 and/or
outliers removed if necessary. When assumptions were still not met after transformation,
Spearman correlation, and Kruskéhllis or MannWhitney tests followed by Student
Newman or Dunnés t est sendsevereobserves ohall ragibng,n t he
statistical results of the pooled data are given.-Wway ANOVA on ranks and Kruskal
Walllis were used to compare the Mg/Ca ratio between species and among the different
type of sclerites.

When considering variations wittepth and region for biometrics of the rachis
(polyp diameter and density, sclerites metrics), we used only measures taken in the
middle colony section to avoid new polyps in the lower section and older polyps in the
upper section. Due to varying samplees in the different geographic regions, some
measures were restricted to specific regions. Macrometrics were analysed in all five

regions forA. grandiflorum in all regions except NNL fdf. finmarchicaand in three
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regions (LC, GB and NNL) foP. aculeaa. Micrometrics were analysed mostly in GB
for H. finmarchica(with intra-colony variation analysed in LC, GB and LB), and only in
GB and NNL forP. aculeata The virtual absence of scleritesAngrandiflorum
precluded analyses of micrometrics in tipeaes.

Principal component analyses (PCA) were used to determine which of the
micrometric factors (length and stoutness of short sclerites in peduncle and rachis, and of
long sclerites in rachis) best explained the differences betiWemmarchicaandP.

aculeata

3. Results

This section outlines the most significant results for each of the metrics. The
comprehensive results of the biometric analyses are available in the supplementary
material (Appendice2-B to 2-J).

3.1 Colony metrics

3.1.1 Colonyength, wet weight and weight/length ratio

Of the three speciebl. finmarchicawas the tallest (68.3+2.7 cm; FiguZe3A)
followed byA. grandiflorum(44.7+0.9 cm; Figur@-2A) andP. aculeata16.9+0.4 cm;
Figure2-4A). The central axis oA. grandiflorumandH. finmarchicaoccupied thentire
length of the colonies. In the former, the skeleton was never exposed, whereas in the latter
45.1% of the colonies were missing tissues on the upper section (13.7+£1.2% of the tissues
were absent)The pecent bare central axis remained constant with depth (r=0.10,
p=0.529). Finally, the central axis occupied only the first 80.8+1.9% of the colony length

in P. aculeatabare skeleton sections never occurred in this species. Colony length and
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colony height ee positively correlated for the three species across regions (Apgendix
B).

In A. grandiflorum a decrease in colony length with increasing depth was
detected in the GB region (214847 m; r=0.51, p<0.001) while an inverse trend
occurred in NNL (6561285 m; r=0.54, p=0.033). Analyses by depth ranges showed the
presence of longer colonies <800 m (51.3 £ 2.4 cm) compared to colonies >800 m (40.4 +
2.8 cm) in GB (F5:=5.19, p<0.001), whereas colonies in NNL did not exhibit any clear
zonation despite sigicant depth differences §r=13.95, p=0.001). finmarchica
showed an increase in colony length with increasing depth in LB (r=0.65, p=0.012;
Appendix2-B). Analyses by depth ranges showed the presence of taller colonies in
deeper locations (<700 m:3® N 2. 9 cm, O7 00=9.48;p=07082);2 N
however, only 3 colonies were sampled at >700 m. Findllgculeatashowed a
decrease in colony length with depth in both LC (r=0.28, p=0.033) and GB (r=0.28,
p=0.003) regions (Append2-B). However, no clear difference among depth ranges
(100-m strata) was visible; therefore all depths were pooled together for the remaining
analyses of colony length in this species. All three speeesrallyexhibited a
decreasing trend in colony length in tpeneral soutmorth latitudinal axis except at
deeper depths fdd. finmarchica A. grandiflorum <800 m: k,14=8.11, p<0.001, >800
m: H=18.85, df=3, p<0.001 (Figui&5A); H. finmarchica,<700 m H=21.26, df=2,
p<0.001, >700 m: £»=1.44, p=0.248 (Figura-5B); P. aculeataH=20.34, df=3,
p<0.001 (Figurg-5C).

There was a positive relationship between total wet weight and colony length in

the three specie#. grandiflorum(r=0.81, p<0.001)H. finmarchica(r=0.90, p<0.001)
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andP. aculeatar=0.90, p<0.01). There was also a positive relationship between
weight/length (W/L) ratio (@m?) and colony length in all species and regiohs (
grandiflorum rs=0.54, p<0.001H. finmarchica rs=0.62, p<0.001P. aculeatars=0.65,
p<0.001). Furthermore, a decreas W/L ratio with increasing depth was recordedin
grandiflorumandH. finmarchicain the GB region ¢=-0.70, p<0.001, r=0.43, p=0.008,
respectively) and if. aculeatan the NNL region (r=0.42, p=0.046; Appendh8).
Specifically, a significantly higher ratio at shallower (<800 m) depths was deteded in
grandiflorum(H=34.22, df=5, p<0.001); whereas the visible decrease of the ratio at
> 700m was not statistically supportedkh finmarchica(H=10.13, df=5, p=072).
Finally, P. aculeatsshowed significant differences in W/L ratio among depth ranges
(F1,17=3.24, p=0.048) but no threshold was detected.

The WI/L ratio varied with months f&. grandiflorumin FC (Oct<Nov<Dec<Jun;
H=8.99, df=3, p=0.029) and GB (Gdflay<Apr; H=19.22, df=2, p<0.001), and fer
aculeatain LC (Apr<May; U=216.0, p=0.021). Therefore, comparisons among region
were done in a specific month for both species while the absence of variation among
months forH. finmarchicaallowed us to poadll data. The W/L ratio of. grandiflorum
andH. finmarchicavaried among regions (October, FC<GB<LB, H=10.35, df=2,
p=0.006; pooled data, FC<LB<GB<LC, H=18.80, df=3, p<0.001, respectively) while no
variation was observed f&. aculeata(April: t=-0.16,df=38, p=0.877 and May: t£.11,

df=53, p=0.274).

2-14



3.1.2 Peduncle length

All species (across all regions) showed an increase in length of the peduncle with
increasing colony length (Figu26). Peduncle length varied between 1.1 (smallest
colony studied) ad 12 cm (longest colony studied)An grandiflorum between 3.5 and
13.3 cm inH. finmarchicaand between 1.2 and 13 cmRnaculeata The percent
peduncle length (PPL) was significantly different among the three species (H=331.80,
df=2, p<0.001); it wa much greater iR. aculeata42.7+0.4 %) then iA. grandiflorum
(15.3£0.2 %) andH. finmarchica(13.2+0.4 %) The peduncle dP. aculeatavas long
and thin, and did not present any thickening, as seen in the two other species g-igures
2B, 2-3E and2-4B). The maximum peduncle diameter was 1.9+0.1% of its lend®h in
aculeata 8.8+0.3% inH. finmarchicaand 13.2+0.4% i\. grandiflorum with significant
pairwise difference@H=175.0, df=2, p<0.001) indicating that the peduncle was
proportionally longeand thinner irP. aculeatahan inH. finmarchicaand inA.
grandiflorum.

Both A. grandiflorumandH. finmarchicashowed a decrease in PPL with
increasing colony length across regions@31, p<0.001 and .84, p<0.001,
respectively), whild®. aculega showed no variation of PPL with colony length (r=0.10,
p=0.249). A significant influence of depth on PPL occurred onl.igrandiflorum
sampledn two regions (GB: r=0.40, p=0.002; FC: +0.31, p=0.022), but analyses did
not reveal any specific thresld. A significant southward decrease in PPL was observed,
from LB toward FC, and an increase westward from GB to LC (H=49.03, df=4, p<0.001).

ForH. finmarchica colonies in LB showed a higher PPL than elsewhere
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(LB>LC=GB=FC; H=16.96, df=3, p001). FinallyP. aculeatsshowed significant but
inconsistent differences in PPL among regiong{E£8.78, p<0.001).
3.2 Polyp diameter and density

Mean polyp diameter varied significantly among the three species (H=569.13,
df=2, p<0.001)A. grandifbrum(1.15:0.01 mm) >H. finmarchica(0.98+0.01 mm) .
aculeata(0.76+0.01 mm)A. grandiflorumandH. finmarchicashowed a significant
increase in polyp diameter from the lower to the upper rachis sections (from 0.87+0.01
mm to 1.26+0.02 mm, H=389.83{=®, p<0.001 and from 0.78+0.01 to 1.03£0.01 mm,
H=378.71, df=2, p<0.001, respectively; Fig2rgA and B, Appendi@-C). In
P. aculeatapolyp diameter was maxiahin the middle section (0.76+0.01 mm; H=72.13,
df=2, p<0.001; Figur@-7C). A. grandiflorumand H. finmarchicapresented a general
increased in polyp diameter with increasing colony lengt®(82, p<0.001,s£0.33,
p<0.001; respectively) while. aculeatsshowed no clear patterns (Appen@ib).
A. grandiflorumshowed no variation in polyp diatee with depth except in GB where
the diameter decreased with increasing depth((136, p<0.001) and larger polyp
diameters occurred in colonies <800 m (H=27.50, df=4, p<0.001). The largest polyps
<800 m were found in GB (H=32.35, df=3, p<0.001), howg@adyp diameter >800 m
increased northward (FC=GB<LB; H=12.01, df=2, p=0.002). Polyp diameter increased
significantly with depth in FC and LB while a naignificant decrease was visible in GB
(Appendix2-D). Despite significant differensemong depth rages, no clear thresholds
were visible in FC and LB (H=15.00, df=3, p=0.002, H=47.96, df=4, p<0.001,
respectively), therefore all depths were grouped. Comparisons among regidns for

finmarchicashowed a significant decrease in polyp diameter in a gementhalward

2-16



latitudinal trend (GB>LC>FC>LB; H=51.79, p<0.001). Finally, depth influenced polyp
diameter inP. aculeatassampled in GB and NNL (GB:+-0.20, p=0.010, NNL: r=0.26,
p<0.001); there was no clear depth threshold in GB, whereas larger polypsdatur
depths <1000 m in NNL @»24=5.22, p<0.001). No significant regional trends in polyp
diameter were found iR. aculeata<1000 m: H=4.84, df=2, p=0.100, >1000m: H=1.66,
df=2, p=0.320).

Overall, polyp density itd. finmarchica(18.0+0.6 polyp cm) was significantly
higher (U=4325.0, p<0.001) thanAn grandiflorum(12.1+0.3 polyp cm). Polyp density
in both speciesaried across rachis sections (lower<middle<upper: H=156.14, df=2,
p<0.001; lower<middle=upper, H=20.15, df=2, p>0.001, respectirapre2-7D and
E, Appendix2-C). In contrastP. aculeataexhibited a significant increase in polyps
density(per leaf) from the lower (5.9+0.1 polyp I&fto the middle (7.8+0.1 polyp leaf
1 rachis section usually followed by a decrease in the wggmion (7.2+0.2 polyp leaf
H=95.99, df=2, p<0.001; Figuz7F). No variations in polyp density occurred with
colony length inA. grandiflorumexcept an increase in the GB region (r=0.44, p=0.012).
H. finmarchicashowed no clear variation (AppendbD) while P. aculeatashowed an
increase with colony length in two out of three regions (GB: r=0.47, p<0.001, NNL:
r=0.72, p<0.001). A decrease in polyp density with increasing depth occuked in
grandiflorumsamples from two regions (GB: 459, p<0.001FC: =-0.30, p=0.011)
with a significant depth threshold at 800 m (GB: H=28.01, df=3, p<0.001; FC: H=13.65,
df=2, p=0.001). Similar trends were observed in two regionB faculeata GB: rs=-

0.35, p=0.014, NNL: r9.53, p<0.001) with higher polyp detysin colonies >1000 m.

Finally polyp density oH. finmarchicawas generally not influenced by depth, except in
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FC (r=0.56, p<0.001). No variation in polyp density among regions occurr&d in
grandiflorumat shallower depth (<800m: H=4.67, df=3, p=@.)L&nd in anyP. aculeata
(<1000m: H=4.84, df=2, p=0.089, >1000m: H=1.66, df=2, p=0.320yrédaterdepth,A.
grandiflorumshowed a northward increase in polyp density (>80QnsE3.64,
p=0.015, GB<FC<NNL<LB)H. finmarchicashowed a significantly lowgoolyp density

in FC than in the other regions (H=36.83, df=3, p<0.001).

3.3 Sclerite metrics
3.3.1 Description

Two different types of sclerites were present in the rachit ihmarchica long
sclerites around the column of the polyp (coined columerises: 0.4€2.35 mm, Figure
2-3B, C and F) and shorter sclerites in the tentacles (coined tentacle sclerit€s30.06
mm, Figure2-3D and F). Both types were clear, thflged and roghaped, but the
long sclerites had pointier ends. In the pedunhble sclerites (coined peduncle sclerites:
0.050.32 mm) were short, clear, thrlanged and roghaped structures, resembling
tentacle sclerites (Figu23E and F), although the former were significantly smaller and
stouter than the latter (length, U-68B¥.0, p<0.001; stoutness, U=134998.0, p<0.001;
Appendix2-E). All types of sclerites were found in colonies across geographic regions,
except longsclerites andentacle sclerites which were absent in colonies from LC.
Sclerite concentration was signifidéy lower in the peduncle than in the three sections of
the rachis (H=26.36, df=3, p<0.001) while sclerite abundance did not vary significantly

between the peduncle and three sections of the rachis (H=1.08, df=3, p=0.782).
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Three types of red, thrdanged, rodshaped sclerites occurred in the radiis
P. aculeata short tentacle sclerites (00430 mm, Figur@-4D), generally longclerites
in the leaves (coined leaf sclerites: 6883 mm, Figur-4E, F and 1) andon the dorsal
track (coined dorsakterites: 0.301.67 mm, Figur@-4G, H and I). The dorsal sclerites
werewider, showing a significantlgreaterstoutness than those from the leaves
(U=21153, p<0.001). Peduncle sclerites (6008 mm) were pale pink to clear,
significantly longer and stder than the tentacle sclerites (length, U=551394.5, p=0.014;
stoutness, U=50977.5, p<0.001; Appenglix). Peduncle sclerites were redaped or
thick on both ends and thin in the middle (coinetbbied sclerites, Figur2-4B, C and
D). Scleriteconcentration and abundance were both significantly lower in the peduncle
than in the rachis (concentration: H=32.31, df=3, p<0.001; abundanee:125.41,
p<0.001; Appendi-G).

No sclerites were found iA. grandiflorum therefore this species wasctxded
from the micrometric analyseBCA on micrometrics dfl. finmarchicaandP. aculeata
(length and stoutness of short sclerites in the peduncle and rachis, and of long sclerites in
the rachis) showed that stoutness of the tentacle sclerites wasitheomtaibutor to PC1
(56.9%), while stoutness of the long sclerites in the rachis were the main contributors to
PC2 (33.0%).

Inter-specific comparisons showed that the long rachis sclerites were significantly
longer inH. finmarchicathan inP. aculeata U=659165.0, p<0.001), whereas the shorter
sclerite types were longer ih aculeatgtentacle sclerites: U=111293.0, p<0.001,

peduncle sclerites: U=179452.0, p<0.001). Sclerite concentrations and abundance in all
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colony sections were consistently highePi aculeatahan inH. finmarchica(Table2-
1).

Elemental analysis of sclerites showed that they were all primarily composed of
oxygen, calcium, magnesium and carbon (T@b2efor weight proportions). Significant
differences in the Mg/Ca ratio wei@und between species {ls+=4.40, p=0.038) and
among the types of scleritesn aculeataH=8.08, df=2, p=0.018Figure2-8), whereas
no significant difference wasundwithin H. finmarchica(H=1.56, df=2, p=0.459).

Finally no difference betweespecies was foundwo way ANOVA on ranks species

sclerites: k165 0.286, p=0.752).

3.3.2 Influence of colony length, depth and region on sclerite metrics

Colonies ofH. finmarchicasampled in GB were used to determine the influence
of colony length andepth on sclerite metrics. Length of tentacle sclerites did not vary
with colony length (r=0.11, p=0.301) or with depth (r=0.08, p=0.455; Appé&htlix
Length of peduncle sclerites decreased with colony lengt#fd(24, p<0.001) but did not
vary with deth (r=0.04, p=0.268). Column sclerites increased in length with colony
length (r=0.41, p<0.001) and with depth (r=0.40, p<0.001). All short sclerites showed
significant differences among geographic regions (in pedungies#9.67, p<0.001, in
tentaclesF>,25+4.87, p=0.008). Column sclerites were significantly shorter in FC than in
GB and LB (H=36.41, df=2, p<0.001).

The stoutness of sclerites from the pedunclid.dinmarchicaincreased with
colony length (r=0.28, p<0.001) and with deptx0.19, p<0.001; Appendi®-H) but no

significant threshold was visible when comparing depth intervals. Tentacle sclerite
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stoutness showed no variation with colony length-Qx14, p=0.203) or with depth
(r=0.10, p=0.381). Column sclerites became stouter witkeasing colony length
(rs=0.25, p<0.001) and increasing dept¥@r26, p<0.001). Peduncle and tentacle
sclerites were stouter in GB than other regions (H=64.16, df=2, p<0.001, H=15.16, df=2,
p<0.001, respectively). Column sclerites were significantly stantFC (H=61.31, df=2,
p<0.001). No variation of the concentration and abundance of sclerites with colony length
or depth was visible apart from a decrease in peduncle sclerite concentration with colony
length (r=0.55, p=0.044, Appendi&-H). Sclerite oncentration and abundance were
stable among regions in both the rachis and peduncle (concentratigt?.E9, p=0.118;
abundance: H=2.94, df=3, p=0.400).

The length of all types of sclerge P. aculeatashowed no clear relationship
with colony lengh (Appendix2-1). Peduncle sclerite length decreased with depth (r
0.29, p<0.001), while tentacle sclerite length increased with depth A7, p<0.001),
with no depth threshold evident anywhere. The dorsal sclerites were not influenced by
depth in anyof the geographic regions (GB=0.008, p=0.899, NNL:s+0.04, p=0.584).
Leaf sclerite length showed a decrease with depth in SB(©2, p<0.001) and NNL
(r=-0.29, p<0.001), with a threshold at 1100 m. Tentacle sclerites showed significant
differencesamong regions with an increase in length eastward>(@f} and southward
(GB>FC=NNL;, H=42.47, df=3, p<0.001). The same trends were observed for the
peduncle scleritesgB>LC, GB>FC>NNL; H=269.83, p<0.001). Despite significant
regional differences in dorsstlerite lengths (H=24.44, df=3, p<0.001), no clear pattern

emerged. Long leaf sclerites were shorter in GB and FC than in LC and NNL at depths
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<1100m (H=29.60, df=3, p<0.001); no difference between regions emerged for samples
>1100 m (U=1616.0, p=0.652).

Sclerite stoutness iR. aculeatancreased significantly with colony length in
tentacles ¢=-0.39, p<0.001; Appendig-) and leaves §-0.08, p=0.034). Stoutness
decreased in peduncle sclerites@47, p<0.001) and did not vary in dorsal sclerites (

0.05, p=0.351). Stoutness varied with depth for almost all types of sclerites (peduncle:
rs=-0.60, p<0.001, tentacles20.39, p<0.001, leaves=0.16, p<0.001, dorsak=0.04,
p=0.398), but only tentacle sclerites showed a threshold with stmléeites <1000m.
Tentacle sclerites sampled <1000 m were stouter in NNL than elsewhere (H=91.16, df=3,
p<0.001); whereas colonies >1000 m showed no significant regional variatiorb &=

df=136, p=0.564). Leaf sclerites showed a decrease in stoutséssrebGB<LC) and

then northward (GB<NNL; H=41.33, df=3, p<0.001). Dorsal sclerites were stouter in LC
and FC than in NNL (H=24.35, df=3, p<0.001). Sclerite abundance and concentration in
the rachis and peduncle did not vary with colony length, depigoon (Appendix2-J).

3.4 Isotopic analysis

The three sea pens presented a sirilf signature (Fs=3.90, p=0.082):
A.grandifforum 1 1. 3 NO. 8 &H.finfdrchica2 . 190N.07. R0Q).,2 & ( TL:
P.aculeata 9. 9NO. 2 & ( T29A). Ho. weelN/Oe. HC;sighBiiieg valiied
significantly withP. aculeata-2 3. 7NO. 5 &) exhibiting signifi
(F2,6=17.61, p=0.003) thaA. grandiflorum(-2 0 . 9 N Cand8. fidmarchica(-20.9+0.1
ad) . The iYCdhetwearB. aculeatsandihe two other sea pens was correlated

with an increase in polyp diameter (Figar&B).
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Stable isotope data for other species of essgpcora were not previously
published for the LC region. However, data from a previous study on variouseieep
coralssampled along the continental slope of Newfoundland and Labrador (Shestvood
al. 2008) were used here to determine the influence of polyp size and colony height on the
carbon and nitrogen signatures. A significant increase af‘thevalue was visible vif
increasing polyp diameter (Figu2elOA) while a norsignificant decrease with colony
height (Figure2-1 0 B) wa s o b™C signatweddid not Vary wiih polyp diameter

(Figure2-10C) or colony height (Figur2-10D).

4. Discussion

The present studyrovides new data on the morphomeifable 23) and
elemental/isotopic composition of three of the most common sea pens in the Northwest
Atlantic, providing strong support for the influence of environmental factors (e.g. food
availability, currents, sediment type) on the morphological phenotype oéssapd
shedding some light on their trophic biology and ecology. It confirms some of the trends
reported previously isomesea pens (e.g. decrease in polyp diameter and density with
depth, addition of the new polyps at the base of the rachis, low \igyiabsclerite
metrics) and challenges others (e.g. inverse relationship between carbon signature and
colony length and between peduncle proportion and colony length). Further studies on
deepsea coral biometry are needed to expand the framework withahwadaptations of

corals to deepvater environments can be examined.
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4.1 Variations and similarities in macrometrics

Soft tissues are present on the entire central axas gfandiflorum whereas
some colonies dfl. finmarchicashowed bare sections tbfe uppermost central axis,
which can harbour epibiosisuch as sea anemones and hydrozdahapter .
Degeneration of the older polyps or predation might explain this absence of tissues.
However, all sizes of colonies, including some of the smalles areeaffected,
suggesting that predation from a pelagic origin, such as grazing by fish, is more probable
than degeneration. Evidence of predation by fish was recorded in the shaltensea
penStylatula elongatan the North Pacific (Davist al.1982. In contrast, the terminal
section of the rachis iR. aculeatas devoid of a central axis. These differences suggest
thatA. grandiflorumandH. finmarchicadepend on the central axis for support wRile
aculeatamight possess additional adaptatidfst instanceP. aculeatas known to
withdraw into the sediment (Langten al.1990), which may be facilitated by the absence
of central axis in the upper rachis; whereas the two other species are not known to exhibit
this behaviour.

Peduncle metrics sb distinguishedP. aculeatarom bothA. grandiflorumand
H. finmarchica Long colonies of the latter had proportionally smaller peduncles than
shorter colonies, while peduncle lengthPofaculeataremained constant within the size
range tested. Interasgly, despite different speciespecific maxima in colony length, the
maximum length of the peduncle was ~13 cm in all three species. It has been suggested
that sea pens with a longer rachis would need a longer peduncle to allow efficient
anchorage in theediment (Kastendiek 1976). However, here, longer colonies had

proportionally smaller peduncleA. grandiflorumandH. finmarchicaappear to offset
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their shorter peduncles with greater peduncle width (i.e. a bulge in its upper part) as
previously suggestl by Kastendiek (1976); long sea pens need wider peduncles to allow
better anchorage in the sediment.

In all three species, the smallest polyps and lowest polyp density were found in the
lower section of the rachis. The lower polyps were also charactdrystne absence or
underdevelopment of oocytes, compared to polyps found higher along the raghis in
grandiflorumandH. finmarchica(Baillon et al. 2014, Chapte).4These findings support
the ideahat new polyps are added at the base of the ratkiwse species, as previously
suggested by Soong (2005) Mirgularia juncea
4.2 Diet, trophic level and macrometrics

Previous studies have shown that sea pens are suspension feeders that ingest
zooplankton (Edwards and Moore 2008) or the degradetidinaaf particulate organic
matter (POM) (Sherwooet al. 2008). Analysis of th&table isotopeprovided further
insight into the trophic ecology of the species under study. Lower nitrogen and carbon
signatures se®. aculeataapart from the two other spies, despite the overall non
significant differences in the nitrogen signatures of the three sea pen species. The trophic
level of P. aculeatgTL=2.5) is close to that of a primary consumer like zooplankton
(TL=2.3), feeding on fresh phytodetritus (loarbon signature) and microzooplankton.

P. aculeatamight complete its diet by occasionally capturing small invertebrates. As for

A. grandiflorumandH. finmarchica theysit at half a trophic level abow aculeata

indicating that both species likely feed on more degraded POM and more readily on small
invertebrates (e.g. zooplankton, epibenthic copepddg)randiflorumhas the highest

nitrogen signature, closer to that of a secondary consumer (carnivorous).
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The fact thatP. aculeatahas the lowest carbon signature and is the shortest
species somewhat contradicts Sherwood et al. (2008) who proposed that small coral
colonies (<30 cm, e.gAnthomastusDuve) f ed on more dégrnhaded f o
taller colonieq | o W€,re.g.Baragorgia Primnog. We suspect that factors other than
colony height (e.g. tentacle morphology, colony posture, population density) are involved
in selection/capture of food items, at least in sea pens. Because sea pens are anchored in
mud, they might also encounter different environmental conditions than othesekeep
corals, which most commonly colonize hard substrates.

Putative differences in the diets of our focal species can further be explained by
their different general morphmjies.P. aculeatas the smallest species studied here with
lateral extension (leaves) that may help intercept flowing particles (e.g. phytodetritus).
The feather shape possibly generates turbulence around the polyps and facilitates
occasional prey captai(small invertebrates), in a strategy highlighted by Williams
(21997). In contrast. grandiflorumandH. finmarchicaare slender and have a smaller
lateral surface thaR. aculeatamaking them less effective at filtering flowing particles.

The larger plyps could favour the capture of small invertebrates, especially in
grandiflorumwhich has greater polyp extension th&rfinmarchica(personal

observation). In turrkl. finmarchicaproduces greater amounts of mucus, which is known
to help trap phytodatus or microorganisms in shallewater corals (Lewis and Price
1975), confirming that it could rely more readily on phytodetritus thagrandiflorum

In the welldeveloped sections of the rachis, polyp diameters of the three species
ranged from 0.74.26mm. Correlation between size of polyp and size of prey was

previously shown for some species (Sebens 1987) while other showed no correlation
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(Palardy et al. 2005, 20Q8)ur analysis revealed that corals with larger polyps
(Flabellum alabastrumoccugy higher trophic levels, suggesting the ability to catch
larger prey, as evoked previougBuhl-Mortensen et al. 2007; Sherwood et al. 20QH)
note is the fact that no correlation was visible in the lower size range of coral polyps (<5
mm) including thehree sea pens studied heregdsome soft corals, sea fans and a black
coral from Sherwooét al.(2008). An analysis of the disposition, length, and width of
polyp tentacles and pinnules might ultimately best explain variations in diet among
species duéo the link between these parameters and the feeding st(&elggns and
Koehl 1984)
4.3 Spatial and temporal trends in macrometrics
Overall, macromorphology, including colony length, polyp diameter and density,
varied less drastically across depthshia three species examined here than expected
from previous studies in shallewater coral specigdVest et al. 1993; Todd et al. 2001)
in spite of the much greater depth and latitudinal gradients investigated here. For
exampleH. finmarchicashowed a 2% decrease in polyp density over 410 m (2200
m depth), or a decrease of 0.7% every 10 m, whereas the gorgoiaisgum asbestinum
in the Bahamashowed a 38% decrease in polyp density over 30485 (@ depth)
corresponding to 12.7% decrease everynlWestet al.1993). Morphological variations
among coral colongare typically associated wittariations in environmental parameters
(Prada et al. 2008; Todd 2008)hich tend to occur more quickly in the first meters of the
ocean than in deeper stréaow 200 m (Gage 1992) and could explained our results.
While weaker than expected, spatial variations in macrometrics (across depths and

regions) were nevertheless evidenced in the species under study. The three sea pens were
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sampled over comparablemdk ranges in our study( grandiflorum 981347 m;

H. finmarchica 2141333m; P. aculeata98-1415 m), although bathymetric ranges
varied across regions. Overal, aculeateemerged as the species most clearly impacted
by increasing depth. In two of the three regions wReraculeatavas collected, there

was a decrease of colony length, weitgntgth ratio, polyp diameter and polyp density
with depth. Similar bathymetric viations were visible in two and three regions out of
five in A. grandiflorumandH. finmarchica respectively. These differences might be
explained by the known bathymetric distributions of the species (Bakd2012).

P. aculeatapresents the narrowteamnge with maximum occurrence between 200 and
1000 m, whileA. grandiflorumis present at deeper depths (to 1400 m) and

H. finmarchicais common to 2000 m depth. As mentioned earegculeatdikely

feeds principally on phytodetritus, which decredseaguantity and quality with depth
(Pace et al. 1987; Gage 199R)might therefore not obtain enough food for its
development agreaer depths, as reflected by a narrower bathymetric distribution. The
two other species feed more readily on small irl@etes, allowing them to colonize
greaer depthsH. finmarchicaseems to be the most adapted to deeper environments; it is
the only species showing an increase in colony length with increasing depth. This
peculiarity might be explained by the productadfrmucus at the surface of the colony
that could create an efficient trap for particles (e.g. microorganisms, phytodetritus). The
increase in polyp diameter and decrease in polyp density with increasindhdeptheen
attributed to an adaptation of greagéficiency in food procurement in a few particular
pennatulacean taxa suchfAamphiacmeChunellg andUmbellula(Williams 1992) Here,

only H. finmarchicashowed both adaptations (polyp density decrease and polyp diameter
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increase), whilé. grandiflorun andP. aculeatashowed only a decrease in polyp
density, supporting the better adaptatiotdofinmarchicato life at depth.

P. aculeatashowed very little morphological variation across regiatdepths
<1000 m, which may reflect sampling within dptimal latitudinal range distribution.
The two other species showed a general decrease in colony length from South to North,
possibly mirroring a latitudinal decrease in food availability. Interestingly, the plumper
colonies of sea pens (all species) wierend in LC (a wide channel) and the thinner ones
in FC (a narrow pass). Stronger currents in FC may be less conducive to passive
interception and prey capture than slower currents in LC.

Temporal variations in the weighgngth ratio were noted in twd the three
speciesA. grandiflorumandP. aculeaty. Determining trends in the weighgngth ratio
of the other speciesi( finmarchicg was not possible due to the frequent and regionally
inconsistent occurrence of colonies with partially denuded sked€tievoid of flesh).
The plumper colonies (higher weigleihgth ratio) ofA. grandiflorumwere found in the
spring months (April to June) suggesting a potential link with seasonal food availability
leading to somatic growth or development of reprodudisseies. The fact that the spring
phytoplankton bloom occurs in those months in the Northwest AtlgBdiilon et al.
2014 Chapter 3) syports this hypothesis. The downfall of phytodetritus (and marine
snow) to the seafloor, which is at the base of ndegpwater food chains, is generally
correlated with the concentration of phytoplankton at the sea surface (@&iket1983);
A. grandiflorummight take advantage of the phytodetritus input during the spring months

and feed seasonally more on phytoites than smalinvertebrates. Variations in
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P. aculeatawere less marked, possibly because of a less suitable sampling scheme across
months.

All spatial and temporal variations in biometrics determined here (i.e. bathymetric
and latitudinal decrease asdasonal variations) seem to share a connection with food
availability as previously suggested for shallevater marine invertebrate (Saunders et al.
2009; Saura et al. 2012pther parameters, such as temperature, current, and oxygen
concentration havdso been shown to drive trends in body size of organisms with depth
and latitudgRice et al. 1992; Olabarria and Thurston 200@mperature is not a likely
driver in our study since all colonies were sampled below the thermocline, which lies
around 50 mand dissolves during winter in the Northwest Atlaifgie Vernal and
Hillaire-Marcel 2000; Stein 2007Nevertheless, monthly and geographic variations of
bottom temperature exist (Colbourne 1994) that might impact biometrics; however,
annual temperatureath at the different stations studied here are not available. Data on
current velocity and oxygen concentrat@menot availablesither However, it can be
assumed that these parameters can drive morphological adaptations and may explain
some of the intr@pecies differences observed here at different scales.

4.4 Description and role of sclerites

Sclerites are commonly used as unique descriptors of octocoral species,
particularly to identify gorgoniand.ewis and Von Wallis 1991; Carlo et al. 2014)
which they come in a variety of shapes. Here, the low-specific variability in sclerite
shape, length, and stoutness confirms that they do not provide effective descriptors to
discriminate pennatulacean species, as previously noted (Williams 1995, 126}id ).

sclerites in the rachis and short sclerites in the tentacles and peduncle were found in
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H. finmarchicaandP. aculeatawhile no sclerites were found A grandiflorum This
latter result agreed with previous accouiitecker et al. 1980; Williams 99; Lopez
Gonzalez et al. 2001However, Lopezsonzalezt al.(2001) described the presence of
few minute oval sclerites in the pedunclefofgrandiflorumfrom the African Atlantic
coast, a trait inconsistent among populations for reasons yet unknamn\@liams,
personal communication).

Cnidarians present two different defense mechanisms: chemical defense afforded
by toxins and physical defense through scle(ikesh et al. 2000; Clavico et al. 2007)
The lack of mineralization iA. grandiflorumsuggests high concentrations of anti
predator chemicals since studies have generally found inverse relationships between the
two modes of defeng&ammarco et al. 1987; Harvell and Fenical 198@ntrary to
A. grandiflorum it can be assumed tHat aculeaa does not rely strongly on chemical
defenses due to high densities of sclerites which would render the tissues unpalatable. The
long stouter sclerites aggregate that form points along the dorsal deestanleata
likely act to defend the colony, whitbe long sclerites in the leaves presumably also offer
support, running parallel to each other to form the leaf structure. The short sclerites of
P. aculeataandH. finmarchicamay complement defense and/or offer a minor structural
support to the tentaclesd peduncleThe longest sclerites id. finmarchicaform a
calyce around the polyp that probably serves as a defense mechanism against predators.
However, the common occurrence of naked areas of the central axis evokes relatively
frequent predation eves) questioning the efficiency of the long sclerites in protecting the

colony from grazers.
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Most sclerites found ifl. finmarchicaandP. aculeatehave a thredlanged shape
that increases surface area and potential for attachment to the tissues, lye@orteding
the sclerites more efficient in supporting the colony (Koehl 1982). Only sclerites in the
peduncle oP. aculeatasshowed a different morphology {lmbed), which has
occasionally been illustrated in sea péfgkenthal 1915; Williams 199Q)ut never
described/discusseBennatulaspecies are known to withdraw into the sediment
(Langtonet al.1990), hence Hiobed sclerites may be restricted to the peduncle of
P. aculeatato ensure that it is strong enough to enable frequent withdraWieg.
presence of only short sclerites in the peduncl. @fculeataallows tissue flexibility to
anchor and withdraw. Long sclerites may break or inhibit muscle contractions in the
peduncle (Koehl 1982), which undergoes physical stress and frequent muscle
contractions.

The elemental analysis showed that sea pen sclerites are composed of high
magnesium calcite (Mg content between 3 and 6%) as previously reported for octocorals
(Rahman and Oomori 20Q8)he differences in Mg/Ca ratios among all the types of
sclerites inP. aculeatghighest ratio in peduncle sclerites and lowest ratio in tentacle
sclerites) suggest variations in their synthesis possibly linked to the different roles they
play (support vs. defense). No differences in the Mg/Ca ratios werd fotth
finmarchicain which sclerites are chiefly a means of defense.

4.5 Variations in sclerite metrics

In H. finmarchicaandP. aculeatathe short sclerites in the peduncle and the

tentacles presented a similarly wide range of lengths-@.33 mm).However those

from the peduncle were stouter than those from the tentacles in both species, giving them
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better resistance to friction against the sediment. The greater variability of sclerite metrics
in the peduncle than in the tentacles may be attridotadesponse to different types of
sediment. For example, coloniestbffinmarchicahave been found anchored in mud,
sand, but also in gravelly substrates (Bakeal.2012). Anchoring into harder sediments
may require a more mineralized peduncle, sediment types may also be a driver of
sclerite abundance in the peduncle.

The leaf and peduncle scleritesRofaculeataand peduncle sclerite of
H. finmarchicapresented variations with depth and region. These sclerites are the only
ones in this studyhiat are presumed to act primarily as support and they presented a
higher variability in size and shape than other sclerite types presumed to play a primarily
defensive role. Overall, variations in sclerite metrics are more importBntaculeata
than inH. finmarchica with the latter apparently using sclerites more as a defense
mechanism than the former. Support sclerites may exhibit greater plasticity than defense
sclerites to allow phenotypic adjustment of the colony to the local environment in@rder t

increase fithess.
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Tables

Table 2-1 Comparison of sclerite concentration and abundance betweeHdlifjeris

finmarchicaand (PaPennatula aculeata the peduncle and rachis.

Peduncle Rachis
Concentration U=2.0, p<0.001, Hf<Pa t=-28.16, df=54, p<0.001, Hf<Pa
Abundance U=15, p<0.001, Hf<Pa U=0.0, p<0.001, Hf<Pa
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Table 2-2 Elemental composition (%) of the tentacle sclerites, long sclerites and peduncle
sclerites oHalipetris finmarchicaeandPennatula aculeateData shown as mean+SE.

Sclerites ~ Calcium Magnesium Carbon  Oxygen

Halipteris finmarchica Tentacle 39.2+3.3 5.8+0.7 2.4+0.3 52.0+2.9
Long 35.5+2.9 6.4+0.7 1.6+0.2 56.5+2.3
Peduncle 37.0£3.0 7.5+0.7 1.9+0.2 53.6+2.6
Average 37.2+3.1 6.5+0.7 2.0+0.2 54.0+2.6
Pennatula aculeata Tentacle 45.4+2.5 4.6+0.3 1.2+0.1 48.7+2.2
Long 39.1+2.0 5.6+0.3 1.4+0.3 53.9+1.8
Peduncle 40.7+3.0 6.4+0.5 1.440.2 51.6%2.5

Average 41.7+2.5 5.5+0.4 1.3+0.2 51.4+2.2
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Table 2-3 (Following pageSummary of the general biometric resultsAothoptilum
grandiflorum Halipteris finmarchicaandPennatula aculeataA dash indicates the absence

of analysis.
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METRICS

VARIATIONS

Anthoptilum grandiflorum

Halipteris finmarchica

Pennatula aculeata

In With With With regiorf In colony With With depth With region In colony With With depth With region
colony® colony depth® colony colony
length length length
Macrometrics
Colony - - S>Din GBi <800 m and > 800 - - S<DinLBi <700 m: LC=GB>LB S>DinLCand LC*>GB***>FC* **>
length threshold at m: threshold at >700 m: GB=FC=LB GB NNL**
800 m LC=GB>FC=NNL 700 m
S<DinNNL =LB - -
PPL - decrease S>Din GB LC>GB>FC>NNL - decrease no variation LC=GB=FC<LB - No No variation GB>LC=NNL>FC
S>DinFC >LB variation
WI/L ratio - increase S>D in GBi Oct: - increase S>Din GB Pooled data: - increase S>D in NNL Apr and May: GB<LC
threshold at FC*<GB***<LB* FC*<LB* **<GB**<L
800 m * C**
Polyp L<M<U increase S>Din GB <800 m: L<M<U Increase S<Din FC GB*>LC***>FC** *** | | <M>U no S>D in GB no variation
diameter GB>LC=FC=LB and LBT no >LB*** variation S>D in NNLT
>800 m: threshold threshold at 100C
LB>GB=FC m
Polyp density L<M<U decrease S>Din GB <800 m: no L<M<U no S>Din FC LC=GB=LB>FC L<M>U no S>DinGB and no variation
in GB and FCi variation variation variation NNL i threshold
threshold at  >800 m: at 1000 m
800 m GB<FC<NNL<LB
Micrometrics
Sclerite - - - - Ps<Ts Ps: Cs: S<D Ps, Ts: Ls>Ds no Ps: S>D Ps: LC<GB>FC>NNL
length decrease GB*>LC* **>| B** Ps>Ts variation Ts: S<D Ts: LC<GB>FC=NNL
Cs: Cs: FC<GB=LB Ls: S>D in GB Ds:
increase and NNLi GB*<LC*<FC***<N
threshold at 110C NL** Ls:
m <1100 m:
GB=FC<LC=NNL;
>1100 m: no variation
Sclerite - - - - Ps>Ts Ps: Cs:S<D Ps: GB<LB<LC Ls>Ds Ts, Ls: Ps: S>D Ts: <1000 m
stoutness increase Ps S<D Ts: GB<LC=LB Ps>Ts increase Ts: S<Di LC=GB=FC<NNL;
Cs: Cs: FC<GB=LB Ps: threshold at 100C >1000 m: no variation
increase decrease m Ls: LC>GB>NNL
Ls: S<D Ds: LC=FC>NNL
Sclerite - - - - P=Rs no no variation no variation Ps<Rs no no variation no variation
abundance variation variation
Sclerite - - - - P<Rs no no variation no variation Ps<Rs no no variation no variation
concentration variation variation

ap: peduncle, L: Lower rachis, M: middle rachis, U: upper raél8sshallow, D: deef;Where appropriate, regional analysis conducted separately on colonies from above/
below threshold depth determined to have an impact. Regions with correspondisaletteot significantly differentC: Laurentian Channel, GB: Grand Bank, FC: Flemish
Cap, NNL: North Newfoundland, LB: LabradotPs: peduncle sclerites, Ts: tentacle sclerites, Cs: column sclerites, Ls: leaf sclerites, Ds: dorsal scletitgis Rierites
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Figure 2-1 Map showing the five regions under study; LC: Laurentian Channel, GB:
Grand Banks, FC: Flemish Cap, NNL: North Newfoundland, LB: Labrador.

2-46



Figure 2-2 Anthoptilum grandiflorum(A) In situ, (B) peduncle (C) middle section of
rachis with low density of polyps, (D) upper rachis with higher density of polyps. No
sclerites were observed. Schkr in B: 1 cm, in C and D: 2 cm.
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Figure 2-3 Halipteris finmarchica (A) In situ, (B) rachis, (C) close up on a row of polyps

in the rachis, with long sclerites (Is) in the middle section, (D) close tipeatentacles of

the polyp, with short sclerites (ss), (E) peduncle, (F) SEM of peduncle sclerites (top left,
scale bar: 40 um), tentacle sclerites (bottom left, scale bar: 40 um) and column sclerites
(right, scale bar: 100 um). Scale bar in B: 2 mm, il @m, in D: 500 ym and in E: 2

cm.
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Figure 2-4 Pennatula aculeataA) In situ, showing the localisation of the peduncle (p)

in the sediment, leaves (I) and dorsal track (dt), (B) peduncle, (C) clasepgruncle

with visible sclerites, (D) SEM of tentacle sclerites (left) and peduncle sclerites (right),
(E) leaves, (F) close up on a leaf with long sclerites, (G) dorsal track, (H) close up on
dorsal track with sclerites forming peak, (I) SEM of leaéstés (left), and dorsal track
sclerites (right). Scale bar in B: 1 cm, in C: 200 pm, in D: 45 um, in E and G: 2 mm, in F:
500 pm, in H: 1 mm and in I: 110 pm.
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aculeata significant change in colony length across regitds.Laurentian Channel,

GB: Grand Banks, FC: Flemish Cape, NNL: North Newfoundland, LB: Labrador. Data
shown as regional mean * standard erralges with corresponding letters are not

significantly different, see text for statistical results.
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P. aculeata - log10(Ped L)=-0.34+0.97%log10(L)
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H. finmarchica - log10(Ped L)=-0.19+0.60xlog10(L)
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Figure 2-6 Linear regression between CL: colony length and Ped L: peduncle length for
the three specieé\( grandiflorum r=0.89, k,249941.24, p<0.001H. finmarchica
r=0.92; R,935=484.28, p<0.001P. aculeatar=0.95, F 145=1463.92, p<0.001).
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Supplementary materials

Appendix 2-A Summary of samples @inthoptilum grandiflorum, Halipteris
finmarchicaandPennatula aculeataxamined fron{LC) Laurentian Channel, (GB)
Grand Banks, (FC) Flemish Cap, (NNL) North Newfoundland and (LB) Labrador with

information on date, depth and latitude/longitude of collection

Number of colonies collected

Date Depth Region  Latitude Longitude grandiflorum H. finmarchica P. aculeata

A.
7/8/2004 942 LB 62°19'58.80"N 60°37'60.00"W 1
28/4/2005 464 LC 46°17'38.40"N 57°42'16.20"W 1
28/4/2005 448 LC 46°20'38.40"N 58° 7'30.00"W 2
30/4/2005 458 LC 46°49'6.60"N 58°21'27.00"W 1
25/8/2005 683 LB 63°44'33.00"N 59°26'11.40"W 1
8/10/2005 800 GB 44° 2'33.00"N 52°58'3.00"W 2

9/10/2005 953 GB 43°47'24.00"N 52°37'33.60"W 5

9/10/2005 600 GB 43°35'18.60"N 52° 2'33.00"W 4
10/10/2005 1124 GB 42°57'3.60"N 51°18'5.40"W 1

11/10/2005 785 GB 43°36'3.60"N 52°13'12.00"W 5
26/1/2006 1167 NNL  49°2842.60"N 49°35'42.00"W 2 2
27/1/2006 1070 NNL  51°7'15.60"N 49°42'43.20"W 1

27/01/2006 918 NNL  50°59'16.80"N 49°50'52.80"W 1 1
28/1/2006 1293 NNL  50°18'14.40"N 49°45'0.00"W 3
28/01/200€ 1048 NNL  50°43'39.00"N 50°17'6.00"W 1
30/1/2006 821  NNL  48°43'22.80"N 49°40'49.80'W 3 1
23/2/2006 1006 NNL  50°55'58.80"N 49°45'0.00"W 1
15/3/2006 864 NNL  51°1'58.80"N 49°55'1.20"W 1

24/3/2006 821 NNL 51°1'1.20"N 49°49'1.20"W 1

31/3/2006 891 NNL  51°131.20"N 51° 0'0.00"W 1

17/04/2006 317 LC 47° 1'24.60"N 57°22'12.00"W 1
18/4/2006 225 LC 47°10'44.40"N 57°20'29.40"W 1
18/04/2006 186 LC 47°19'57.00"N 57°19'40.80"W 1
14/06/2006 183 GB 44°46'58.80"N 54° 0'0.00"W 1
14/06/2006 237 GB 44°46'58.80"N 54° 7'1.20"W 1
14/06/2006 241  GB 44°45'0.00"N 54° 2'60.00"W 1

10/7/2006 1299 LB 55°41'56.40"N 56°49'51.60"W 1

14/7/2006 837 LB 62°52'60.00"N 60°27'0.00"W 1
27/7/2006 176 LB 61°40'1.20"N 60°22'58.80"W 2

28/7/2006 620 LB 58°33'21.60"N 59°55'12.00'W 4 2
29/07/200€ 452 LB 59° 3'37.80"N 60° 7'42.60"W 1
30/07/200€ 528 LB 59°29'11.40"N 60°21'9.00"W 1
04/08/200€ 563 LB 60°45'57.60"N 62° 5'36.60"W 1
04/08/2006€ 630 LB 60°50'29.40"N 62°22'21.00"W 1
5/8/2006 559 LB 61°40'42.60"N 61° 9'34.20"W 3
8/8/2006 724 LB 63°42'14.40"N 59°33'5.40"W 1
6/10/2006 618 GB 43°36'50.40"N 52°11'15.00"W 2

7/10/2006 626 LB 55°40'44.40"N 56°54'21.60"W
7/10/2006 466 LB 55°42'3.60"N 57° 3'32.40"W

B
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Appendix 2-A continued

Number of colonies collected

Date Depth Region  Latitude Longitude A. grandiflorum H. finmarchica P. aculeata

9/10/2006 803 LB 56°32'29.40"N 58°11'6.00"W 1
9/10/2006 424 LB 56°36'10.80"N 58°19'39.00"W 1
15/10/2006 548 LB 57°13'15.60"N 59° 4'33.60"W 3
17/10/2006 895 LB 57°4'1.20"N 58°50'20.40"W 1

02/11/2006 256 LB 54°45'30.60"N 54°11'16.80"W 1

4/11/2006 1071 LB 54°12'3.60"N 52°49'48.00"W 1

19/11/2006 1286 NNL  49°54'30.60"N 49°33'34.20"W 2
24/11/2006 1018 NNL  48°13'30.00"N 48°31'4.80"W 1

24/11/2006 1415 NNL  48°25'17.40"N 48°45'37.80"W 1
27/11/2006 958 FC 48°15'32.40"N 45°47'42.00"W 2

28/11/2006 1125 FC 47°58'33.60"N 46°11'9.60"W 23 4

28/11/2006 1134 FC 47°48'57.60"N 46°15'30.60"W 4

28/11/2006 788  FC 47°44'36.60"N 46°54'39.60"W 1

29/11/2006 810 FC 47°35'45.60"N 46° 5'9.60"W 2
30/11/2006 780 FC 47°23'33.00"N 46°22'57.00"W

1/12/2006 1161 FC 47°24'18.00"N 46°45'41.40"W

1/12/2006 1075 FC 47°22'55.20"N 46°56'0.60"W 2
1/12/2006 1036 FC 47°16'30.00"N 47° 2'25.80"W
1/12/2006 1186 FC 46°57'21.60"N 46°56'31.20"W
01/12/2006 1162 FC 47° 4'8.40"N  46°57'18.00"W 1

wWnN -

N W

2/12/2006 978 FC 46°39'27.00"N 46°42'18.00"W 1

14/4/2007 435 LC 47°20'11.40"N 59°14'43.80"W 8

15/4/2007 428 LC 47°10'26.40"N 58°41'25.80"W 4

15/4/2007 457 LC 46°43'48.00"N 58° 6'27.00"W 3

15/4/2007 456 LC 46°36'54.00"N 58°16'21.00"W 1

16/4/2007 457 LC 46°22'17.40"N 57°36'41.40'W 3

16/4/2007 352 LC 46°40'26.40"N 57°42'57.60"W 7

20/4/2007 377 LC 44°50'15.00"N 56° 9'27.00"W 3

28/4/2007 296 LC 45°36'54.00"N 56°40'37.20"W 18
28/4/2007 370 LC 45°43'53.40"N 56°53'25.80"W 3 3 12
29/4/2007 462 LC 46° 6'45.00"N 57°36'14.40"W 2

29/4/2007 366 LC 45°24'3.60"N 56°36'18.00"W 5

30/4/2007 389 LC 45°19'8.40"N 56°42'45.00"W 2

30/4/2007 422 LC 45°14'43.80"N 56°53'24.00"W 4 1

30/4/2007 98 LC 45° 5'27.60"N 55°36'14.40"W 1 1
4/5/2007 575 GB 44°47'2.40"N 54°25'24.60"W 4

16/5/2007 719 GB 44°41'45.60"N 54° 6'27.00"W 5
16/5/2007 167 GB 44°14'15.00"N 52°51'37.80"W 6
17/5/2007 600 GB 43°52'33.60"N 52°35'38.40'W 4 1
17/5/2007 425 GB 43°48'3.60"N 52°26'6.00"W 1

17/5/2007 597 GB 43°37'8.40"N 52°11'33.00'W 3 3

17/5/2007 214 GB 43°33'57.60"N 51°57'1.80"W 1 3

18/5/2007 625 GB 43°18'36.00"N 51°38'24.00"W 1 1

16/6/2007 465 FC 48° 7'1.20"N  44°42'0.00"W 2

16/6/2007 490 FC 48° 7'1.20"N  44°40'1.20"W 1

17/6/2007 430 FC 48° 2'60.00"N 44°40'58.80"W 1

18/6/2007 658 GB 46°49'44.40"N 46°51'9.00"W 2

30/06/2007 342 GB 44°46'58.80"N 54°12'0.00"W 1

03/07/2007 297 GB 44°42'0.00"N 54° 0'0.00"W 1
8/7/2007 701 FC 48° 6'45.00"N 46°45'7.20"W
17/7/2007 881 LB 63°36'0.00"N 58°40'60.00"W 3

[
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Appendix 2-A continued

Number of colonies collected

Date Depth Region  Latitude Longitude grandiflorum H. finmarchica P. aculeata

A.
18/7/2007 871 LB 62° 4'58.80"N 60°37'58.80"W 3
20/7/2007 883 LB 61°49'58.80"N 60°36'0.00"W 2
21/7/2007 874 LB 61°51'0.00"N 60°37'1.20"W 2

3

28/7/2007 552 LB 58°57'21.60"N 60° 2'20.40"W 6

7/10/2007 773 GB 43°51'18.00"N 52°37'10.20"W 8 1
8/10/2007 1034 GB 43°38'27.60"N 52°22'35.40"W 1

8/10/2007 824 GB 43°37'3.00"N 52°15'19.80"W 6

8/10/2007 1333 GB 43°22'51.60"N 52° 5'11.40"W 5 1

8/10/2007 796 GB 43°13'8.40"N 51°34'3.00"W 1

08/10/2007 823 GB 43°19'39.00"N 51°46'44.40"W 2

9/10/2007 1013 GB 43° 3'41.40"N 51°30'21.60"W 1

9/10/2007 1130 GB 43° 0'50.40"N 51°32'29.40"W 2

10/10/2007 1347 GB 42°59'29.40"N 49°18'39.60"W 2

10/10/2007 934 GB 43°10'8.40"N 49°11'24.00'W 6

10/10/2007 836  GB 43°12'21.60"N 49°15'5.40"W 3

16/10/2007 986 LB 62° 2'60.00"N 60°37'1.20"W 1

18/10/2007 1208 FC 46°49'44.40"N 46°51'9.00"W 4 3

18/10/2007 1036 FC 46°48'21.60"N 47° 6'7.20"W 3

18/10/2007 1151 FC 46°59'56.40"N 46°59'45.60"W 1

18/10/2007 768 FC 47° 3'30.60"N 46°36'57.60"W 1

18/10/2007 1061 FC 47°23'18.60"N 46°56'42.00"W 1 1
18/10/2007 896 FC 47°20'2.40"N  46°29'2.40"W 6

19/10/2007 743 FC 48° 2'51.00"N 46° 8'60.00"W 2

19/10/2007 1001 FC 47°59'52.80"N 46° 5'15.00"W 2 1
28/10/2007 599 GB 44°22'17.40"N 53°22'48.00'W 4

28/10/2007 632 GB 44°43'37.20"N 54°18'50.40"W 2
29/10/2007 992 FC 48°33'41.40"N 45°30'30.60"W 6

29/10/2007 579 GB 44° 5'56.40"N 52°56'24.00"W 1 2

30/10/2007 623 GB 43°37'12.00"N 52°11'56.40"W 4 5

30/10/2007 593 GB 43°14'47.40"N 51°29'42.00"W 2 2

31/10/2007 964  NNL  48°40'4.80"N 49°32'6.00"W 1
16/11/2007 1039 LB 55° 4'33.60"N 53°58'58.80"W
25/11/2007 651  FC 48° 4'39.00"N 46°58'12.00"W
8/12/2007 656  NNL  49°31'57.00"N 49°57'45.00"W 1

(I

13/12/2007 1285 NNL  50°28'40.80"N 49°57'36.00"W 4
13/12/2007 883 NNL  50°51'27.00"N 50°28'39.00"W 1
13/12/2007 1226 NNL  50°28'21.00"N 49°57'32.40"W 1
14/12/2007 1285 NNL  50° 4'42.60"N 49°3822.20"W 1

14/12/2007 851  NNL  49°50'29.40"N 49°53'6.00"W 1 1
14/12/2007 844  NNL  49°57'27.00"N 49°58'12.00"W 1

8/5/2008 301 LC 46°43'48.00"N 57°42'57.60"W 1 3

9/5/2008 462 LC 46°26'42.00"N 58° 1'49.80"W 1
13/5/2008 398 LC 45° 0'0.00"N  56°32'7.80"W 7
26/05/2008 195 GB 44°37'40.80"N 53°52'40.80"W 1
11/4/2009 494 GB 44°52'60.00"N 55°37'0.00"W 2 1
11/4/2009 428 GB 44°52'0.00"N 55°52'0.00"W 1
17/4/2009 318 LC 47°22'24.60"N 58°53'36.60"'W 4
18/4/2009 437 LC 46°59'47.40"N 58°53'11.40"W 2
18/4/2009 428 LC 46°52'57.00"N 58°29'15.00"W 1
18/4/2009 458 LC 46°54'45.00"N 58°25'12.00"W 2
19/4/2009 453 LC 46°38'25.80"N 58°23'47.40"W 2
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Appendix 2-A continued

Number of colonies collected

Date Depth Region  Latitude Longitude grandiflorum H. finmarchica P. aculeata

A.
19/4/2009 445 LC 46°37'57.00"N 57°50'15.00'W 6
19/4/2009 317 LC 46°40'51.60"N 57°39'37.80"W 3
19/4/2009 299 LC 46°42'45.00"N 57°34'31.80"W 1
29/4/2009 451 LC 46°33'36.00"N 57°47'22.20"W 3
30/4/2009 348 LC 46°33'39.60"N 57°36'5.40"W 3
30/4/2009 488 LC 46° 5'54.60"N 57°52'53.40"W 1

1/5/2009 297 GB 44°34'55.20"N 53°49'12.00"W 3
3/5/2009 265 LC 45°27'25.20"N 56°30'18.00"W 1 4
10/5/2009 404 LC 45°12'36.00"N 56°42'46.80"W 3 1
11/5/2009 369 LB 45° 7'17.40"N 56°26'6.00"W 7
11/5/2009 422 LC 45°11'52.80"N 56°51'10.80"W 3 1
11/5/2009 404 LC 45° 5'49.20"N 56°39'18.00"W 1 3
13/5/2009 584 GB 44°29'42.00"N 54°17'16.80"W 1
14/5/2009 674 GB 44°19'33.60"N 53°30'18.00"W 8
24/5/2009 603 GB 43°49'31.80"N 52°34'24.60"W 3

24/5/2009 337 GB 43°46'8.40"N 52°23'52.80"W 2

26/5/2009 596 GB 43° 4'40.80"N 51°20'33.00'W 3

16/10/2009 978 GB 44° 8'21.00"N 53° 3'27.00"W 10
18/10/2009 887 GB 43°55'32.99"N 52°45'6.01"W 1
25/10/2009 1208 GB 43°1'18.00"N 52°45'6.01"W 2
5/12/2009 1149 NNL  50°44'48.01"N 50° 6'42.01"W 2
5/12/2009 1030 NNL  50°54'27.00"N 50°12'45.00"W 3
10/12/2009 1334 NNL  49°27'27.00"N 49°27'27.00"W 5
13/12/2009 1316 NNL  48°50'12.00"N 49°31'48.00"W 1
15/4/2010 314 LC 45°45'7.20"N 56°49'22.80"W 2 2
24/4/2010 456 LC 46°52'30.00"N 58° 3'54.00"W 1 8
25/4/2010 449 LC 47°28'55.20"N 59°28'15.60"W 1

26/4/2010 433 LC 46°46'17.40"N 58°26'45.60"W 3

26/4/2010 455 LC 46°40'8.40"N 58°12'1.80"W 1

26/4/2010 468 LC 46°28'49.80"N 57°52'17.40"W 1

27/4/2010 447 LC 45°57'39.60"N 57°23'11.40"W 4 8
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Appendix 2-B. (Following page)ariations in macrenorphological traits (linear
regression or spearman correlationpimhoptilum grandiflorumHalipteris finmarchica
andPennatula aculeataampled in LC: Laurentian Channel, GB: Grand Banks, FC:
Flemish Cap, NNL: North Newfoundland ahB: Labrador
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Regions Colony length (L)

Colony weight/length ratio (W/L)

Percent peduncle length (PPL)

vs. depth
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vs. colony height (CH)

vs. depth

vs. colony length (L)

vs. depth

vs. colony length
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_ B _ CH=1.303+0.483xL W/L=0.6760.000743xdeptr  _ PPL=18.5670.00095xdepth  _ . _
LB r=-0.19, p=0.295 r=0.86,p<0.001 1=0.96, F ,7=344.67, p<0.001 r=0.06, F 5=0.10, p=0.758 r<=0.72, p<0.001 1=0.09, F 5=0.25, p=0.620 r=-0.24,p=0.196
PPL=18.812
— *
Lc L=-130.649+0.601*depth "' g;?@ggg; CH=-4.885+0.942xL W/L=0.191+0.000431*deptl W/L=0.112+0.00224*L PPL=22.8960.0292*depth  0.0709*L
r=0.22, 170,61, p=0.450 Q0 BiFO960 =100, 5280.51, 0.00L r=0.05, F:70.03, p=0.847 =084, 172707, p<O.0L =014, 17022, p=0.647  r=0.93,F11769.24,
: p<0.001
© log10(W)= PPL=18.347
3 CH=-4.766+0.944L
£ L=72.362+0.00177*depth  2.202+1.898*0g10(L) ! * WIL=0.4740.000243*depth ~ B B 0.0785*
S GB 1=0.02,  5=0.01, p=0.919 r=0.85, F 5=94.9, ;;10'%%154"'25759'94* 1=0.43, F 3=7.93, p=0.008 ' 047, p=0.002 r=0.0486, p=0.767 1=0.77, F 36=59.62,
0.001 : p<0.001
£ p<
£ _ . _ _ PPL=15.113
= 1=98.0840.0324*depth \r’Ya ;g'%%f%f’é; ﬁq‘og'gg“fg'sgfll;; OW&JB%'?;; deoth W/L=-0.113+0.00458*_ PPL=7.15+0.00435*depth  0.0533*L
T =027, K195, p=0.175 o0 T plooor 0,10, F 5027 b=0.606 =83 52,03, p<0.001 =039, F2F4.19,p=0.052  r=0.52, F.FB.83,
. . =0.10, k25=0.27, p=0.
: p=0.007
B X CH=4.711+0.979xL logLO(W/L)=- B X PPL=21.8340.157L
LB ';_‘0'1655;°g8+_%16021 dep 5 1=0.70,p=0.002  1=1.00, k162253, 1.107+0.000617*depth  1.=0.49, p=0.502 rP_%ngzléaz_ai.géol%eggé r=0.81, 152736,
=0.99, 11#6.02, p=0. p<0.001 r=0.19, k 15=0.51, p=0.486 =092, 1157199, p=0. p<0.001
PPL=42.064
L=27.460.0255*depth _ _ ~ _ WIL=0.0352+0.00686*L  PPL=36.495+0.0129*depth  0.0568*_
s 1=0.28, F =481, p=0.033 '+ 0-84,p<0.001  r=0.94, p<0.001 r=0.14, p=0.291 1=0.67, R 5=42.56, p<0.001 r=0.20, 52.36, p=0.130  r=0.08, F 55=0.36,
£ p=0.551
2 log10(W)= W/L=0.206 PPL=45.310.0413*L
3 ap L=19.630.00427*depth  0.544+0.0572*L  CH=-0.422+0.581xL 208 wenth WIL=0.00282+0.0103"L  PPL=42.695+0.00303* depth 7" 48. 31050
© =0.28, F16=5.34, p=0.003 1=0.83, F16=136.16, 1=0.96, F16=693.75, p<0.001 - 0 o p b p=0.1s2 059, Fe=33.16,p<0.001 r=0.18, =199, p=0.163 0% Rem0.0%
o p<0.001 =0.17, F,6=1.82, p=0. iy
_ W=-1.171+0.25L B _ B X B X PPL=44.0670.183"L
NNL  Le2L8se00073gidepth (VIHEOL  oH=0538+0.629xL WIL=0.2510.00012*depth  W/L=-0.00406+0.00848"L  PPL=31.696+0.00821* depth 074 7%7 2

p=0.471
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Appendix 2-C. Intra-colony variations in polyp metrics éinthoptilum grandiflorum

Halipteris finmarchicaandPennatula aculeatan LC: Laurentian Channel, GB: Grand
Banks, FC: Flemish Cap, NNL: Nortfewfoundland and LB: Labrador. Data provided

for L: lower section, M: middle section and U: upper section of the rachis

Slope homogeneity

Species Regions sectionxlog10(L) ANOVA/ANCOVA - section
Polyp diameter A. grandiflorum LC F2,41738.46, p9.001; L<M<U
GB F26451.84, p=0.16 F2.647213.48, p<0.001; L<M<U
FC F2,2071.07, p=0.347 F2,206=56.02, p<0.001; L<M=U
LB F2,3240.66, p=0.52 F2,226=33.58, p<0.001; L<M<U
H. finmarchica LC F>,14746.076, p<0.001; L<M=U
GB H=183.97, df=2, p8.001; L<M<U
FC H=90.71, df=2, p<0.001; L<M<U
LB F2356=10.30, p=0.358 F2,36=62.51, p<0.001; L<M<U
P. aculeata GB H=20.81, df=2, p<0.001; L=U<M
FC F2,3279.23, p<0.001; L<M=U
NNL F2685-26.72, p<0.001; L<M=U
Polyp density A. grandiflorum LC H=41.33, df=2, p<0.001; L<M<U
GB H=25.35, df=2, p<0.001; L<M=U
FC H=89.73, df=2, p<0.001; L<M<U
NNL H=17.36, df=2, p<0.001; L<M<U
LB H=40.78, df=2, p<0.001; L<M=U
H. finmarchica LC F.,2=5.47, p=0.01; L<M=U
GB H=9.31, df=2, p=0.010; L=M, M=U
FC Fo072.24, p=0.112 F2,05=1.23, p=0.296
LB H=18.30, df=2, p<0.001; L<M=U
P. aculeata GB F2,13=5.17, p=0.007 F213712.41, p<0.001; L<M<U
FC F296=25.43, p<0.001; L<M=U
NNL F2,1052.26, p=0.107 F2,16753.05, p<0.001; L<M<U
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Appendix 2-D. Inter-colony variations in polyp metrics (linear regression or spearman

correlation) inAnthoptilum grandiflorumHalipteris finmarchicaandPennatula aculeata
sampled in LC: Laurentian Channel, GB: Grand Banks, FC: Flemish Cap, NNL: North
Newfoundland and LB: Labrador

Polyp diameter

Polyp density

Regions Colony length

Depth

Colony length

Depth

r=0.26, F2,6=16.55, p<0.001

r=0.72, F6=65.71, p<0.001

LC log10(@)= r=-0.16, p=0.065 1=0.01, p=0.935 log10(d)=1.446
0.0249+0.033xl0g10(L) 0.00077xdepth r=0.22,
r=0.02, F.130.08, p=0.777 Fis=2.49, p=0.121

£ GB log10(@)= r=-0.36, p<0.001 d=6.841+0.103xL d=18.2890.0067xdepth
5 0.43+0.298xlog10(L) r=0.44, F 5=7.10, p=0.012 r=0.59, F.4=15.91,
IS r=0.36, F 216=31.97, p<0.001 p<0.001
= FC log10(2)= r=-0.04, p=0.768 0=8.259+0.0264xL r=-0.30, p=0.011
= 0.801+0.531xl0og10(L) r=0.14, F6=1.21, p=0.276
< r=0.69, F¢¢=61.06, p<0.001
. NNL 0d=8.923+0.056xL r=-0.02, p=0.927
< r=0.22, R 1¢=0.821, p=0.378

LB log10(D)= r=-0.05, p=0.583 d=10.41+0.122xL log10(d)=1.242
0.325+0.229xlog10(L) r=0.30, F272.38, p=0.136 0.000116xdepth r=0.27,
r=0.30, F.10=10.57, p=0.002 Fi,~1.94, p=0.176

LC l0g10(2)= 0=20.633+0.0215%L
0.287+0.134xlog10(L) r=0.08, F&=0.05, p=0.828

© r=0.15, F4=1.13, p=0.293

© GB log10(2)= log10(2)=0.0587 0d=14.089+0.051xL 0d=23.9360.00743xdepth
5 0.0557+0.0349xlog10(L) 0.0000694xdepth r=0.11, r=0.21, K 38-1.7 p=0.195 r=0.21, K 3=1.73,

5 r=0.05, F226=0.52, p=0.473  Fy2,¢=2.79, p=0.096 p=0.197

€ FC log10(2)= log10(2)= 0d=6.071+0.117xL d=22.1330.00891xdepth
E 0.677+0.359xl0og10(L) 0.239+0.000179xdepth r=0.31, r=0.68, Fs=27.98, p<0.001  r=0.56, F s=13.51,

T r=0.47, F.17&50.34, p<0.001 Fy16~17.13, p<0.001 p<0.001

LB log10(2)= log10(2)= 0d=19.567+0.000568xL r=-0.24, p=0.280
0.428+0.234xlog10(L) 0.262+0.000368xdepth r=0.50, r=0.01, k ,=0.00007, p=0.993
r=0.47, F.11532.24, p<0.001 Fy1,5=37.64, p<000.1

GB ©=0.7890.000611xL r=-0.20, p=0.010 0=6.493+0.143xL r=-0.35, p=0.014

- r=0.02, F.15:0.07, p=0.796 r=0.47, .4=21.46, p<0.001

® Fc ©@=0.9410.00815xL @=0.870.000109xdepth 0=6.22+0.118xL 0d=10.0490.00215xdepth
3 r=0.13, F.1071.93,p=0.167  r=0.13, F.1071.902, p=0.171  r=0.19, F5=1.19, p=0.284 r=0.26, K 5=2.25,

@ p=0.144

o’ NNL 1=0.19, p=0.005 @=1.0570.000265xdepth d=3.105+0.325xL d=13.0140.00468xdepth

r=0.53 F_[‘61=23.87,
p<0.001
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Appendix 2-E. Comparison of short sclerite length and stoutness of sclerites from the (P)
peduncle and the (T) tentaclesHdlipteris finmarchicasampled in LC: Laurentian
Channel, GB: Grand Banks and LB: Labrador

Regions Short sclerites

U=7910.8, p<0.001; P<T
U=1199.5, p<0.001; P<T
U=8288.5, p<0.001; P<T
U=12634.0, p<0.001; P<T
U=21081.0, p<0.001; P<T
U=12262.0, p<0.001; P<T

,_
8o

Sclerite | Sclerite
stoutnesy length
|-
8ol

-
vs]
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Appendix 2-F. Comparison of short sclerite length and stoutness of sclerites from the (P)
peduncle and the (T) tentaclesRennatula aculeataampled in LC: Laurentian Channel,
GB: Grand Banks, FC: Flemish Cap and NNL: North Newfoundland

Regions Short sclerites

|—
@

U=21802.5, p=0.176
U=46694.5, p<0.001 P>T
U=9451.0, p=0.553

)
o9}

Sclerite
lengths

_n
@]

NNL U=21489.0, p<0.001 P<T
o 8 LC U=991.0, p<0.001 P<T
= 2 GB U=15298.0, p<0.001 P<T
83 FC U=1639.0, p<0.001 P<T
® NNL U=167.0, p<0.001 P<T
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Appendix 2-G. Comparison of sclerite abundance and concentration among colony
sections oPennatula aculeataampled in GB: Grand Banks and NNL: North
Newfoundland

Regions P. aculeata

S cB H=16.68, df=3, p<0.001
E

2 NNL Fs3=3.14, p=0.039
<

c

S GB Fs.3=34.55, p<0.001
©

=

8

£ NNL F2.3=36.00, p<0.001
(@]
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Appendix 2-H. Influence of (CL) colony length and depth on sclerite metrics, sclerite

length: scl L, stoutness, abundance: Ab, and concentration: [seldlipteris

finmarchicasampled in the Grand Banks region

Type Metric Variable Peduncle Rachis
Colony _ scl L=0.164+0.0000139xCL
Sclerite longg M9 rs=-0.24, p<0.001 r=0.11, R.g51.09, p=0.301
9 Deoth scl L=-0.892+0.0000257xdepth scl L=0.156+0.000032xdeptt
Short P r=0.04, R 2=1.23, p=0.268 r=0.08, k,85=0.56, p=0.455
sclerites Colony Log10(L/W)=0.7860.136xlog10(L) _ _
Stoutness | 'enOth 1=0.28, Fs16=67.40, p<0.001 =-0.135, p=0.203
Debth r=-0.19 p<0 .001 L/W=3.706+0.000623xdepth
P -39, P r=0.10, R s=0.78, p=0.381
Colony scl L=0.92+0.00497xL
length r=0.41, =42.80, p<0.001
Sclerite length g FL.206= P
Column Depth scl L=0.648+0.000103xdeptt
olur r=0.40, F.506=39.81, p<0.001
sclerites Colony
r=0.25, p<0.001
Stoutness length T P
Depth r=0.26, p<0.001
Colony Logl0(Ab)=5.4731.951xlog10(CL) Ab=84.6950.348xCL
length r=0.49, k,1:=3.38, p=0.093 r=0.27, k,17=0.91, p=0.357
Abundance
Debth 1=0.19, p=0.516 Ab=84.9990.0408xdepth
Al P V29 P r=0.16, F.1=0.31, p=0.589
sclerite Colony  [scl]=5.4840.0464xCL [scl]=13.840.0277xCL
) length r=0.55, k,1=5.08, p=0.044 r=0.15, k1=0.28, p=0.605
Concentration []=17.5810.00873xdepth
Depth  r=0.40, p=0 .148 [scl]=17.58%0. P

r=0.24, k,1=0.75, p=0.494
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Appendix 2-1. Influence of (CL) colony length and depth on sclerite metrics (sclerite

length: scl L and stoutness)Rennatula aculeataampled in the GB: Grand Banks and

NNL: North Newfoundland regions

Sclerites Regions Peduncle

Rachis

£ GB r=0.04, p=0.429 r=0.01, p=0.836
e
5 & NNL  r<=0.15, p=0.098 r=-0.17, p=0.013
S §x ©B r<=0.10, p=0.131
S SE£ NN 1=0.07, p=0.323
£ O _ GB r=0.19, p<0.001
g ¢ § NN log10(scl L)=0.0122.14xlog10(CL)
I) r:O.14,F1,358=7.37, p:0007
s £ GB r=-0.29, p<0.001 r=-0.17, p<0.001
3 S NNL  r=-0.21, p<0.001 re=-0.20, p=0.005
< —
8 Tx ©B r<=0.01, p=0.899
o S8 NN r<=0.04, p=0.584
g . GB r<=-0.02, p<0.001
§ NNL log10(sclL)=0.05620.000197xdepth
r=0.29, F.3,=31.87, p<0.001
- -~ GB log10(L/W)=0.774+0.0343xlog10(CL) r=-0.21, p<0.001
5 2 r=0.04, F.4150.56, p=0.455
15 ®  NNL  rs0.23, p<0.001 re=-0.33, p<0.001
> Fx GB r&=-0.04, p=0.521
S 58 NNL r=-0.06, p=0.463
9 8§ ©°*F
€ 4 % GB r=-0.07, p=0.204
3 9% NNL r=-0.15, p=0.006
o ~ GB r<=-0.38, p<0.001 r=0.29, p<0.001
= o
= c
2 < 1 NNL  re=-0.08, p=0.096 r<=0.23, p<0.001
RO.- Tx GB r=-0.04, p=0.548
O 58 NNL r=0.21, p=0.004
n T +
g w GB r<=0.04, p=0.446
4 NNL r<=-0.09, p=0.075
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Appendix 2-J. Influence of depth and (CL) colony length on (Ab) abundance and ([scl])

concentration of sclerites Pennatula aculeataampled in GB: Grand Banks and NNL:
North Newfoundland

Regions  Peduncle Rachis
%% GB Ab=5749.896135.916xCL Ab=7943.883+42.947xCL
o5 r=0.29, k,¢=0.63, p=0.453 r=0.03, k,¢&=0.01, p=0.936
9
>
g E, NNL Ab=7590.562354.411xCL Ab=7164.087163.769xCL
273 r=0.43, F¢=1.62, p=0.243 r=0.31, R¢=0.79, p=0.404
3 - GB Ab=2965.66+1.292xdepth Ab=12374.0419.455xdepth
g 3 r=0.17, F¢=0.21, p=0.663 r=0.43, R &=1.59, p=0.248
C o
c —
S o _ _ Ab=4925.387+0.247xdepth
2> NN <=0.35, p=0.331 r=0.03, F.¢=0.006, p=0.941
e
B _ _ [scl]=68.8150.369xCL
.% 5 GB r<=-0.52, p=0.160 (=0.24, F=0.43, p=0.532
£z
©3 NNL [scl]=43.4771.365xCL [scl]=86.3091.73xCL
8 o r=0.31, R s=0.76, p=0.411 r=0.53,F1¢=2.77, p=0.140
>
.5 GB [scl]=39.9380.00952xdepth  [scl]=67.0050.0111xdepth
] r=0.26, f,g=0.52, p=0.494 r=0.45, fg=1.79, p=0.223
c3
§ 4 NNL [scl]=32.7280.00593xdepth  [scl]=75.3080.0102xdepth
8 r=0.08, k,=0.05, p=0.834 r=0.18, i ¢=0.26, p=0.629
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Chapter 3 : Seasonality in reproduction of the deepwater

pennatulacean coralAnthoptilum grandiflorum

A version of this chapter has been publisheMarine Biologyin 2014 (161:293)
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Abstract

The deepsea pennatulacean cofatthoptilum grandiflorunexhibits a
cosmopolitan distribution and was recently determined to serve as habitat for other
invertebrates and fish larvae in the Northwest Atlantic. Colonies collected at bathyal
depths between 2006 and 2010 in eastern Canada were analyzed to déteimine
fecundity and characterise spatial and temporal trends in their reproductive cycle.
Anthoptilum grandiflorumis a gonochoric broadcast spawner with a sex ratio that does
not differ significantly from equality (although one hermaphrodite colony wasrged).
In male colonies, all the spermatocysts synthesized become mature over the annual cycle,
while only ~21% of the initial production of oocytes reaches maturity in female colonies.
Female potential fecundity based on mature oocytes just beforaisgamas on average
13 oocytes polyp; male potential fecundity was 48 spermatocysts pblfjne spawning
period ofA. grandiflorumdiffers among geographic regions, from April (in southern
Newfoundland) to July (in Labrador), closely following regios@ling phytoplankton
blooms after accounting for the deposition of planktic detritus. Release of oocytes by a
live colony held in the laboratory was recorded in April 2011, coincident with field data
for similar latitudes. Seawater temperatures at the dinspawning were around 3.6
4.8°C in all regions and in the laboratory. Early stages of gametogenesis were detected in
colonies collected shortly after the spawning season and early and late growth stages
occurred successively until December. Mature dekowere observed between April and
July (depending on latitude). The diameter of mature oocytes (~1100 pm maximum

diameter) is consistent with lecithotrophic larval development.
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1. Introduction

Deepwater corals form important biogenic habitats and may everal species of
invertebrates and fishes (BuMlortensen and Mortensen 2004; Roberts et al. 2006;
Baillon et al. 2012Chapter i These biogenic habitats are often referred to as
biodiversity hotspots, with a functional role comparable to thabpidal coral reefs
(Buhl-Mortensen et al. 2010). Because of their slow growth (Sherwood and Edinger
2009), deefsea corals are highly vulnerable to disturbances such as bottom trawling
(Roberts 2002). Understanding their reproductive biology is importanir efforts to
assess their resilience to these disturbances in the design of conservation plans.
Reproductive studies in despa corals initially centered on scleractinians (Waller et al.
2002; Burgess and Babcock 2005; Waller and Tyler 2005; Flait 2007; Mercier et al.
2011a), but interest in octocorals has recently been amplified by their putative importance
as essential habitat (Edinger et al. 2007; Baillon et al.,2Z04apter § leading to several
studies on their reproduction (reviewed byatihg et al. 2011).

A synthesis of octocoral reproduction (Kahng et al. 2011) across depths and
habitats reveals a predominance of gonochorism, roughly equal occurrences of broadcast
(free) spawners and brooders, and no clear pattern regarding spaemaaicgy. Some
species exhibit a seasonal/periodic cycle and others do not. When considering only deep
sea octocorals, two dominant strategies emerge: broadcast spawning and internal
brooding (Watling et al. 2011). Aperiodic or indeterminate spawningnitzely

presumed to be most common in the deep sea (&@ab&yler1992), although the
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occurrence of seasonal cycles has also been demonstrated (Orejas et al. 2007; Mercier and
Hamel 2011).

Pennatulacean octocorals, commonly referred to as sea pepsesent in oceans
worldwide, from the intertidal zone to the abyssal p(&ifiliams 2011)and have been
identified as vulnerable species (NAFO 2008; Murillo et al. 2011). Sea pens are more
abundant in the deep sea than in shallow waters (Daly et &I, R&@ing et al. 2011), but
knowledge of their reproduction is mostly focused on shallater species (Fautin
2002; Soong 2005). There are at least 60 species ofsgeegorals (16 pennatulaceans)
on the continental slope of Newfoundland and Labradoki@ibn and Edinger 2009;
Murillo et al. 2011, Wareham unpubl. data). Sea pens can cover extensive areas in the
deep sea, with large fields BEnnatulaspp. being reported (Baker et al. 2012),
suggesting that these communities, which occur on mud or lsasdcbuld provide an
important structural habitat for other organisms (Tissot et al. 2006).

The reproductive biology of sea pens presents both similarities and differences
with the general patterns reported in other octocorals. Of the species stuidiedrsust
are gonochoric. The majority are broadcast spawners (12 species), with one putative
internal brooderWmbellula encrinus which was questioned by Tyler et al. (1995) who
suggested that the embryo observed.iencrinusvas an endoparasite. Treproductive
patterns of shallovwater sea pens generally follow an annual cycle (Chia and Crawford
1973; Edwards and Moore 2008, 2009), whereas two of five-slegpecies studied to
date Anthoptilum murrayandPennatula aculeajawere determined taxaibit a
Acontinuouso cycle (Eckelbarger et al. 199

s e a s 0 n aKophobelgnenbnestellfferynRice et al. 1992).
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Here we investigated the reproductive biologyathoptilum grandiflorum
which is one of thenost common sea pens in the Northwest Atlantic (Wareham and
Edinger 2007). This species is considered cosmopolitan, with confirmed occurrences in
the North and South Atlantic, North and South Pacific, Indian and Antarctic Oceans
(Williams 2011) from 100d >2000 m (Baker et al. 2012). Recent findings have
highlighted the role oA. grandiflorum as a nursery habitat for commercially harvested
redfish Sebastespp.) in the deep waters of the Northwest Atlantic (Baillon et al.,2012
Chapter & stressing th importance of gaining knowledge on its reproductive biology to
develop appropriate fish habitat management and conservation plans. Our major aims
were to determine: (1) its fecundity and mode of reproduction; (2) patterns in its
reproductive cycle and apning periodicity; (3) the influence of depth, region and
certain environmental factors (temperature, concentration of chlora@)hojil its

reproductive cycle and fecundity.

2. Material and methods

2.1 Sampling and handling

Samples oAnthoptilum grandlorumwere obtained as bgatch from annual research
surveys (Multispecies Surveys and Northern Shrimp Research Surveys), andStee At
Observer Program, along the continental slope of eastern Canadzfighich were

all led by Fisheries and Oceafianada (DFO)Anthoptilum grandifloruntolonies were
collected in various months during these surveys in 2006 and 2007 and limited to the
months of April and May in 2002010 Appendix 3B). The surveys followed a stratified

random sampling design using a Campellen 1800 trawl with rockhopper footgear, towed
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for 15 min at 3 knots with an average tow length ~1.4 km (gear opened and closed at
depth). A total of 174 colonies & grandiflorumwere sampled at 76 sites between 176
and 1347 m depth from the Laurentian Channel to Northern LabradoB{Ejéppendix
3-A and 3B) and frozen at20°C upon collection. On a subset of surveys (November
2006 from FC), colonies were preserved in 4% fddelayde. A dozen were kept alive on
the ship in December 2010 and brought back to the Ocean Sciences Centre.

Live colonies were maintained in the laboratory from December 2010 to June 2011.
They were kept in two darkm? tanks provided with running undred seawater (~1.5 |
mint) at ambient temperature that fluctuated seasonally betAesmd 9°Caccording to
a temperaturlight logger HOBO Pendant (U80264). This range is consistent with
seasonal fluctuations in this area of the Canadian coasptitsddown to 6Q@00 m
(Stein 2007)Substrate was composed of ~15 cm of mud or fine sand to allow the
anchorage of the colonies.

Primary production was used as an estimation of planktic detritus reaching the deep
sea floor, as shown by Billett et al. @3. Maps of the concentration of chlorophgyll
([chl a]) at the sea surface in the regions under study were obtained from the Bedford

Institute of Oceanography (websitetp://www.bio.gc.ca/science/newtech

technouvelles/sensiAgledetection/compositesng.php. Temperature data were

obtained from Conductivity Temperature Depth (CTD) profiles collected at each site

during sampling.
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2.2 Sample progessing

The length of each colony was measured from the base of the peduncle to the tip of
the rachis. Three samples of tissue with p
were collected in three different sections of each colony, coined lowerlenaidd upper
rachis sections, similar to previous studies on sea pens (Soong 2005; Pires et al. 2009).
These samples were preserved in 100% ethanol. Three polyps in each of these sections
were isolated by micrdissection under a stereomicroscope. Theyeweened
longitudinally from the mouth to the base of the polyp (including the base of the tentacles
when oocytes/spermatocysts were detected) and all oocytes/spermatocysts were carefully
removed. The number of oocytes or spermatocysts per polyp, thetirdineter, as well
as their location in the polyp were established to determine size distributions, fecundity,
gametogenic stage and maturity stage index as described in the following paragraphs.
Complementary data were obtained from histological sextibpolyps sulsampled on
three colonies preserved in 4% formaldehyde. These samples were prepared using
standard histology protocols (Baillon et al. 2011). Samples were dehydrated in an ethanol
series (701100%), embeddemn)andastainedwitaf f i n, se
haematoxylin and eosin. They weneamined under a light microscope (Nikon Eclipse
80i) coupled to a digital camera (Nikon DXM1200F) and analyzed using the imaging
software Simple PCI (v. 6.0).
2.3 Fecundity

Fecundity measured during oocyte and spermatocyst development (potential
fecundity) can differ from true fecundity (realized fecundity) measured at spawning, as

well as from actual fecundity which corresponds to the number of hatched larvae
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(Ramirez Llodra2002); only the latter determines the effective capacity of the species to
produce offspring. In most studies on daeja corals, spawning cannot be observed, and
investigators rarely take into consideration the time at which fecundity is measured,
possilly leading to overestimations. Being mindful of this, we adapted our methodology
and terminology (detailed in Mercier and Hamel 2011) using: potential relative fecundity
(PRF) defined as the total number of oocytes/spermatocysts dolgppective of thie
maturity stage, and effective relative fecundity (ERF) as the number of mature entities
(class IV; see below) polyp PRF can be measured in all samples whereas ERF has to be
measured immediately before spawning and is a closer proxy for realized/actua
fecundity. Comparison of PRF and ERF in mature colonies provides additional
information on whether or not all oocytes/spermatocysts attain full maturity in a given
reproductive cycle. We also determined effective colony fecundity (ECF = ERF x number
of polyps) using an estimation of the number of polyps according to a linear regression
between colony length and polyp density in each secfippéndix 3C).
2.4 Gametogenic stages

Gametogenic development was divided into 5 different stages adapted framMer
and Hamel (2011), based on oocyte and spermatocyst size structure and location in the
polyp, using micredissection data. Histology was used to describe the morphology of the
oocytes and spermatocysts. Oogenic stages were defined as: Early Growthard@es)
aggregation of pale whitish previtellogenic oocytes in size class | (<50 um in diameter) at
the base of the polyp (Fig-2a, b); Growth (G): appearance of oocytes in size class Il
(5171300 Om) turning yell ow (atahebaseoftiei t el | og

polyps; Advanced Growth (AG): dominance of yellow vitellogenic oocytes in size class
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11 (30171700 Om) fill i mgcd;Maturg@psdmallov ascul a
number of | arge yell ow oocytdgenermlycloseétz e cl a
the mouth or at the base of the tentacles @Rg), Post Spawning (PS): generally empty
polyp sometimes containing a few large residual oocytes ). Spermatogenic
stages were defined as: Early Growth (EG): aggregation df amiéish-beige
spermatocysts in size class | (<40 um in diameter) found at the base of the polyp; lumen
of spermatocysts empty with low density of spermatozoa (some flagella visibl8: Fig.
3a); Growth (G): appearance of spermatocysts in sizeclass1@8 0 Om) and i nc
density of spermatozoa forming a dense layer, lumen empty3Big); Advanced
Growth (AG): presence of spermatocysts in
spermatocysts still empty; Mature (M): most spermatocysts in sizelcldss ( 52 117 76 0
pum), white in color and filling the entire cavity of the polyp, lumen filled with
spermatozoa (Fig-3c, d); Post Spawning (PS): presence of translucent spermatocysts
811140 Om in diameter (containingFiglBddcket s
3e).When at least 10% of oocytes or spermatocysts reached the size typical of a
gametogenic stage, the stage was considered attained (e.g. in a mature female at least
10% of oocytes are in class V).
2.5 Maturity stage indx and oocyte and spermagyst size distribution

The Maturity Stage Index (MSI) represents a quantitative measure of gametogenic
maturity on a continuous scale that lends itself to statistical analysis (Doyle et al. 2012). It
was determined for male and female colonies, usingdhbation: In[(PRF x colony
length') x total oocyte or spermatocyst volume x 0.01 + 1]. Total oocyte or spermatocyst

volume corresponded to the sum of individual oocyte or spermatocyst volumes in the
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polyp; the vol ume wa s%6.¢ed¢aehrganmietngerdc stage a
corresponding range of MSI values can be attrib(#ggendix 3D): postspawning
females=7.4t 1.0 and males=6.3 + 3.2, eagyowth females=10.0 + 0.5 and males=9.2
+ 0.5, growth females=13.3 £ 0.3 and males=12.9 + 0.3, ad¥amoa/th females=14.2
+ 0.2 and males=16.1 + 0.1, mature females=15.1 + 0.6 and males=17.7 £ 0.1.

Oocyte and spermatocyst size distributions were determined for each colony in the
lower, middle and upper rachis sections based on counts and measuresojtali and
spermatocysts present in the three polypsssubpled.
2.6 Data analysis

Sex ratios were analyzed according to depth (threshold at 800 m, see below) and
region (Fig.3-1). Chisquare analyses were used to determine whether the sex ratio was
significantly different from equality (1:1hanges in relative fecundity (PRF, ERF) and
in MSI and oocyte/spermatocyst size distributions were analysed in samples from
2 0061 2 0rding toaditferent parameters: colony length, sampling month, geographic
region (Laurentian Channel, Grand Banks, Flemish Cap, North Newfoundland and
Labrador; Fig3-1) and depth. The latter variable was divided i#nd < 800 m because
colonies weredund to be significantly smaller below this threshold de@timpter 1. A
oneway ANOVA or ttest was used, after verifying assumptions of normality and
homogeneity of variances. Pdsic pairwise analysis (StudeNewman test) was
conducted as appropr&atWhen an assumption of normality was not met even after
transforming the data, Krusk®allis or ManaWhitney tests were used, followed by

Dunnbés tests as appropriate.
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To assess variations in production of oocytes and spermatocysts with colony length
ard depth, PRF was used as a proxy. Variation in PRF and MSI with colony length and
depth was examined in subsets of samples to avoid the potential influence of month and
region. Therefore, for variation with colony length, samples collected in November 2006
in FC, and in April, July and October 2007 in LC, LB and GB, respectively, were used.
Variation with depth was examined only in July 2007 in LB and October 2007 in GB.
Inter-colony synchrony in gametogenesis was analyzed at all sites with > three females
three males by comparing values of MSI, using the previously described methods, and by
comparing the gametogenic stagest the latter, different levels of synchrony were
defined according to Baillon et al. (2011): (1) totally synchronous when onlgtage
was found, (2) relatively synchronous when two consecutive stages were observed and
(3) asynchronous when two neonsecutive stages or three or more consecutive stages
were presenQuantitative analysis of synchrony between females and malesotvas n
possible due to the significant difference in MSI between corresponding stages in the two

sexes Appendix 3D). All data are provided as mean * SE.

3. Resuls

3.1 Sexuality and sex ratio

Anthoptilum grandiflorums a gonochoric broadcast spawner, basethe
observation of oocytes release in the laboratory and the absesrodryionic or larval
stages in the polyps of colonies sampled year roOnthe 174 colonies analysed here,
81 were confidently identified as female and 72 as male; the others véglbie oocytes

or spermatocysts. The sex ratio did not differ significantly from equality at all depths
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(<800 m: | =0. 39, p=0.530; >800 m: 3¢ =0. 03
1). A single case diermaphroditism (at the polyp level in a doamtly male colony)
was observed in November 2006 (colony from 898-ig. 3-3f). The smallest colonies
with visible oocytes or spermatocysts measured 15 cm. However, colonies under 24 cm
(n=13) presented either no oocytes/spermatocgsts/ or fewerand/or smaller
oocytes/spermatocysts £ 6) than longer colonies at corresponding dates. Therefore,
analyses of the reproductive cycle were restricted to colonies >2d =rh60 colonies)
which were unequivocally determined to produce fully grown (dMss
oocytes/spermatocysts.
3.2 Reproductive cycle

Gametogenesis followed an annual cycle culminating with spawning events spanning
from April to July, depending on the geographic region (see below for detailed analysis).
For the sake of clarity, only thmattern for 2007 is explained in detail, although the same
trend was visible in 2006 (colonies showed the same range of MSI and gametogenic
stages in the corresponding months, e.g. a MSI around 13 in October 2006 and 2007 for
female colonies). Spawning eus were determined based on the occurrence of male and
female colonies in the paspawning gametogenic stage, with partially or completely
empty polyps (Fig3-2f, 3-3e,3-4d, h). This assessment was corroborated by the oocyte
and spermatocyst size dibuitions (Fig.3-4d, h) and a dip in the MSI (Fi§-5). Female
colonies in earhgrowth, growth and advancaptowth stages occurred successively from
May to December (Figs-2ad), corresponding with a growing number of small and
mediumsized oocytes (Bi 3-4a, b) and with the increase in MSI between July and

October (Fig3-5a). Males presented the same occurrence of stages but with the first
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presence of mature colonies at the end of November. In both sexes, maturity was reached
before the recorded spammg (Fig.3-2e,3-3d, €), as oocytes and spermatocysts reached
their maximum size between fall (October) and early spring (April; 34z, g), also
corroborated by high MSI values in the same interval ).

Colonies sampled in LC, GB and LB (wkenore samples were collected during
April-July) provided a finer analysis of the MSI and gametogenic stages during the
spawning period (April to July) and revealed regional trends that were similar in males
and females (Fig3-6). In the Laurentian Chanh@.C), a decrease in MSI, consistent
with a spawning event, was visible from mid April to the beginning of May and was
especially pronounced in females (F3¢6a). The same pattern was observed in the
Grand Banks (GB), but in mid June (F836b). The fev colonies analysed in 2009 and
2010 during the months of April and May confirmed the spawning events at the
beginning of spring in LC and GB through the successive presence of mature and post
spawning colonies. Moreover, on 21 April 2011 spawning wasreddén a live colony
kept 1 n the | abor aastern Newfoundiandpdoinciddnbwitmtides , s o u
spawning period determined from field samples in the two southern regionsthfesy
buoyant oocytes were released; they were similar in siteetmature oocytes measured
in preserved colonies (1278 £ 22 um). The MSI of colonies collected in Labrador (LB)
showed low values in mid July and an increasing trend towards the end of the month,
consistent with the initiation of gametogenesis followimytative spawning event (Fig.
3-6¢). Samples were a mix of pegtawning colonies and colonies in the egngwth

phase of gametogenesis, supporting this assumption. No clear reproductive pattern was
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observed in colonies from FC and NNL regions due écsthall number or absence of
colonies sampled during the spring/summer months (Apii).

While the number of spermatocysts remained relatively constant as they grew in size
throughout spermatogenesis, the number of oocytes decreased as oogenesiseorogr
with 21.5 £ 0.6% of the originally synthesized oocytes becoming mature3(g)g.This
led to the transient appearance of two-4iased cohorts of oocytes in rgcle (Fig.3-
4b). The smaller oocytes ultimately disappeared and only one cohargefrhature
oocytes remained at the culmination of the cycle (). Sexspecific patterns are
further detailed in the fecundity section.

Analyses of inteccolony gametogenic synchrony were conducted using colonies of
the same sex collected simultaosly (Fig.3-7). In females, 67% of those samples were
composed of colonies with significantly different MSI (F3g7); based on gametogenic
stages, one third of the samples fell into one of three categories (totally synchronous,
relatively asynchronoushd asynchronous). In males, MSI values were significantly
different in 75% of samplings (Fi§-7); half were asynchronous and half were relatively
synchronous according to the gametogenic stages. There was no clear denominator
(month or region) to explaisynchronous versus asynchronous gametogenic
development. For colonies collected on a specific month in a given geographic region, no
significant correlation between MSI and colony length or sampling depth were found in
either sex (Tabl8-2), indicating hat these factors cannot account for the disparities.

3.3 Fecundity
Potential relative fecundity (PRF) increased from the lower to the upper section of the

rachis in all colonies examined (lower<middle<upper; data from all regions/depths
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pool eHd28653,df=2,p>0. 0 0H 5 408.06,df=2,p <0.001). The lower
section in both sexes was always empty of reproductive cells, whereas the middle and
upper sections presented similar ranges of oocyte or spermatocyst sizes, except in April in
the Laurentian Channel (where regular samples were colleatbdh the polyps of the
middle sections of females showed potential signs of spawning (early April) before those
of the upper section (late April). Because of this spatial organization, analyses of PRF,
ERF, MSI and oocyte and spermatocyst size distobstivere always carried out on
polyp samples from the upper section of the rachis.

Measures of PRF taken at different stages of the reproductive cycle confirmed the
sexspecific patterns of gametogenesis witAirgrandiflorumcolonies. In males, PRF
(566 + 1.8 spermatocysts polypremained constant throughout the annual cydle (
12.72,df = 8, p = 0.122) and was similar to ERF (48.1 + 3.7 spermatocysts polyp
104.0,p = 0.068). However, in females, PRF measured in the-gaolywth stage (oocyse
<40pm: 60.6 *+ 8.6 oocytes polypdiffered significantly from PRF measured in mature
colonies U = 392.5,p = 0.007), which was not significantly different from ERF (oocytes
>500 um: 13.0 + 1.8 oocytes polypU = 138.5,p = 0.464). Thus mature colorsie
provide the most reliable measure of actual fecundity in females of this species. It was
estimated that male colonies pYwitdauced 1871 7
corresponding ECF of 5, 5%0mthesmallestant laggste r mat o
colonies, respectively. Femal e ¢wilhami es pr
ECF of 998714,3%1 oocytes colony

There was no detectable influence of colony length on the PRF (as a proxy of oocyte

or spermatocyst density) in females or males. drilg exception occurred in males in
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November 2006, where more spermatocysts were found in larger colonies3Pable

There was no influence of depth on PRF in females, whereas males showed a decrease in
PRF with increasing depth in October 2007 (Tab®, indicating a lower production of
spermatocysts in deeper colonies.

3.4 Relationship with chlorophyll and temperature

Surface [chh] followed similar patterns in 2006 and 2007 relative to the spawning
periods established in this study. Concentratiochtorophylla was low at the beginning
of the year (Januafylarch; Appendix 3Ea) and increased between late March and early
April in LC and GB (Appendix &Db) indicating the beginning of the spring bloom. The
maximum [chla] in both regions occurred #te em of April (Appendix 3Ec) which
corresponded to the spawning time in LC and to a few weeks before spawning in GB.
Then the [chB] decreased in the two regions. From May to June, a shift in the highest
[chl @] occurred from South (GB) to North (LBg¢gions Appendix 3Ed, e). The putative
spawning event in LB occurred a few weeks following the highestg]ahlthis region.

A second increase in the [cljl became visible in Octobédovember (fall bloom) along
the continental slope in the LC and @&Rjions Appendix 3Ef), corresponding with a
rapid increase in size of the spermatocysts and with vitellogenesis.

Mature and posspawning colonies were found when bottom temperature was 4.8 =
0.1°CinLC,4.5+0.5°Cin GB, 3.6 £ 0.1°C in FC and 4.0G¢0.in LB. Seawater
temperature in the laboratory was 3.7 + 0.1°C during the live spawning event and
corresponded to the period when temperature starts to increase from minimum winter

values.
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4. Discussion

Anthoptilum grandiflorunis a gonochoric species, similar to all other known sea pens
and, more generally, to most octocorals (Pires et al. 2009; Kahng et al. 2011; Watling et
al. 2011). It relies on broadcast spawning and exhibits a relatively equal sex ratio, typical
of other lnown sea pens (Kahng et al. 2011). A single hermaphroditic colony was
detected during this study. While the occurrence of hermaphroditism in gonochoric
species has been documented in othera@ltkr and tropical octocorals (Kahng et al.
2011), to our knovedge it is a first for sea pens. Hermaphroditism is considered to be an
advantage in low density populations, as is often the case irsdaegpecies, by allowing
seltfertilization (Ghiselin 1969). This could be advantageou&fagrandiflorumwhich
is usually found individually or in pairs, despite some locally high densities (Kenchington
et al. 2011, Baker et al. 2012); however, evidence offegifization in A. grandiflorum
and other deepea corals has not yet been presented.

The presence of matioocytes and spermatocysts provided an estimation of the size
at first maturity around 24 cm, which corresponds to ~28% of maximum colony length
recordedn Chapter Zor A. grandiflorumoff Newfoundland and Labrador. Given the
notoriously slow growth ofleepwater corals (Sherwood and Edinger 2009), colonies of
A. grandiflorumlikely take several years to reach this size. The only other data on size at
first maturity in sea pens were provided by Edwards and Moore (2008) who estimated it
bet ween ialroflengtminPannatula phosphore@hallow water, Scotland),

which was 357165% of the | ongest axi al rod
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Mature oocytes (class IV) iA. grandiforumwer e 7007 1100 Om in di
state; 1278 um for live spawned oocytes), which is comparable to mature oocytes of the
congeneric species. murrayi( 4 9071 1200 Om; Pires et al. 200
in all other species of sea pens studied®wmt e (25071900 Om; see revi
2011). The large oocyte size Af grandiflorumtogether with data from other sea pens
(Pires et al. 2009) strongly suggests that most of the known pennatulaceans (shallow and
deep waters) exhibit a lecithotiwip, nonfeeding, larval development. Other marine
invertebrates (echinoderms) with large eggs (>300 um, assumed to be lecithotrophic)
were shown to exhibit the most widespread distributions in the deep sea (Young et al.

1997), presumably because low metabdemand in cold waters increases the potential
for dispersal without feeding (Shilling and Manahan 1994). This adaptation might
partially explain the cosmopolitan distributionAfgrandiflorum

Unlike three other deepea pennatulaceans studied atecthat were determined to
exhibit aperiodic reproduction, i.Anthoptilum murray{Pires et al. 2009 ennatula
aculeata(Eckelbarger et al. 1998), aksbphobelemnon stelliferufiRice et al. 1992),
evidence gathered here far grandiflorumstrongly pants to an annual cycle of
gametogenic development that culminates in a spawning period which shifts
geographically, starting earlier in southern regions and later towards the North. Mercier
and Hamel (2011) showedsimilar pattern in the reproductive tg/of a sympatric deep
sea octocoralAnthomastus grandiflorusvhich spawneih October off Newfoundland
and from November to January in Labrador (northern locations), with corresponding
shifts in the cycle of oocyte/spermatocyst developntevidlence odiscrete spawning

periods has so far been gathered for ekpcorals (octocorals and scleractinians) from
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several ocean basins (Orejas et al. 2002; Waller and Tyler 2005; Waller and Baco 2007;

Mercier and Hamel 2011); for example the hard cbogheliapertusaspawns around

January/February in the NE Atlantic (Waller and Tyler 2005) and the octdGenatioisis

grayi (asK. ornatg spawns at the end of summer in the NW Atlantic (Mercier and Hamel

2011). However, spawning periodicity is not always linkednnual gametogenic cycles;

oocytes were suggested to require more than a year to mature (Orejas et al. 2002;

Edwards and Moore 2009; Beazley and Kenchington 2012; Brooke and Jarnegren 2013).
Environmental factors have been shown to mediate the synztiomi and

coordination of gametogenesis and spawning in several marine invertebrates, including

corals.In tropical and temperate octocorals, reproductive activity has been correlated with

temperature, lunar cycles, and resource availability {Bavid-Zaslow et al. 1999; Gori

et al. 2007; Hwang and Song 2007; Ribes et al. 2007). Evidence for the influence of

primary productivity (seasonal surfaderived downward flux of phytodetritus and

remnants of secondary consumers) and lunar phases on peak maraeyatits also

exists for brooding alcyonacean corals from the deep (Sun et al. 2010; Mercier and Hamel

2011; Mercier et al. 2011b), as well as for echinoderms and crustaceans (Gage 1992;

Young 2003) Sedimentation rates, representing the accumulatiorgaha: and

inorganic material on the bottom of the tanks, which were measured in our laboratory in

2007, showed a sharp increase in March and maximal values in April and May (Mercier

et al. 2011a). It is likely that a similar pattern occurs every yeaeftire the spawning

event observed iA. grandiflorumkept in the laboratory roughly coincided with

maximum deposition of detritic matter. This observation is consistent with othesdaep
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corals, including the scleractini&abellum angulargMercier etal. 2011a), and the
octocoralGersemia fruticos§Sun et al. 2011).

How the influx of fresh or detritic plankton influences reproduction is still unclear; it
may act as a chemical cue or as a direct source of energy for final gamete maturation.
Both hypoheses find support in the literature (Himmelman 1975; Starr et al. 1990;

Plourde and Runge 1993; Beni¢itlalobos et al. 2007), and both could be at play here

since deefsea pennatulaceans are known to feed on degraded particulate organic matter
(POM) ard small invertebrates (Sherwood et al. 2008). Thedht the sea surface

places the maximum bloom in late April in LC and GB. This allows an approximation of

the timing of phytodetritus and POM influx to the seafloor. Spawniny grandiflorum

occured in the days following the bloom in LC, while it occurred later in May/June in

GB. The temporal difference between the two regions may be due to the greater sampling
depths in GB. The sinking velocity of phyt
mday!( Bi Il l ett et al. 1983; Conte et al. 2001
it to reach the seafloor in LC, and around 10 days in GB. Moreover, the quality of food
decreases with depth (Gage 1992) suggesting that a greater quantity of tddde&vo

necessary to provide the energy required for final maturation of oocytes/spermatocysts,
which could slightly delay spawning. The bloom of primary production occurs even later

in May-June in Labrador, which could explain the later putative spawnitigs region.

In most locations studied, early gametogenesis occurred right after spawning and

probably benefited from the energetic input gathered during/following the spring bloom.

The fall bloom (OctobeNovember) coincided with an increase in the size

spermatocysts and with vitellogenesis. Temperature data in the present study revealed that
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spawning occurred at 3.614.8AC in the fi
laboratory when the live colony spawned; coinciding with a spring increasawater
temperature, which is also consistent with previous studies orsdeegoral reproduction
in Newfoundland and Labrador (Mercier and Hamel 2011; Sun et al. 2011). It suggests
that spawning iA. grandiflorumcould be influenced by the synergistifects of nutrient
input and temperature. More frequent sampling together with measurement of
environmental factors in situ will be required to determine the exact spawning time and
the respective roles played by phytodetritus/POM and temperature.

Regardess of how it is achieved, coordinated gamete release is crucial in broadcast
spawners to insure high fertilization rates, especially in sessile andieosity species,
which are common in the deep sea. Limited information is available on abundaAces of
grandiflorum(Kenchington et al. 2011; Baker et al. 2012). Colonie&.afrandiflorum
collected simultaneously, in various months and regions, were not consistently
synchronous in their gametogenic development, similar to observations in the shallow
water sea peWeretillum cynomoriunLopes et al. 2012). Some asynchrony in
oocyte/spermatocyst maturation of colonies could be adaptive by avoiding a single, short
period of gamete release, thereby minimizing the potential impact of temporarily
unfavourableconditions (Brooke and Young 2003). These findings may also be explained
by the relatively large sampling scale in our study (1.4 km length); i.e. synchronous
development at the local (meter) scale may be masked.

A further complexity of reproductive pattes inA. grandiflorumlies in the intra
colony variation. The polyps present in the three sections of the rachis (lower, middle and

upper sections) showed significant differences in gametogenic development. The lower
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section was always devoid of oocyt@®snatocysts; it also had fewer and smaller polyps
than the other section€ltapter 1. Presumably, new polyps are added to the base of the
colony (personal observation iVirgularigr e e ment
juncea(2005)). The middle and uppsections presented the same gametogenic stages

and oocyte/spermatocyst size distributions (except in April), but the middle section

showed a lower PRF than the upper section. Moreover, the middle section of colonies
collected in April was generally emptwhereas the upper section still presented mature
oocytes. Two hypotheses may explain this situation. First, spawning may start earlier in

the middle section of the colony. This could have been overlooked in the field collections,
due to low sample sizéis the months of February and March. Second, oogenesis may be
initiated in the middle section without yielding fully mature oocytes. Instead, these

oocytes may serve as a nutrient reserve for maturation of oocytes in the upper section, or
as a general ergy source for the whole colony. A gradient of contribution to

reproduction along the rachis is plausible, with the polyps becoming progressively more
fecund towards the tip. Evidence of increased polyp fecundity with increased polyp size
has been found iather coral species (Sakai 1998). Therefore, the higher PRF in the

upper polyps may be explained by their larger diameters. Two sp&otésptilum

murrayi( f rom 1051711799 m delfubidulinadeadrargslariet al . 2
(from 1971 24 ards ardl potel2Q0Blowed the same trend as the present
study. A third specied/irgulariajuncea( f r om 0. 51711 m depth) prese
trend, whereby the first 12% of the lower rachis and last 44% of the upper rachis were
infertile (Soong 2005). fie infertility of the lower part was explained by the presence of

new polyps (as per the present study), whereas the presence of zooxanthellae in the tissue
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emphasized the strict feeding role of polyps in the upper colony section (Soong 2005), a
situationthat is not relevant to azooxanthellate deep corals.

Female colonies dk. grandiflorumconsistently underwent a decrease in oocyte
numbers as oogenesis progressed. Only ~21.5% of the early oocytes (class 1) became
mature (class V) withanakegepo duct i on b e 000 maune oecyied Ped 1 4
reproductive cycle in short (~30 cm) and long (~70 cm) colonies, respectively. Because of
this oogenic pattern, PRF varied with time, with the highest PRF found during early
growth stages (July) and the lowestmature stages (ApfMay). This strategy remains
poorly understood but has been reported before in sea pens and other corals.10% of the
oocytes become mature in the seapeniculina quadrangulari§Edwards and Moore
2009) and between 14 and 27% ie #ea peRPennatula phosphore@&dwards and
Moore 2008). The gorgonian cot&ératoisis grayi(asK. ornatg, sampled in the GB
area at 30271958 m in 2005712006, showed a m
and Hamel 2011). The authors suggestedthed i sati on of the HAsuper
as a source of energy to allow the maturation of fewer oocytes. Other corals show this
potential use of supernumerary oocytes as a food source for maturation of the largest
oocytes (Santangelo et al. 2003). Thig@uc pattern serves to caution against measures
of fecundity at indeterminate periods of the reproductive cycle in-seggorals, which
may lead to an overestimation of fecundity and corresponding resilience.

Comparison of either colony or relative (po) fecundity with other sea pen species
is not easy due to the different methods used to measure this parameter. For example,
Edwards and Moore (2009) and Soong (2005) defined fecundity as the number of oocytes

cmi? of tissue, while Duncan (1998) examined the number of oocyteSdadfother
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studies looked at the number of oocytes polgidwards and Moore 2008; Lopes et al.
2012). Some investigators noted that only a certain percentage of the oocytes became
matue, but still measured fecundity as the total number of oocytes per polyp/leaf/colony
(Edwards and Moore 2008, 2009). Only a few studies measured fecundity in mature
females or restricted this measure to mature or vitellogenic oocytes. Two shatew
seapens,Ptilosarcus guerneyiChia and Crawford 1973) atteroidessp. (Duncan
1998), were shown to exhibit | arge mature
respectively) and high colony fecundity (200,000 and 36,000 oocytes tolony
respectively). Our stly suggests that fecundity is much lower in deep species,
presumably due to food limitation, but that oocytes are generally larger, which as stated
by Levitan (2006) may favour fertilization success at low colony densities. Fecundity in
the deepsea panatulaceatumbellulasp. was reportedly €®0 oocytes colord; with
oocytes reaching 800 um in diameter (Tyler et al. 1995). This fecundity is comparable to
that ofA. grandifiorumi N o ur s t000cbgcytds talo¥)0 linteFestingly,
Umbellulasp. pesents a significantly lower number of larger polyps (10 mm) compared
to A. grandiflorum(1 mm,Chapter L. Therefore, higher fecundity at the polyp level in
Umbellulasp. can be attributed to the larger polyps that have more space available for
oocyte/permatocyst synthesis. Yet a similar fecundity at the colony level is achieved in
A. grandiflorumthrough a greater number of smaller, less fecund polyps.

The use of bycatch corals has given us the opportunity to analyse a larger sample size
and longer tne series than most previous studies on-deepcoral reproduction. It
allowed us to determine that the reproductive biologk.ajrandiflorumshares the

general features of sea pens but also has particular characters such as seasonality
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demonstrated herfor the first time in a deegea pennatulacean. Sgpecific and intra
colony patterns were also found, which stresses the importance of methodological and
temporal consistency in assessments of @gegpcoral fecundity, with consequences for
assessments resilience to disturbance. Finally, this study provides key information for
the conservation d&. grandiflorumasan ecologically significant deegea biogenic

habitat, given its use as nursery by fish larvae (Baillon et al., ZCH&pter &
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Tables

Table 3-1 Sex ratio analyses on coloniesAafthoptilum grandiflorunin the various

regions under study

Region Females Males G| p

Laurentian Channel (LC) 24 17 1.20 0.274
Grand Banks (GB) 20 18 0.11 0.746
Flemish Cap (FC) 16 25 1.98 0.160
North Newfoundland (NNL) 6 2 2.00 0.157
Labrador (LB) 15 10 1.00 0.317
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Table 3-2 Influence of colony length and depth of collection on the potential relative

fecundity (PRF) and maturity stage index (MSIotthoptilum grandiflorunglinear

regression or spearman correlation); Flemish Cap (FC), Laurentian Channel (LC),

Labrador (LB)

MSI
Colony length

Depth

PRF
Colony length

Depth

Females November 2006- FC
April 2007 - LC
July 2007- LB
October 2007- GB

r<=0.22,p = 0.295
r<=-0.12,p = 0.469
r2=0.23,p = 0.287
r<=-0.19,p = 0.295

r2=0.002,p = 0.992
r<=-0.26,p = 0.155

rs=-0.17,p = 0.360
rs=-0.11,p = 0.467
r2=0.46,p = 0.015
r2=0.06,p = 0.737

rs=-0.24,p = 0.193
r2=0.32,p = 0.050

November 2006- FC
April 2007 - LC

July 2007- LB
October 2007- GB

Males

r<=-0.19,p = 0.295
r<=-0.27,p = 0.134

r«=-0.19,p = 0.295

r<=-0.26,p = 0.155

rs=0.45,p = 0.002
r<=0.05,p = 0.798

r2=0.001,p = 0.943

r’=-0.24,p = 0.004
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Figure 3-1 Map showing the five regions where colonieg\athoptilum grandiflorum
were collected: Laurentian Channel (LC), Grand Banks (GB), Flemish Cap (FC), North
Newfoundland (NNL) and Labrador (LB)
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Figure 3-2 Micro-dissection and histology of female colonyAsfthoptilum grandiflorum
showing the different oogenic stages: a and b Early Growth, ¢ and d Advanced Growth, e
Mature, f Post Spawning. Scale bars represent 1 mm in a, b, c and f, 500 um in d and e.

Ol: oocyte class |, Oll: oocyte class Il, Olll: oocyte class Ill, OIV: oocyas<IV
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Figure 3-3 Micro-dissection and histology of male colonyAxithoptilum grandiflorum
showing spermatocyst size classes and the different spermatogenic atages:
Spermatocyst classh, Spermatocyst class i, Spermatocyst class I\d, Mature stagee
PostSpawning stage. Micrograph firshows a hermaphroditic polyBcale bars represent
30 um ina, 50 um inb andc, 1 mm ind ande, 200 um inf. Slll: spermatocyst class I,

SIV: spermatocyst class 1V, Oll: oocyte class Il
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Figure 3-4 (Following pageExample of oocyte/spermatocyst size distributions from the

upper section of the rachis Ahthoptilum grandifloum during the major stages of the

reproductive cycle (mean + SE). Each graph corresponds to one characteristic colony
representing the stage. Femake&arly Growth in OctobeNovemberf= 361 50

oocytes polyp), b Growth in NovembeDecemberif= 127129 oo%,gtes poly
Mature in Aprikduly h= 127 21 o o antdddPsst Spawhiryg nsAprduly (n =

071 3 o0 o0 cyt).evsalese@rowghgnsOctobeiNovemberfi= 3971 60 sper mat o
polyp?), f Advanced Growth in Novembéecemberif=597 84 sper ma)f ocyst ¢
gMature in Aprikdulyh= 5671 61 s p e r HandhoPosy SpawsiingaimApsl p

Juym= 01711 spermatocysts polyp
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grandiflorumin females and males (mean = SE) when all samples from southern
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Figure 3-7 Inter-colony synchrony in gametogenic development based on the maturity
stage index (MSI) in females and matég\nthoptilum grandiflorumEach date

corresponds to a specific site sampled in Laurentian Channel, Grand Banks and Flemish
Cap. Significant dierences among MSI values (asterisks) indicate asynchrony in the
gametogenic development. Corresponding gametogenic stages are shown: Early Growth
(EG), Growth (G), Advanced Growth (AG), Mature (M), Post Spawning (PS)

3-43



Supplementary raterials

Appendix 3-A Anthoptilum grandiflorumSummary of sampling at 76 study sites

(Appendix 3B) from five regions (LC: Laurentian Channel, GB: Grand Banks, FC:
Flemish Cap, NNL: North Newfoundland, LB: Laolor). Sampling dates and depth with

number of females, males and immature colonies analyzed

ID# Date Depth Regions Latitude Longitude Females Males sl\(lair;(_j
1 26/01/2006 1167 NNL  49°28'42.60"N 49°35'42.00"W 2 0 0
2 27/01/2006 1070 NNL 51° 7'15.60"N 49°42'43.20"W 1 0 0
3 30/01/2006 821 NNL  48°43'22.80"N 49°40'49.80"W 0 1 1
4 12/02/2006 921 NNL  49°25'60.00"N 49°51'0.00"W 1 1 0
5 10/07/2006 1299 LB 55°41'56.40"N 56°49'51.60"W 0 0 1
6 27/7/2006 176 LB 58°42'0.00"N  60°37'58.80"W 1 1 0
7 28/07/2006 620 LB 58°33'21.60"N 59°55'12.00"W 1 2 0
8 07/10/2006 626 LB 55°40'44.40"N 56°54'21.60"W 0 1 0
9 07/10/2006 466 LB 55°42'3.60"N 57° 3'32.40"W 0 0 1
10 09/10/2006 803 LB 56°32'29.40"N  58°11'6.00"W 0 0 1
11  15/10/2006 548 LB 57°13'15.60"N 59° 4'33.60"W 1 2 0
12 17/10/2006 895 LB 57° 4'1.20"N 58°50'20.40"W 0 1 0
13  04/11/2006 1071 LB 54°12'3.60"N 52°49'48.00"W 0 1 0
14  24/11/2006 1018 NNL  48°13'30.00"N 48°31'4.80"W 0 0 1
15 28/11/2006 1125 FC 47°58'33.60"N 46°11'9.60"W 7 14 0
16  28/11/2006 1134 FC 47°48'57.60"N 46°15'30.60"W 2 1 1
17  29/11/2006 810 FC 47°35'45.60"N  46° 5'9.60"W 1 1 0
18 01/12/2006 1036 FC 47°16'30.00"N 47° 2'25.80"W 0 1 0
19 01/12/2006 1186 FC 46°57'21.60"N 46°56'31.20"W 0 1 0
20 02/12/2006 978 FC 46°39'27.00"N 46°42'18.00"W 0 1 0
21  14/04/2007 435 LC 47°20'11.40"N 59°14'43.80"W 2 5 0
22  15/04/2007 428 LC 47°10'26.40"N 58°41'25.80"W 2 2 0
23  15/04/2007 457 LC 46°43'48.00"N 58° 6'27.00"W 1 1 1
24  15/04/2007 456 LC 46°36'54.00"N 58°16'21.00"W 0 0 1
25 16/04/2007 457 LC 46°22'12.00"N 57°37'12.00"W 3 0 0
26  16/04/2007 352 LC 46°40'26.40"N 57°42'57.60"W 3 4 0
27  28/04/2007 370 LC 45°43'53.40"N 56°53'25.80"W 3 0 0
28  29/04/2007 462 LC 46° 6'46.80"N 57°35'42.00"W 1 1 0
29  30/04/2007 422 LC 45°14'52.80"N 56°52'55.20"W 1 0 2
30 17/05/2007 600 GB 43°52'33.60"N 52°35'38.40"W 1 0 0
31 17/05/2007 597 GB 43°37'8.40"N 52°11'33.00"W 2 0 0
32 17/05/2007 214 GB 43°33'57.60"N 51°57'1.80"W 0 1 0
33 18/05/2007 625 GB 43°18'36.00"N 51°38'24.00"W 0 1 0
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Appendix 3-A continued

ID# Date Depth Regions Latitude Longitude Females Males sl\(laig(_j
34 16/6/2007 465 FC 48° 7'1.20"N  44°42'0.00"W 1 0 1
35 16/6/2007 490 FC 48° 7'1.20"N  44°40'1.20"W 1 0 0
36 18/06/2007 658 GB 43° 7'33.60"N 51°25'30.00"W 1 1 0
37 08/07/2007 701 FC 48° 6'45.00"N  46°45'7.20"W 1 0 0
38 17/07/2007 881 LB 62° 4'60.00"N 60°37'60.00"W 3 0 0
39 18/07/2007 871 LB 62° 4'60.00"N 60°37'60.00"W 2 1 0
40 18/07/2007 501 GB 44°58'36.23"N  54°58'50.52"W 0 1 0
41  20/07/2007 883 LB 61°49'60.00"N 60°36'0.00"W 2 0 0
42  21/07/2007 874 LB 61°51'0.00"N  60°37'0.00"W 2 0 0
43  28/07/2007 552 LB 58°57'21.60"N 60° 2'20.40"W 2 1 0
44  08/10/2007 824 GB 43°37'3.00"N 52°15'19.80"W 2 4 0
45  08/10/2007 1333 GB 43°22'51.60"N 52°5'11.40"W 2 0 1
46 09/10/2007 1130 GB 43° 0'50.40"N 51°32'29.40"W 2 0 0
47  10/10/2007 1347 GB 42°59'29.40"N 49°18'39.60"W 0 1 1
48  10/10/2007 934 GB 43°10'8.40"N  49°11'24.00"W 2 3 0
49  10/10/2007 836 GB 43°12'21.60"N  49°15'5.40"W 1 0 1
50 16/10/2007 986 LB 62° 2'60.00"N  60°37'1.20"W 1 0 0
51  18/10/2007 1208 FC 46°49'44.40"N  46°51'9.00"W 3 1 0
52  18/10/2007 896 FC 47°20'2.40"N  46°29'2.40"W 0 2 1
53 19/10/2007 743 FC 47°59'52.80"N 46° 5'15.00"W 0 2 0
54  28/10/2007 599 GB 44°22'17.40"N 53°22'48.00"W 2 1 0
55  29/10/2007 579 GB 44° 5'56.40"N 52°56'24.00"W 0 1 0
56  30/10/2007 623 GB 43°37'12.00"N 52°11'56.40"W 3 0 0
57 30/10/2007 593 GB 43°14'47.40"N 51°29'42.00"W 0 2 0
58 16/11/2007 1039 LB 55° 4'33.60"N 53°58'58.80"W 0 0 1
59  25/11/2007 651 FC 48° 4'39.00"N 46°58'12.00"W 0 1 0
60 08/12/2007 656 NNL  49°31'57.00"N 49°57'45.00"W 1 0 0
61  14/12/2007 1285 NNL 50° 4'42.60"N 49°38'22.20"W 0 0 1
62  14/12/2007 851 NNL  49°50'29.40"N 49°53'6.00"W 1 0 0
63  11/04/2009 494 GB 44°52'60.00"N 55°37'0.00"W 1 0 0
64  11/04/2009 428 GB 44°52'0.00"N  55°52'0.00"W 1 0 0
65 18/04/2009 437 LC 47° 0'0.00"N  58°53'42.00"W 0 0 1
66  18/04/2009 428 LC 46°52'55.20"N 58°29'49.20"W 1 0 0
67 19/04/2009 453 LC 46°38'34.80"N 58°24'10.80"W 0 1 0
68  19/04/2009 317 LC 46°40'30.00"N 57°39'28.80"W 2 0 0
69  29/04/2009 451 LC 46°33'43.20"N 57°47'49.20"W 0 1 0
70  30/04/2009 348 LC 46°33'54.00"N 57°36'18.00"W 1 0 1
71 03/05/2009 265 LC 45°27'25.20"N 56°30'18.00"W 0 1 0
72  24/05/2009 603 GB 43°49'22.80"N 52°34'1.20"W 0 1 0
73  24/05/2009 337 GB 43°45'46.80"N 52°23'34.80"W 0 1 0
74  24/04/2010 456 LC 46°52'30.00"N 58° 3'54.00"W 1 0 0
75  26/04/2010 433 LC 46°46'12.00"N 58°27'18.00"W 2 0 0
76 27/04/2010 447 LC 45°58'1.20"N 57°23'6.00"W 1 1 0
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Appendix 3-B Known occurrences dinthoptilum grandiflorunirom DFO research

surveys and distribution of the sampling sites among the different geographic régions:

Labrador,c North Newfoundlandd Flemish Cape Grand Banks antiLaurentian
Channel
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a  logl0(d)=0.782 + (0.00246xCL) b log10d)=0.924 +(0.00285 x CL) | |€ logl0(d) = 0.849 + (0.00630 * CL)
1=0.05, F| 207=9.92, p=0.002 1=0.08, F| 517=17.55, p<0.001 12=0.30, F| 514-89.88, p<0.001

o

Polyp density (polyp cm-1)
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Colony length (cm)
Appendix 3-C Anthoptilum grandiflorumLinear regression of polyp density (d, polyp

cmt) with colony length (CL, cm) for the three sections of the raelsyer sectionp

middle section¢ upper section
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Appendix 3-D Anthoptilum grandiflorumA significant increase of the Maturity Stage

Index (MSI) fromPosEpawni ng to Mature MHELDHAIdEs was
4.,p< 0. 0841310 df =4;p<0.001) in both femalemnd males, confirming the
suitability of this quantitative tool to represent the reproductive cycle on a continuous
scale. Only one male in PeSpawning stage was found, therefore comparison of female
and male stages were restricted to the 4 other stgesles and males presented
significantly different MSI values for the different stages tmeay ANOVA, sexxstage:
F3,357=15.0,p < 0.001). Values shown as mean = 8E @3 per colony x 223 colonies).

Bars with corresponding letters are not significantly different. Stages: Post Spawning

(PS), Early Growth (EG), Growth (G), Advanced Growth (AG), Mature (M)
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Appendix 3-E Surface concentration of chlorophgl(mg ni®) over the year in the

Northwest Atlantica Late Januaryh early April, c late April, d late May,e early June

andf late October. Colour scale located at the bottom of the Fig., with blue corresponding
to low concentrations and red to high concentrations
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Chapter 4 . Protracted oogenesis and annual reproductive

periodicity in a deep-sea octocoral
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Abstract

Halipteris finmarchicas one of the most common species of dee@ pennatulacean

corakin the Northwest Atlanticit was recently determined to act as biogenic substrate

for other species and as nursery fghfiarvae. Its reproductive cycle was investigated in
colonies sampled in 2006 and 2007 along the continental slope of Newfoundland and
Labrador (CanadaM. finmarchicaexhibits large oocytes (maximum diameter of 1000

pum) which are consistent with lecittiophic larval development. Female potential

fecundity based on mature oocytes just before spawning was ~6 coclyigs

(50071 6, 3 @donyd),omalyg poterstial fecundity was 16 spermatocpstyp™

(5,50071 57, 40 oolosyp.Basedan tatistigalsahaysis of sizprobability

frequency distribution, ales presented one cohort of spermatocysts that matured inside
81711 months, whereas females harboured two
pool of small ones me420%) ofargdr ongthatigrea franma | | n
~400 to >800 umbpver a year. Despite this difference in the tempo of oogenesis and
spermatogenesis, a synchronic annual spawning was detected. A latitudinal shift in the
spawning period occurred from South (Apnitthe Laurentian Channel) to North (May in

Grand Banks and Julugust in Labrador/Lower Arctic), following the development of

the phytoplankton bloom (i.e. sinking of phytodetritus). Prolonged oogenesis with the
simultaneous presence of different oogstiges in a given polyp is likely not uncommon

in deepsea octocorals and could hamper the detection of annual/seasonal reproduction

when sample sizes are low and/or time series discontinued or brief.
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1. Introduction

Pennatulaceans (Octocorallia: Pennatulacea), commonly called sea pens, are
colonial corals that anchor themselves into soft sediment (mud, sand), allowing them to
colonize large areas of the sea floor from the intertidal zone down to the abyssal plain
(Williams 2011). Sea pens can occur sparsely or form large aggregations [e.g., large
fields of deepseaPennatulaspp.; (Baker et al. 2012)], suggesting that they may provide
an important structural habitat to other organigmssot et al. 2006; Baillon et.2012,
Chapter 6; Baker et al. 2018y increasing the complexity of tiseft bottomseafloor.

Despite this potentially important role and the existence of ~200 species (Williams 2011),
sea pens are still poorly known, rendering their management aredtmotproblematic.

Sea pens have already been identified as vulnerable sfid&E® 2008; Murillo et al.
2011)due to their sensitivity to human disturbances such as trawl fisheries (Brodeur
2001).

Understanding the reproduction of a species is impbitathetermine its
resilienceto disturbance. Despite the fact that sea pens are more abundant in the deep sea
than in shallow water®aly et al. 2007; Kahng et al. 201 khowledge about their
reproduction is still limited and mostly focused on shalleater specie¢Table 4
1,Soong 2005, Daly et al. 2008l sea pens studied so far (in shallow and deep waters)
were determined to be gonochoric broadcast spawkKalsg et al. 2011; Lopes et al.

2012, Baillon et al. 2014, Chapter. 8 ogenesis was oftenferred to take more than 12
months from the presence of two distinct cohorts of oocytes (RlableProtracted

oogenesis has mainly been documented in taxa from Antarctica (Pearse and Giese 1966,
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Pearse and Bosch 2002), or coldter/deepsea environmda (van Praét et al. 1990,

Orejas et al. 2002) although it has also been reported in shattey species of fishes

(Hourigan and Radtke 1989, Mesa et al. 2006), echinoderms (Pearse and Giese 1966;

Smiley 1988; Hamel et al. 1993; Pearse and Bosch 2B@3)ves (Richardson 1980),

and cnidarian§Yamazato et al. 1981; Brazeau and Lasker 1989; van Praét et al. 1h990)

most cases, protracted oogenesis was determined to be required to allow the development

of large oocyteg¢Yamazato et al. 1981; Orejas €t2002) It has also been suggested that

long oogenesis is associated with species exhibiting high fecundity, a synchronous

maturation and a brief spawning peri@enayahu and Loya 1986)ypically, protracted

oogenesis is characterized by the preseht@mor more cohorts of oocytes; however,

multiple cohorts are not always linked to prolonged oogenesis. For example, the fish

Dicentrarchus labraXsampled in the western English Channel) presents several cohorts

which will be spawned during the samesmaas the species is considess@d f r act i onal

spawner o (Mayer et al. 1990) or dAmultiple
While all the shallowwater sea pen species show annual/seasonal spawning, 3 of

theddeepgs ea species studied toodaieuvauvsl gonsrd

seasonally (Tablé-1). However, recent evidence of seasonal spawning in thesgeep

pennatulaceaAnthoptilum grandiflorunin the Northwest Atlanti¢Baillon et al. 2014,

Chapter 3kuggests that deepater sea pens may not necesgaiways show aperiodic

reproductive cycledVhilethesec al | ed Acontinuouso reproduct

considered to be a common pattern in the deefGage and Tyler 1992; Eckelbarger

and Watling 1995)seasonal spawning has now been reported imaeyeyla [e.g.

mollusks(Rokop 1974; Lightfoot et al. 197%ponges (Witte 1996), echinoderms
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(CamposCreasey et al. 1994; Mercier and Hamel 20003 well as irscleractinian
corals and octocora(8/ercier and Hamel 2011; Mercier et al. 2011a, Baidbal. 2014,
Chapter 3)This emphasizes the need to distinguish between the cycle of gamete
synthesis and the timing of gamete release in assessments of reproductive ihyidsns.
been shown that the range of depths and regions sampled can influeraechoately
gametogenetic cycles and spawning periodicities can be evid@vieeder and Hamel
2009a; Baillon et al. 2011Analyses of samples from different depths and regions can
mask periodicities in reproduction and coblimper the detection eéaonal patterns
the deep sea (Mercier and Hamel 2009b)

The continental slope of Newfoundland and Labrador shelters at least 60 species
of deepsea coral, of which 16 are pennatulacg@ikinson and Edinger 2009; Murillo
et al. 2011, Wareham unpublishdata) Here, we investigated the reproductive biology
of Halipteris finmarchicapne of the most common species of sea pen in the Northwest
Atlantic (Wareham and Edinger 20Q0%hich can be found between 200 and >2000 m
(Baker et al. 2012H. finmarchi@ is a long whiplike sea pen that can form large fields,
creating structural habitat on the uniform muddy seafloor (Tissot et al. 2006). The
ecological importance df.. finmarchicaas essential fish habitat was shown recently from
the associated presermidarvae of the commercial fishbebastespp.(Baillon et al.
2012, Chapter 6}his species also harbours several symbidbitsfter . Moreover,
studies in the North Pacific ( 1Radfico2zedr8 m)
perchSebastes alusin fields of the congeneric sea pdnwillemoesiBrodeur 2001),
emphasising the ecological importance of this genus and stressing the need to increase

our knowledge of their biologyrhe major aims of the present study were to determine
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the fecundityand mode of reproductiasf H. finmarchica,and to assegke influence of
depth, region and certain environmental factorthese lifehistory traits We also strove

to draw parallels with patterns documented in sympatric and distant species of sea pens
and to critically assess our current understanding of gametogenic cycles and spawning

periodicities in deepvater octocorals.

2. Material and Methods

2.1 Sampling
Samples oHalipteris finmarchicawere obtained as bgatch from annual research
surveys (Miltispecies Surveys and Northern Shrimp Research Surveys), and 3ea At
Observer Program, led by Fisheries and Oceans Canada (DFO) along the continental
slope of eastern Canada from southern Newfoundland to the lower Arctid{BigThe
surveys folloved a stratified random sampling design using a Campellen 1800 trawl! with
rockhopper footgear, towed for 15 min at 3 knots with an average tow length ~1.4 km
(gear opened and closed at dep#hjotal of 63 colonies afl. finmarchicawere sampled
at 31 sits between 256 and 1161 m depth in 2006 and 20074HRigAppendix 4A) and
frozen at20°C upon collection.

Temperature data were obtained from Conductivity Temperature Depth (CTD)
profiles collected at the different sites during sampling.
2.2Processig
The length of each colony was measured from the base of the peduncle to the tip of the
rachis. Three samples of tissue with polyps-2-dm segment along the central axis) were

collected in three different sections of each colony, coined lower, middlagper rachis
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sections, similar to previous studies on sea f8aeng 2005; Pires et al. 2009; Baillon et

al. 2014, Chapter 3Yhese tissues were preserved in 100% ethanol for microdissection or

4% formaldehyde for histology. Three polyps in each e$éhsections were isolated by
microdissection under a stereomicroscope. They were opened longitudinally from the

mouth to the base of the polyp and all oocytes/spermatocysts were carefully removed.

The number of oocytes or spermatocysts per polyp, thest Bameter, as well as their

colour and location in the polyp were established to determine their size distributions,
fecundity, gametogenic development, and maturity stage index as described in the

following paragraphs. Complementary data were obtafed histological sections

using standard histology protocdBaillon et al. 2011)Samples were dehydrated in an

alcohol series (#200%), embedded in paraffin, sectioned (6 to 10 um) and stained with
haematoxylin and eosin. They weneamined under aght microscope (Nikon Eclipse

80i) coupled to a digital camera (Nikon DXM1200F) and analysed using the imaging

software Simple PCI (v. 6.0).

2.3 Gametogenic development

Oocytes and spermatocysts were divided into 4 classes according to their size and

location in the polyp. Oocyte class I: small whitish oocytes (<100um) found at the base of
thepolyp (Fig42 A) , class I1: oocytes (101e400 Om)
base of the polyp, class lll (Fig2 B) : vyel |l ow oocytes (40171700
gastrovascular cavity (Fig:2 D) and <c¢l ass | V: mature oocyt e
close to the mouth or at the base of the tentacles4f2G-E). Soematocyst class |

small whitish translucid spermatocysts (<80 um) found at the base of the polyp, class II:

slightly opaque and whitish spermatocysts

4-7



polyp (Fig.4-3 A) , class 1 11: | arger whi tfoandsnper mat o

the gastrevascular cavity with their lumen full of spermatozoa (B«3B), and class IV:
large white mature spermatocysts (>401 um) filling the entire cavity of the polyp¥Fig.
3D).

2.4 Fecundity

For the sake of clarity, as outlined in Baillet al (2014, Chapter 3and Mercier and

Hamel (2011), we defined fecundity as follows: potential relative fecundity (PRF) defined
as the total number of oocytes/spermatocysts per polyp irrespective of their maturity
stage, and effective relative fecutydiERF) as the number of mature entities (stage IV;
seeabovg per polyp. PRF can be measured in all samples whereas ERF has to be
measured immediately before spawning (i.e. in mature colonies) and is a closer proxy of
realized/actual fecundity. Compansof PRF and ERF in mature colonies provides
additional information on whether all oocytes/spermatocysts attain full maturity in a
given reproductive cycle. We also determined effective colony fecundity (ECF = ERF x
number of polyps) using an estimationtieé number of polyps according to the linear
regression between colony length and polyp density in each sespipar(dix 4B).

2.5 Maturity stage index and oocyte/spermatocyst size distributions

The maturity stage index (MSI) represents a quantitatieasure of gametogenic

maturity on a continuous scale that lends itself to statistical anéD@ye et al. 2012;
Baillon et al. 2014Chapter 3)It was determined for male and female colonies, using the
equation adapted from Baillon et @014, Chapr 3) (PRF x colony length x total

oocyte or spermatocyst volume x®Total oocyte or spermatocyst volume

corresponded to the sum of individual oocyte or spermatocyst volumes in the polyp; the
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vol ume was det er 6. Roettiefermates, MSI wds dederminede t e r
considering all the oocytes present in the polyps and for each cohort separately.

Oocyte and spermatocyst siabundance distributions were determined for each
colony in each of the lower, middle and upper rachis sections bagbé Ferret
diameter of all the oocytes and spermatocysts present in the three pohgasrgled.

2.6 Data analysis

Sex ratios were analyzed according to depth (threshold at 700 m, see below) and region
(Fig. 4-1). Chisquare analyses were used ted®ine whether the sex ratio was
significantly different from equality (1:1) in regions with a minimum of 10 colonies to
meet the requirements for sample size (McDonald 2008).

Gamete diametdrequency histograms were computed and analyzed using
mixture dstribution analyses (LangBeynoso et al. 2006) and threxdistpackage in the
statistical software R. This was initially done to model the different cohorts of
oocyte/spermatocyst in the polyps of each colony.nitxelistprocedure was used
following Du (2002).The precision of the modelled distributions was determined using
the ANOVA function included in thenixdistpackageAs a second step, the mean oocyte
or spermatocyst diameter (corresponding to the peak of the curve for each modeled
cohort) of eacltolony where pooled per month to determine annual variations for the
different cohorts. Due to sample sizes, we combined months in 2006 (January, July,
August, November and December) and 2007 (April, May, October) to obtain a full annual
cycle. These twaonsecutive years had previously been shown to elicit consistent

reproductive cycles in a sympatric pennatulacean ¢Beallon et al. 2014, Chapter.3)
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Changes in relative fecundity (PRF, ERF), in MSI anchean
oocyte/spermatocyst size were analysembating to different parameters: colony length,
sampling month, geographic region (Laurentian Channel, Grand Banks, Flemish Cap,
North Newfoundland, Labrador and lower Arctic) and depth. Analyses were divided into
below and above 700 m because coloniegvaund to be significantly longer below this
threshold depthGhapter 2. Oneway ANOVA or ttest were used, after verifying
assumptions of normality and homogeneity of variances, to compare the different
parameters among months, regions and depthshBogiairwise analysis (Student
Newman test) was conducted as appropriate. When the assumption of normality was not
met even after transforming the data, spearman correlations and KWiskial or Mann
Whitney tests were useg@propriate.] | owed by Dunnéo
To assess variations in production of oocytes and spermatocysts with colony
length and depth, PRF was used as a proxy. Variation in PRF and MSI with colony length
and depth was examined in subsets of samples to avoid the potential infllirarelo
and region. Therefore female samples collected in October 2007 in GB and male samples

collected in October 2007 in FC were used. All data are provided as mean + SE.

3. Results

3.1 Sexuality and sex ratio

Halipteris finmarchicas gonochoric. Oocyts and spermatocysts were visible in all the
colonies examined except two (21.3125.3 c¢cm
November 2006). Thity wo col oni es were identified as

mal e (23.11148.6 <c¢m) 388dn). Sexwnatos eried maskedtya b | e
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in the regional samples, with inconsistent inequalities that were not statistically
significant (Table4-2). Overall, sex ratios did not differ significantly from equality at the
t wo main dept hs213,P=0 .04 47;0 Oa bho=\0.&1 P=0.305)m: G |
or when the samples were pooled together (Tétae
3.2 Fecundity
Potential relative fecundity (PRF) increased from the lower to the middle section of the
rachis in all colonies examined (lower<middle=upmkta from all regions/depths
pool edB825ML,dH2,P<0. 001; I B2 P6030012 @qcyted &nd
spermatocysts were found in almost all the polyps examined in the middle and upper
sections; in the lower section, 33.3% of female polyps2anii% of male polyps
examined were empty. Because of this pattern and the absence of flesh in the upper
section of some of the colonies, analyses of PRF, ERF, MSI and oocyte and spermatocyst
size distributions were always carried out on polyps sampledtiie middle section of
the rachis.

Female and male PRF showed intetony variability at each sampling date. For
female colonies sampled in October 2007 in GB hcolonies), PRF ranged from 4 to
79 oocytes polyp. Neither colony length (F6= 1.99,P=0.171) nor depth (F1,26
0.17,P=0.687) were significant drivers of this variation. Male colonies sahiple
October 2007 in FC (n 7 colonies) showed the same variation in PRF (4 to 81
spermatocysts poly}) with no influence of colony lenlgt(F.,19= 0.002,P = 0.964) or
depth (k,19=0.45,P=0.511). Male colonies showed an ERF (spermatocyst8 pa0
only) varying between 2 and 31 mature spermatocysts poWih a corresponding ECF

between 1,900 and 190 spermatocysts colohyn thesmallest and largest colonies,
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respectively. Female colonies produced between 3 and 14 mature oocyté's polyp
(oocytes >700 pm only)with an ECF between 500 an®60 oocytes colon

In pooled samples, female PRF varied significantly among monglas<E&.88,P
< 0.001) with the highest values (4%2.8 oocytes polyp) occurring in November,
while the lowest values (22#14.1 oocytes polyp) occurred during the spawning events
identified between April and Augusbincided with the spawning everfsee below).
3.3 Ooogenesis, spermatogenesis and reproductive cycles
The mixture distribution analysis of oocytes and spermatocysts revealed bimodal oogenic
and unimodal spermatogenic developmert iiinmarchicaover the annual cycle (Fig.
4-4).Apersi stent cohort of small oocytes (040
component of the oocyte pool (encompassing 8B % of the oocytes). This cohort
included oocytes in classes | and Il and was presentrgaad (Fig.4-4). A second
cohort encompa®d a smaller portion of the oocyte pool (1887% of the oocytes) and
started to be visible in October (Hg}) suggesting initiation of final oogenic maturation
in AugustSeptember. This group (coined C2) was composed of larger oocytes (in classes
[Iland 1V, >400 um; Fig4-4, S2 and S3, Table3) and was transient. Despite overlap
in October and November, the peak of C1 (mean size of oocytes forming the cohort) was
always significantly lower than the peak of C2 (tway ANOVA, monthxpeak: $47=
27.38,P <0.001, Fig4-5A). A unimodal size distribution of spermatocysts was evident
when colonies were pooled per month (Eigl, Table4-3). However, at the colony level,
the analysis revealed the presence of two potential cohorts in all cadanged

immediatelybeforeor duringthe spawning months (April to August, see below;
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Appendix 4E), while most of the colonies sampled from October to January showed only
one cohortAppendix 4F).

The peak of C1 of female colonies remained stablengeard(171.2+ 6.3 um;
Fs,27=2.29,P =0.074; Fig4-5A). The peak of C2 varied annually; it was maximum from
May to August (786.& 27.2 um) followed by a drop arileappearance of significantly
smaller oocytes between October and December (468244 um,Fs20=42.66,P <
0.001; Fig4-5A). For male colonies, mean spermatocyst size peaked in April, May and
August (431.2+ 16.6 um), followed by a drop and appearance of significantly smaller
spermatocysts from October to January (156797 um; k21=81.40,P < 0.001; Fig4-
6A). The drop in size was coincidentoocytes and spermatocysts, indicating a spawning
event (between August and October, Bi®pA and4-6B) followed by initiation of the
final gamete maturation at the beginning of the fall (September). This result was
corroborated by a drop in the MSI between August and September for both sexés (Fig.
5B and4-6B). The MSI values calculategither in pootéd oocytes oiseparately in the
two cohorts showed the same annual pattern @ and C), i.e. a steady increase from
April to August, then a sharp drop followed by relatively stable values from October to
December.

The pattern outlined above wassebved in the middle and upper section of the
rachis. When the lower section of the rachis of female colonies was considered, only one
cohort of small oocytes was present yeaind except for two colonies sampled in
October that exhibited 2 cohorts (C1312+ 13.7 um; C2: 346.2 47.5 um) and three
colonies with empty polyps sampled in October, July and August. The peak of C1

remained stable year round (122.8.3 um, 5 24= 2.68,P = 0.054). The peak of C1 in
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the lower section was significantly lowdran the peak of C1 in the middle section {t
5.79, df=57,P<0.001).

Male PRF (i.e. spermatocyst density) remained stablergead (33.Qt 2.5
spermatocysts polyp H = 3.48, df =6, P = 0.746; Fig4-6C). In female colonies, the
number of oocytetound in C2 was stable between October and Decembet (9(8
oocytes polyp, H=0.27, df= 2, P = 0.874) while it varied significantly among spawning
months (April to August); some colonies spawned before others (3.5+0.8 oocyte; polyp
H=22.20, df= 3,P<0.001; Fig4-5D). Finally, C1 showed a general but regnificant
increase in oocyte (class | and Il) number from May to Octolege€-.84,P=0.101,

Fig. 4-5D). The proportion of oocytes in class | (least developed oocytes) in C1 remained
stable yearound (11.2+ 2.0 %, k5 30=1.07,P=0.407).

Female and male colonies sampied different regions (LC, GB, LB, LAsee
Figure 41) and presented signs of spawning that spanned between April and August. A
first spawning event was idengfi at the end of April in LC by the presence of colonies
either completely or largely devoid of large oocytes (C2). The same characteristic
(complete or near total absence of oocytes in C2) allowed the identification of a spawning
event in July in LB. Findy the mixed presence of colonies with C2 comprised of
numerous mature oocytes (class IV) or/flmvomature oocytes suggested two other
spawning events: one in May in GB and another in August in LA. All these periods also

coincided with male colonies HBuring mature spermatocysts.
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3.4 Influence of colony length and depth on MSI

Values of MSI in émale (October 2007 in GB) and male (October 2007 rokDies

were not infl uence=x0.08F=0c. 08l60lyE¥.0N Pexg68)lor ( |
byd e pt h=0@32,P=0r. 10 7=0.18,P=0:558).

3.5 Relationship with seawater temperature

Presence of colonies with mature oocytes and spermatocysts or showing signs of recent
spawning was found when bottom temperature was 4.7 £ 0.1°C in LC, 4.6 £ 0.2°C in GB,

4.1+ 0.1°CinLB and 4.0 £ 0.1°C in LA.

4. Discussion

Halipteris finmarchicas a gnochoric broadcast spawner, based on the absence of
embryonic or larval stages in the polyps of colonies sampled year round, similar to the
other sea pens studied so (@fatling et al. 2011; Lopes et al. 2012; Servetto et al. 2013
Baillon et al. 2014Chapter 3)Mature oocytes (stage IV) measure between 700 and 1000
pum, suggesting thad. finmarchicaexhibits a lecithotrophic, nefeeding, larval
development also consistent with other desgper sea pens (reviewed in TaBi¢). The

fact that nearlall colonies studiedsfze rangeil8.8148.6 cm) presented mature gametes
or gametes undergoing maturation in the current cgaiggestedhat size at first

maturity is reachedt orbefore 18 cm colony length. The&ecorresponds te12 % (or
less)of themaximum length which ia smaller proportion than recordedfe sympatric
specieAnthoptilum grandiflorun{28%, Baillon et al. 2014, Chaptej and the shallow
waterPennatula phosphorea Scotland35-65%, Edwards and Moore, 2008ndicating

thatH. finmarchicamaturesat aproportionally earlier stag&rowth rate of the
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congeneric specidd. willemoess ampl ed i n the Bering Sea (14
that small colonies (2571 29 (Wilsopetd.2002. a gr ow
Consideriig that the water temperature in deep waters around Newfoundland and

Labrador is similard thatin the Bering Sea

(http://www.afsc.noaa.gov/RACE/groundfish/survey data/elewtr), both species

might have similar growth rates, suggesting thainmarchicamay becoméertilee at
about 5 years of age.

Oocytes and spermatocysts were present in all the sections of the rachis (lower,
middle and upper sections). However, polyps sampled in the lower section were often
empty (in ~33% of female and ~23% of male polyps examined). Thempty female
polyps inthe lower section contained only immature oocytes, smaller than in the other
sections, suggesting that this section is not involved in reproductive output. The polyps
from the lower section might participate in reproduction in the following years, as the
colony grows. The fact that new polyps are added to the base of the colony (in agreement
with Soong, 2005) implies a gradual contribution ofrikee/polyps infemale
reproduction, as hypothesized for the symparigrandiflorum(Baillon et al. 2014,

Chaper 3) In contrast, males present the same spermatocyalistedution in the three
sections of the colony suggesting that spermatogenesis does not depieactlsg®n
polyp size and age.

The significant increase in gamete density (PRF) from therlowihe middle
sections of female and male colonies might be explained by the concurrent increase in
polyp diameter across these sections (24L3%% increae, Chapter)2 A larger polyp

diameter allows higher fecundity, as observed in the sea pgrandiflorum (Baillon et
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al. 2014, Chapter 3nd in other coral species (Sakai 1998). For the most developed
polyps,H. finmarchicashowed a lower fecundity at the polyp level (6.2.0 mature
oocytes polyp) than the sympatrid. grandiflorum(13.0+ 1.8 mature oocytes polyh
Baillon et al. 2014, Chaptel,3vhich might be explained by the smaller polyp diameter
of H. finmarchica(1.03+ 0.01 mm compared to 1.26+0.02 nnmA. grandiflorum
Chapter L. However, whole colony fecunditiexhibit acomparale range(500-6,300
oocytes colony in H. finmarchicavs. 1,5084,000 oocytes colornyin A. grandiflorumn)
alsosimilar to thatreported inhe deepseaUmbellulasp.in the Northeast Atlantic
[~2,000 oocytes colory; (Tyler et al. 1995) This finding spports the assumption of
lower fecundity in deegea than in shallowvater species; e.@tilosarcus guerneyn
the Nortteast Pacifigoroduces 20000 oocytes colony(Chia and Crawford 19732)nd
Pteroidessp. in the Southiest Pacific 300 oocytegolony?! (Duncan 1998). This
might be explained by lower food availability and temperatuggesterdepth.

The disappearance of larger oocytes (>400 um) from samples collected between
April and August, the presence of mature male colonies during thersaniks, as well
as the drop in mean oocytes/spermatocysts diameter and in the MSI between August and
October suggest seasonal spawning between April and August. A shift in the spawning
period from the South to the North was detected; colonies spawnilirApE, in May
in GB, in July in LB and in August in LA. Different environmental factors, such as the
lunar cycle(Mercier et al. 2011band phytodetritus production (Gage 1992), have been
shown to influence spawning periodicity in desga invertebrateslere, variation in
production and downfall of phytodetritus is likely involved, as observeA for

grandiflorum(Baillon et al. 2014, Chapter 8) the same geographic area. Both species
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spawned in the different regions following the spring bloom ofggiginkton, which
started in LC in March/April and shifted to the North in the following months, supporting
the late (August) spawning in the lower Arctidoreover, in all locations studied
spawning occurred when bottom temperature was around 4°C, asysig\observed
(Baillon et al, 2014), evoking a synergy between these two parameters in the
determination of pennatulacean reproductive season along the continental slope of eastern
Canada.

The presence iHl. finmarchicaof two cohorts of oocytes andelpersistence of
the smaller oocytes after spawning suggests that oogenesisizkemnthswhile
spermatogenesgartsin September (presence of spermatocysts Il)isodmpleted in 8
10 months. Prolonged oogenesis (>12 months) has previously besnenbim three
shallowwater sea pens (Tablel). Oogenesis occurs in 12 to 14 month¥ingularia
junceawith all the oocytes of a specific cohort maturing and being spawned together
(Soong 2005). OogenesisHkuoniculina quadrangularigEdwards and Moar2009)and
Pennatula phoshore@dwards and Moore 2008 also >12 months, with the
maintenance of a pool of small oocytes yeamd and release of a cohort of large
oocytes annually. Thdattermatures from the pool of small oocytes and represents 10%
of the oocytes in the polyp . quadrangularisand 30% inP. phosphoreaSimilarly, the
largest cohort of oocytes . finmarchicarepresented ~20% of the oocytes and became
distinct from the pool of small oocytes (C1) in October, suggesting theiontiaft final
maturation in AugusSeptembe(during a secondary peak of primary productivififie
bimodal pattern precludes us from assessing when new oocytes are added to the cohort of

small oocytes. They may be added regularly following a continuogsastcontinuous
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pattern of oogenesiélternatively, oogenesis may follow the pattern described in the
Antarctic sea staDdontaster validusThe sea stashowed a slow oocyte growth rate
during the first year (@5 pum) and then a faster rate during teeand summer
(September to April, 7250 um) just before spawning (Pearse 1965). Therefore, the
protracted oogenesis bff. finmarchicamight indicate slow oocyte growth @00 um
diameter (roughly half the size of mature oocythgjng the first yearthen a faster
growth over thdollowing 8-11 months (September to ApAlugust,>800 um).

Prolonged oogenesis has previously been observed in both warm/sivallexv
(Benayahu and Loya 1986; Coma et al. 198%) cold/deepvater octocoral§Orejas et
al. 202; Orejas et al. 2007; Mercier and Hamel 2Cdslyvell as in other tax&lamel et
al. 1993; Pearse and Bosch 2002; Kennedy et al. 201#s been suggested to support
the development of large oocytes (Yamazato et al. 1981); however, the existence of
species able to produce similarly large or larger oocytes in one year or less challenges this
assumptior{Benayahu and Loya 198@jor example, oocytes of the sea penhoptilum
grandiflorumreach 1100 um in one yegBaillon et al. 2014, Chapter 3)hile oocytes
of H. finmarchicaneed >12 months to reach 1000 um. These species are sympatric and
presumably have access to the sa@seurcesminimizing the role of food limitation as
an explanatory factor. Protracted oogenesis was also associated withféagiky
species, exhibiting synchronous maturation and a brief spawning Bendyahu and
Loya 1986) However H. finmarchicaexhibits low fecundity (~6 mature oocytes
polyp™).

Different strategies in the allocation of energy for reproduction might best explain

contrasting oogenic patterns among spetiesinmarchicaexhibits low polyp fecundity
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(ERF) with the maintenance of a pool of small oocytes that will mature in theviiogjo
year. Part of its energy thusallocated to final oogenic maturation while another part is
allocated to theynthesiof oocytes forming the reserve pool. In contrast,
grandiflorumfavours higher fecundity (ERF) at the polyp level with the matumwaof

~21% of the initial oocytes over the annual cy@aillon et al. 2014, Chapter,3)
consistent with the investment of all available energy in oogenic maturation. Three
different processes have been described for yolk synthesis (i.e. storage proicieict
oocytes): autosynthetic (yolk is synthesized by the oocyte itself), heterosynthetic (yolk is
synthesized by other cells around the oocytes) and a combination of autosynthetic and
heterosynthetic routes (Wourms 1987). During heterosynthetic sygttiesimaterial can

be stored in advance, leading to a more rapid oocyte maturation than for oocytes
depending on autosynthetic production (Jaeckle 1995). So far, only the shaltensea
penPennatula aculeatavas described as heterosynthetic (Eckelbaeg al. 1998);

however no other study of this nature exists on corals. Therefore, differences in the tempo
of oocyte maturation might be due to differences in the yedlyis synthesised; they

might also be due to differences in energy stored in thetemd@orrelation between
energy content and oocyte size exists over broad scalesdp&eific differences);

however, at smaller scales (e.g. intpecies comparison of egg energy content) this
correlation is not as clear and the energy content caravaoyg oocytes of similar size
(Moran and McAlister 2009)or example, the oocytes of the shallaater green sea
urchin Strongylocentrotus droebachiensisowed different energy contents depending on

different food rations to adults, while oocyte sizabsmbt differ (Thompson 1983).
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Precise analyses of oogenic pathwailsbe necessary to determine the influence of
these parameters on oocyte maturation.

The ceoccurrence of postpawning and mature female colonies suggests a delay
in oogenesis among anlies, as suggested in previous studies (Lepakt 2012; Baillon

et al 2014). While uniform spermatocyst growth occurs over the annual cycle, the

presence of two temporary cohorts of spermatocysts was detected just before or during
the spawning monthsyost likely due to a slight asynchrony in reaching full spermatocyst

size. Some spermatocysts might become mature slightly earlier than others and release

spermatozoa as the first females spawn, while other batches continue to grow to be

released slightlyater, ensuring fertilization throughout the few weeks of spawning (slight

asynchrony among females) in most geographic regions studied.

The present study supports the occurrencea$onal reproduction in despa
pennatulaceans as a function of plagiitusproduction and temperature (Baillon et al.
2014, Chapter 30therstudies ordeepsea pennatulaceans, includitigthoptilum

murrayi (Pires et al. 2009Rennatula aculeatéEckelbarger et al. 1998) and

Kophobelemnon stelliferu@iRice et al. 1992have inferredi cont i nuomgos 0 s pawn

nonseasonal reproduction (Tablel® from the presence of different oocyte stages in the
same polypOr i gi nally, the term fAco-sefsonaluous o
reproduction due to the absence of synchraongrag populations or individuals in a
population(Tyler and Young, 1992However retention of mature oocytes until release
at a specific time is also possil§ieckelbarger and Watling, 1995). Here we shovined
thesimultaneoupresence odlistinct oocye cohorts (or multiple oogenic stage) did not

preventthe identification ofliscretespawning period(sh H. finmarchica This was
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partly made possible ke fairly large sampling effort in different months of the year,
compared with previous studies deepwater sea pensvhichwere based orx40
colonies, from a mix of depth and regions, and on a limited period of dimm®nths for

A. murrayi(Pires et al., 20091 week forP. aculeata Edwards and Moore, 2008)r a
combination of several yedrsetween 1977 and 1986 fidr stelliferun{Rice et al.,

1992)]. All these parameters are known to influence the reproductive (&igse 1959;
Mercier and Hamel 2009b; Baillon et al. 201\We therefore advocate thathen
continuous or quasiontinuous gamtogenesis is detected, spawning periodicity should
be assessed separat@yg.from adrop in MSl,or disappearance @hature oocytes), or

otherwise characterized asdetermined.

Acknowledgements

We thankscientists aFisheries and Oceans CanadgoéciallyVV. Wareham and
K. Gilkinson)for sampling opportunitiedVe would also like to thank the ROPOS team
for helping us collect the ROV data, and I. Dimitrove for her assistance with histological
processing. This study was partly funded by grants freiNatural Sciences and

Engineering Research Council of Canada (NSERC) to A. Mercier.

4-22



References

Baillon S, Hamel <F, Mercier A (2011) Comparative study of reproductive synchrony at

various scales in deegea echinoderms. Deépe a Res | 58: 26071 272

Baillon S, Hamel &F, Wareham VE, Mercier A (2012) Deep caleter corals as

nurseries for fish | arvae. Front Ecol E

Baillon Baillon S, Hamel-F, Wareham VE, Mercier A (2014) Seasonality in
reproduction of the deewater pennatulacean corahthoptilum grandiflorum
Mar Bi ol 161: 297143

Baker KD, Wareham VE, Snelgrove PVR, Haedrich RL, Fifield DA, Edinger EN,
Gilkinson KD (2012) Distributional patterns of desga coral assemblages in
three submarine canyons off Newfoundland, Canada. MarFEogl Ser
445: 2351249

Benayahu Y, Loya Y (1986) Sexual reproduction of a soft coral: synchronous and brief
annual spawning ddarcophyton glaucurfQuoy and Gaimard, 1833). Biol Bull
170: 32142

Brazeau DA, Lasker HR (1989) The reproductive cycle and spawna@aribbean
gorgoni an. Bi ol Bul | 176: 117

Brodeur RD (2001) Habitagpecific distribution of Pacific ocean per@epastes alutiis
in Pribilof Canyon, Bering Sea. Cont Sh

CamposCreasey LS, Tyler PA, Gage JD, John AWG (1994) Evidencediapling the
vertical flux of phytodetritus to the diet and seasonal life history of the-skesep
echinoidEchinus affinisDeepSea Res | 41: 36971388

4-23



Chia FS, Crawford BJ (1973) Some observations on gametogenesis, larval development

and substratum seléan of sea petilosarcus guerneyi Mar Bi ol 23: 73

Coma R, Ribes M, Zabala M, GilitNl (1995) Reproduction and cycle of gonadal
development in the Mediterranean gorgorfamamuricea clavataMar Ecol
Prog Ser 117:17371183

Daly M, Brugler MR, CartwrighP, Collins AG, Dawson MN, Fautin DG, France SC,
McFadden CS, Opresko DM, Rodriguez E, Romano SL, Stake JL (2007) The
phylum Cnidaria: A review of phylogenetic patterns and diversity 300 years after
Linnaeus. Zootaxa 1668: 1271182

Doyle G, Hamel F, Mercer A (2012) A new quantitative analysis of ovarian

devel opment in echinoderms: the maturi:t

Du J (2002) Combined algorithms for fitting finite mixture distributions. McMaster

University, Hamilton, Ontario

Duncan JC (1998iology of the sea peRteroeidesp. in Fiordland, New Zealand.

Master thesis, University of Otago, New Zealand

Eckelbarger KJ, Watling L (1995) Role of phylogenetic constraints in determining
reproductive patterns in despa invertebrates. InvertebroBi 114 : 25671 269

Eckelbarger KJ, Tyler PA, Langton RW (1998) Gonadal morphology and gametogenesis
in the sea peRennatula aculeatéAnthozoa: Pennatulacea) from the Gulf of
Mai ne. Mar Bi ol 132: 6771690

Edwards DCB, Moore CG (2008) Reproduction in the sedPg@matula phosphorea
(Anthozoa: Pennatulacea) from the west coast of Scotland. Mar Biol
155: 3031314

4-24



Edwards DCB, Moore CG (2009) Reproduction in the sedpeiculina quadrangularis
(Anthozoa: Pennatulacea) from the west coast of Scotland. Est Cods$&hel
82:1611168

Fautin DG (2002) Reproduction of <c¢cnidaria.

Gage JD, Tyler, P.A. (1992) Deapa biology: a natural history of organisms at the deep
sea floor. Cambridge University Press

Giese AC (1959) Comparative physiology: aahreproductive cycles of marine

i nvertebrates. Annu Rev Physi ol 21: 5471

Gilkinson K, Edinger E (2009) The ecology of dessga corals of Newfoundland and
Labrador waters: biogeography, life history, biogeochemistry, and relation to
fishes. Canadian Thaical Report of Fisheries and Aquatic Sciences, vol 2830,
pp 142

Hamel 3F, Himmelman JH, Dufresne L (1993) Gametogenesis and spawning of the sea

cucumberPsolus fabricii Duben and Koren). Bi ol Bul |

Hourigan TF, Radtke RL (1989) Reproductimfrthe Antarctic fisiNototheniops
nudifrons Mar Bi ol 100: 2771283

Jaeckle WB (1995) Variation in the size, energy content, and biochemical composition of
invertebrate eggs: correlates to the mode of larval development. In: McEdward L
(ed) Ecology of Mane Invertebrate Larvae, vol 6. CRC Press, Boca Raton, FL,
p 49177

Kahng SE, Benayahu Y, Lasker HR (2011) Sexual reproduction in octocorals. Mar Ecol
Prog Ser 443:2651283

Kennedy J, Gundersen AC, HA ines AgS, Kjesbu OS (2010) Greenland halibut

(Reinhardtiushippoglossoidésspawn annually but successive cohorts of

4-25



oocytes develop over 2 years, complicating correct assessment of maturity. Can J
Fish Aquat Sci 68: 2011209

LangoReynoso F, ChaveYillaba J, Le Pennec M (2006) Reproductive patterns of the
Pacific oystelCrassostreagigas n Fr anc e. I nvertebr Repr

Lightfoot RH, Tyler PA, Gage JD (1979) Seasonal reproduction in-slegpivalves and
brittlestarsDeepSea Res Oceanogr, A 26:9671973

Lopes VM, Baptista M, Pimentel MS, Repolho T, Narciso L, Rosa R (2012)
Reproduction in Octocorallia: Synchronous spawning and asynchronous

oogenesis in the pennatuhgretillum cynomorium Mar Bi ol Res 8: 8

Mayerl, Shackley SE, Witthames PR (1990) Aspects of the reproductive biology of the
bassDicentrarchus labraxt. 1. Fecundity and pattern of oocyte development. J
Fi sh Bi ol 36: 1411148

McDonald JH (2008) Handbook of biological statistics, vol 2. Sparky HoukksRing

Baltimore Baltimore, Maryland

Mercier A, Hamel &F (2009a) Endogenous and exogenous control of gametogenesis and

spawning in echinoderms. Adv Mar Bi ol 5

Mercier A,HameldF ( 2009b) Gametogenesis. Adv Mar B

Mercier A, Hamel F (2011) Contrasting reproductive strategies in three-deap
octocorals from eastern Cana@&aimnoa resedaeformi&eratoisis ornataand
Anthomastus grandiflorus Cor al Reefs 30:3371350

Mercier A, Sun Z, Baillon S, Hamell (2011a) Lunar rhythms in tlieep sea: evidence
from the reproductive periodicity of several marine invertebrates. J Biol
Rhyt hms 26: 8271 86

4-26



Mercier A, Sun Z, Hamel-F (2011b) Reproductive periodicity, spawning and
development of the deegea scleractinian corilabellum angulareMar Biol
158: 3711380

Mesa M, Ascoli L, Caputo V (2006) Gametogenesis and reproductive strategies in some
species of the Antarctic fish gentieematomugNototheniidae) from Terra
Nova Bay, Ross Sea. Pol ar Bi ol 29: 9631 9

Moran AL, McAlister JS (2009) Egg ®zas a life history character of marine
i nvertebrates: l's it all it'"s cracked u

Murillo FJ, Duran Munoz P, Altuna A, Serrano A (2011) Distribution of deafer
corals of the Flemish Cap, Flemish Pass, and the Grand Banlkswbdindland
(Northwest Atlantic Ocean): interaction with fishing activities. ICES Journal of
Marine Science 68: 3191332

NAFO (2008) Report of the NAFO SC working group on ecosystem approach to fisheries
management (WGEAFM) response to fisheries commissigunast 9.a. vol SCS
Doc. 08/24 Scientific Council Meeting, D October 2008, Copenhagen,
Denmark. Serial No. N5592. NAFO SCS Doc. 08/24.

Orejas C, Lopetsonzalez PJ, Gili JM, Teixido N, Gutt J, Arntz WE (2002) Distribution
and reproductive ecology die¢ Antarctic octocorahinigmaptilon antarcticum
i n the Weddell Sea. Mar Ecol Prog Ser 2

Orejas C, Gili JM, Lépegtzonzalez PJ, Hasemann C, Arntz WE (2007) Reproduction
patterns of four Antarctic octocorals in the Weddell Sea: an-gptecific, fiape,

and | atitudinal comparison. Mar Biol 15

Pearse JS (1965) Reproductive periodicities in several contrasting populations of
Odontaster Validugoehler, A common Antarctic asteroid. In: Biology of the
Antarctic Seas Il. American GeophysicaliUon, p 391 85

4-27



Pearse JS, Giese AC (1966) Food, reproduction and organic constitution of the common

Antarctic echinoidSterechinus neumaydriMe i ssner ) . Bi ol Bul |

Pearse JS, Bosch | (2002) Photoperiodic regulation of gametogenesis in the Aséarcti

starOdontaster validu&oehler: Evidence for a circannual rhythm modulated by

' i ght . I nvertebr Reprod Dev 41:73181

Pires DO, Castro CB, Silva JC (2009) Reproductive biology of the-skesep
pennatulaceaAnthoptilum murray{(Cnidaria, OctocoralliaMar Ecol Prog Ser
397:1031112

Rice AL, Tyler PA, Paterson GJL (1992) The pennatiiligphobelemnon stelliferum
(Cnidaria, Octocorallia) in the Porcupine Seabight (N&dst AtlanticOcean).
J Mar Biol Assoc UK 72:4171 434

Richardson MG (1980) The ecologydareproduction of the brooding Antarctic bivalve

Lissarca miliaris Brit Antarctic Surv B 49:91111

Rokop FJ (1974) Reproductive patternsinthe deepa b ent hos. Sci ence

Sakai K (1998) Effect of colony size, polyp size, and budding mode opredgction in

a coloni al cor al . Bi ol Bul | 195: 3191

Servetto N, Torre L, Sahade R (2013) Reproductive biology of the Antarctic "sea pen"”
Malacobelemnon daytofOctocorallia, Pennatulacea, Kophobelemnidae). Polar
Res 32:20040

Smiley S (1988) The dynansof oogenesis and the annual ovarian cycltichopus

californicus( Ec hi noder mat a: Hol ot hur oi dea) .

Soong K (2005) Reproduction and colony integration of the se¥ipgularia juncea
Ma r Bi ol 146: 110311109

4-28

325



Thompson RJ (1983) The relationship between food ration and reproductive effort in the
a 56:50T1

green sea urchirgtrongylocentrotus droebachiensis Oe c ol o g i

Tissot BN, Yoklavich MM, Love MS, York K, Amend M (2006) Benthic invertebrates

that form habitabn deep banks off southern California, with special reference to

deep sea coral. Fish Bull 104: 1

671181

Tremblay MT, Henry J, Anctil M (2004) Spawning and gamete follicle rupture in the

cnidarianRenilla koellikeri effects of putative neurohormones. Gempo
Endocrinol 137:9118

Tyler PA, Young CM (1992) Reproduction in marine invertebrates in "stable"

environments: the deep sea mode

| . |l nve

Tyler PA, Bronsdon SK, Young CM, Rice AL (1995) Ecology and gametogenic biology

of the genu®mbellula(Pennatulacea) in the Not#tlantic ocean. Int Rev
Gesamten Hydrobiol 80:1871199

van Praét M, Rice AL, Thurston MH (1990) Reproduction in two éespanemones

(Actiniaria); Phelliactis hertwigiandP. robusta Pr og Ocean

WarehanmVE, Edinger EN (2007) Distribution of deeyga corals in the Newfoundl

and Labrador region, Northwest

Watling L, France SC, Pante E, Simpson A (2011) Biology of -aesgtpr octocorals
Mar Bi ol 60: 411122

ogr 24:

and
Atl anti

. Adv

West G (1990) Methods of Assessing Ovarian development in Fishes: a Review.

C

Australian Jour nal of Mari ne & Freshwat

Williams GC (2011) The global diversity of sea pens (Cnidaria: Octocorallia:
Pennatulacea). PLoS ONE 6:€22747

4-29



Wilson EB(1883) The development &enilla Philosophical Transactions of the Royal
Society of London 174: 7231815

Wilson MT, Andrews AH, Brown AL, Cordes EE (2002) Axial rod growth and age
estimation of the sea pedalipteris willemoesKolliker. Hydrobiologia
47 1331142

Witte U (1996) Seasonal reproduction in dasej spongesiggered by vertical particle
fl ux? Mar Bi ol 124:5711581

Wourms JP (1987) Oogenesis. In: Giese AC, Pearse JS (eds) Reproduction of marine
invertebrates. Vol. IX. General aspects: seekintyun diversity.
Bl ackwell / Boxwood, Pacific Grove, Calif

Yamazato K, Sato M, Yamashiro H (1981) Reproductive biology of an alcyonacean
coral,Lobophytum crassuiMarenzeller. Proceedings of the fourth international
coral reef symposiud : 6 711 67 8

4-30



Tables

Table 4-1 Review of oogenic patterns, spawning period, sexuality, reproductive strategies and oocyte size in pennatulacean

corals from shallovand deep waters. Empty cases indicate the absence of information.

Species Region n Depth  Oogenesis Spawning Sexuality Sex  Reproductive Maximum  References
range period ratio  strategy oocyte
(M:F)
Anthoptilum Northwest 174 176 ~12 months Annual (Aprto  Gonochoric 1:1 Broadcast 1100 pm (Baillon et al.
grandiflorum Atlantic 1347m Juli according (observation of 1 spawner 2014, Chapter
(Canada) to region) polyp 3)
hermaphrodite)
Anthoptilum Southwestern 24 1300 (2 cohorts) Continuous (?) Gonochoric 1.1 Broadcast 1200 pum Pires et al.
murrayi Atlantic 1799 m spawner (2009)
(Brazil)
Funiculina West Scotland ~180 18.9 > 12 months (2 Annual (OctJan) Gonochoric 1.1 Broadcast 900 um Edwards and
quadrangularis  (UK) 24.3 m cohorts) spawner Moore (2009)
Halipteris Northwest 63  256- >12 months  Annual (Aprto  Gonochoric 1:1 Broadcast 1000 um Present study
finmarchica Atlantic 1161 m Augi according spawner
(Canada) to region)
Kophobelemnon Northeast 40 400 Asynchronous Non-seasonal (?° Gonochoric 1:1 Broadcast 800 um Rice et al.
stelliferum Atlantic 1000 m spawner (1992)
(Porcupine
Seabight)
Malacobelemnor Antartica 1522 m < 12 months Gonochoric 1:1 Broadcast 350 pm Servetto et al.
daytoni spawner (2013)
Pennatula Northwest 22 113231 Continuous (?) Gonochoric 1:1 Broadcast 880 pm Eckelbarger et
aculeata Atlantic (Gulf m spawner al. (1998)
of Maine,
USA)
Pennatula West Scotland ~180 18.2 > 12 months (2 Annual (Ju} Gonochoric 1:1 Broadcast 580 um Edwardsand
phosphoarea (UK) 19.9m cohorts) Aug) spawner Moore (2008)
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Table 4-1 continued

Species Region n Depth  Oogenesis Spawning Sexuality Sex  Reproductive Maximum  References
range period ratio  strategy oocyte
(M:F)
Ptilosarcus Seattle (USA) 15  shallow Annual (Mar) Gonochoric Broadcast 600 pm Chia and
guerneyi water spawner Crawford
(1973)
Renilla koellikeri Southern subtidal Annual (May Gonochoric Broadcast 400 pm Tremblay et al.
California Jul) spawner (2004)
(USA)
Renilla Northwest shallow Annual (May Gonochoric Broadcast 350 pm Wilson (1883)
reniformis Atlantic (North water Jul) spawner
Carolina, USA)
Vetetillum Atlantic 210 intertida Annual (Jul) Gonochoric 1:.1.7 Broadcast 967 um Lopes et al.
cynomorium Northeast | zone spawner (2012)
(Portugal)
Virgularia Tawain Strait ~240 intertida 12-14 months Annual (Aug Gonochoric Broadcast 250 pum Soong (2005)
juncea (China) | zone Sep) spawner
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Table 4-2 Sex ratio analyses on coloniestHdlipteris finmarchicacollected from the

various regions under study.

Region Females Males G| p
Laurentian Channel (LC) 2 2 -- --
Grand Bank¢GB) 13 8 1.19 0.275
Flemish Cap (FC) 7 13 1.80 0.180
North Newfoundland (NNL) O 1 -- --
Labrador (LB) 5 1 -- --
Lower Arctic (LA) 4 1 -- --
Total 31 26 0.44 0.508
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Table 4-3 Halipteris finmarchica Mean gamete size (um) corresponding to peaks of
cohorts determined by the mixture distribution analysis. n: number of cdlony,
proportion occupied by cohort, SD:-standar

square, p: fvalue.

1st peak 2nd peak Goodnessof-fit

sex n mean £ SE (um) SD i mean+ SE(um) SD df 6] p
January

F

M 1 100 182.3+3.8 36.4 6 0.53 0.997
April

F 2 091 211.3+85 79.4 0.09 675.1+13.5 37 1 15.3 0.169

M 2 100 3444+94 93.3 13 3.75 0.994
May

F 3 076 193.3+94 78.27 0.24 727.0+18.2 85 16 9.94 0.870

M 4 1.00 384.3+10.5 104.3 12 10.1 0.611
July

F 5 098 143.6+5.9 56.58 0.02 851.6 + 38.3 56 14 8.41 0.867

M
August

F 4 0.80 219.7+11.3 93.9 0.20 788.4 +22.9 94 16 6.73 0.978

M 1 1.00 414+10.9 108.4 12 14.8 0.252
October

F 12 0.74 153.7+9.0 53.1 0.26 448.9+29.1 98 14 1.98 1.000

M 11 1 150.6 + 4.6 44.5 8 2.32 0.970
November

F 3 0.74 162.4+104 60.1 0.26 467 £24.9 84 12 3.58 0.990

M 6 1 162.7+ 6.4 62.5 12 7.31 0.837
December

F 2 0.74 160.3+85 60.9 0.26 499.5+5.6 65 11 5.24 0.919

M 1 1 149.8 + 3.6 33.7 5 3.44 0.63
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Figure 4-1 Map showing the different sites where colonieslafipteris finmarchica
were collected (saple numbers detailed in Appendix®). LC: Laurentian Channel, GB:
Grand Banks, FC: Flemish Cap, NNL: North Newfoundland, LB: Labrador and LA:

Lower Arctic.
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Figure 4-2 Micro-dissection of female colony éfalipteris finmarchicashowing the

different oogenic stages in the polyp: (A) oocytes Il at the base of the polyp, (B) oocytes
[l starting to fill the gastrevascular cavity with oocytes Il at the base of the polyp, (C)
oocytes IV filling the gastreascular cavity with the presence of oocytes Il at the base of
the polyp, (D) external view of the oocytes IV filling the gastascular cavity, (E)

residual oocy IV after spawning with the presence of oocytes Il at the base of the polyp.
Scale bars represent 500 um in A, B, 1 mm in C, D and E. 02: oocyte stage I, 03: oocyte

stage lll, o4: oocyte stage IV.
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Figure 4-3 Micro-dissection and histology of male colonyHdlipteris finmarchica

showing the different spermatogenic stages in the polyp: (A) spermatocyst Il at the base
of the polyp, (B) histology of spermatocysts Il, (C) spermatbty starting to fill the
gastrevascular cavity, (D) spermatocyst IV filling the gastascular cavityScale bars
represent 500 pm in A, 100 um in B, 1 mm in, C and D. s2: spermatocyst stage Il, s3:

spermatocyst stage lll, s4: spermatocyst stage IV.
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Figure 4-4 Oocyte and spermatocyst sigeobability frequency distributions of
Halipteris finmarchicacoupled with the modeled cohort structure determined using the
mixture distribution analyse&olonies were pooled per montfi$e triangles indicate

the mean size of each cohort.
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Figure 4-5 (Following pageHalipteris finmarchica Annual variation in (A) oocyte size

at peak d6modeled cohorts 1 and 2 with the corresponding oocyte stages (right axis), (B)
maturity stage index (MSI) measured using all oocytes, (C) MSI measured separately in
cohorts 1 (left axis) and 2 (right axis) and (D) density of oocytes in female colonies
(meanxSE)Values with corresponding letters are not significantly different (see

statistical result in the text).
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Figure 4-6 Halipteris finmarchicaAnnual variation in (Aspermatocyst size at peak of
modeled cohort with the corresponding spermatocyst stages (right axis), (B) maturity
stage index (MSI) measured using all spermatocyst¢@npotential relative fecundity
(PRF) colonies (mean+SBEyalues with correspondingtters are not significantly

different (see statistical result in the text).

4-41



100

80 -
X 60 -
=
2
s
o
Q.
O 40 -
(a8
20
O 1 T T T

Apr  May Jun July Aug
Months

Sep

Oct Nov Dec

Figure 4-7 Proportion of female colonies bfalipteris finmarchicaharbouring a single

cohort (C1) of oocytes (grey bars)t@rbouring two cohorts of oocytes (C1 and C2;

black bars) in the different sampling months.
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Supplementary materials

Appendix 4-A Halipteris finmarchicaSummary of the sampling design with information
on the number of female, male or regxed colonies analyzed. LC: Laurentian Channel,
GB: Grand Banks, FC: Flemish Cap, NNL: North Newfoundland, LB: Labrador, LA:
Lower Arctic

Non-
Station Region Date Depth Latitude Longitude Females Males sexed
1 LB 28/7/2006 620 8°33'21.60"N  59°55'12.00"W 1 1
2 LB 28/7/2006 552 58°57'21.60"N 60° 2'20.40"W 4 2
3 LB 29/7/2006 452 59° 3'37.80"N  60° 7'42.60"W 1
4 LA 4/8/2006 563 60°45'57.60"N 62° 5'36.60"W 1
5 LA 4/8/2006 630 60°50'29.40"N 62°22'21.00"W 2
6 LA 5/8/2006 559 61°40'42.60"N 61° 9'34.20"W 1
7 LA 8/8/2006 724 63°42'14.40"N 59°33'5.40"W 1
8 NNL 27/1/2006 918 50°59'16.80"N 49°50'52.80"W 1
9 LB 09/10/2006 424 56°36'10.80"N 58°19'39.00"W 1
10 LB 2/11/2006 256 54°45'30.60"N  54°11'16.80"W 1
11 FC 28/11/2006 1125 47°58'33.60"N 46°11'9.60"W 3 1
12 FC 28/11/2006 1073 47°51'32.40"N 46°10'42.60"W 1 1
13 FC 28/11/2006 788 47°44'36.60"N 46°54'39.60"W 1
14 FC 30/11/2006 780 47°23'33.00"N 46°22'57.00"W 1 1
15 FC 1/12/2006 1161 47°24'18.00"N 46°45'41.40"W 2 1
16 GB 8/10/2007 823 43°19'39.00"N 51°46'44.40"W 4
17 GB 8/10/2007 1094 43°12'39.60"N 51°39'39.60"W 1
18 GB 8/10/2007 796 43°13'8.40"N  51°34'3.00"W 1
19 FC 18/10/2007 1036 46°4821.60"N 47° 6'7.20"W 2
20 FC 19/10/2007 743 48° 2'51.00"N  46° 8'60.00"W 1
21 FC 29/10/2007 992 48°33'41.40"N 45°30'30.60"W 2 4
22 LC 20/4/2007 377 44°50'15.00"N 56° 9'27.00"W 1
23 LC 29/4/2007 366 45°24'3.60"N  56°36'18.00"W 1 1
24 LC 30/4/2007 389 45°19'8.40"N  56°42'45.00"W 1 1
25 GB 4/5/2007 575 44°47'2.40"N  54°25'24.60"W 2 2
26 GB 17/5/2007 425 43°48'3.60"N  52°26'6.00'W 1
27 GB 17/5/2007 597 43°37'8.40"N  52°11'33.00"'W 1 1
28 GB 18/5/2007 625 43°18'36.00"N 51°38'24.00"W 1
29 GB 28/10/2007 599 44°22'17.40"N 53°22'48.00"W 1
30 GB 29/10/2007 579 44° 5'56.40"N  52°56'24.00"W 2
31 GB 30/10/2007 623 43°37'12.00"N 52°11'56.40"W 2 1
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A d=10.872 +(0.0541 * CL) B log10(d) = 0.949 + (0.154 * log10(CL)) C d =14.723 + (0.0405 * CL)
120.15, 4 111=19.40, p<0.001 1=0.05, F4 440= 6.14, p=0.015 1=0.07, F4 105=6.81, p=0.010

Density (polyp cm'1)
N w
o o

-
o
L

0 20 40 60 80 100 120 140 160 0O 20 40 60 80 100 120 140 1600 20 40 60 80 100 120 140 160
Colony length (cm)

Appendix 4-B Halipteris finmarchica Linear regression of polyp density (d, polyp®m
with colony length (CL, cm) for the three sections of the rachis, (A) lower section, (B)

middle section, (C) upper section
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Appendix 4-C Oocyte sizeprobability frequency distribution of each coloAglipteris
finmarchicasampled between April and August coupled with the modeled cohort
structure determined usimgixture distributioranalysesThe triangles indicate the mean

size of each cohort.
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Appendix 4-D Oocyte sizeprobability frequency distribution of each coloAwlipteris
finmarchicasampled between October and December coupled with the modeled cohort
structure determined using thxture distribution analyse$he triangles indicate the

mean size of each cohort.
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Appendix 4-F Spermatocyst diameter sipeobability frequency distribution of each
colony ofHalipteris finmarchicasampled between October and December coupled with
the modeled cohort structure determined usingriheéure distribution analyse$he

triangles indicate the mean size of each cohort.
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Chapter 5 : Diversity and distribution of species associated

with deep-sea pennatulacean corals in the Nontvest Atlantic
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Abstract

Anthoptilum grandiflorunandHalipteris finmarchicaare two deefsea corals

(Octocorallia: Pennatulacea) common on bottomsin the North Atlantic where they

are believed to act as biogenic habitat. To assist conservatiors etffiiststudy examines
spatial and temporal patterns in the abundance, diversity, and nature of their associates in
eastern Canada. A total of 16 species were found in assoaidtioin, on or close toA.
grandiflorumand 6 species in association wihfinmarchica Rarefaction analyses

suggest that more species might be found in associatiowitfandiflorumwhile most

species interacting witH. finmarchicahave been sampled. Biodiversity of associates
increases from northern to southern locatioamtsdoes not vary with depth. Seasonal

patterns show higher biodiversity during spring/summer due to the transient presence
early life stages of fishes and shrimps. Two distinct endoparasitic species of highly
modified copepods (families Lamippidae and&lovexiidae)commony occur in the

polyps ofA. grandiflorumandH. finmarchica and a commensal sea anemone frequently
associates witH. finmarchica St ab |l e i s8Q oaphed) imdicaelthars. e s (U
grandiflorumandH. finmarchica together wih the ectobiotic sea anemone, likely share a
diet of small invertebrates. The trophic level of the parasitic copepods suggests that they
feed on host tissue and/ or compete for the
obligate/permanent associates & pens is moderate; however the presence of
mobile/transient associates highlights an ecological role that has yet to be fully elucidated
and supports their key contribution to the enhancement of biodiversity in the Northwest

Atlantic.
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1 Introduction

Corals form one of the most complex biological habitats of the deep sea, offering
a variety of microhabitats that serve as feedstwelter, foragingnd spawning sites to
other speciegBuhl-Mortensen and Mortensen 2005; Longo 2005; Murillo et al. 2011;
Baillon et al. 2012)Deepsea corals occur as unitaigrms (i.e. composed of a single
polyp) or colonialforms (i.e. composed of many polypandcanbe sparsely distributed
or form fields, large thickets and even reefs that may stretch 300 m high andl sever
kilometres wide (BuhMortensen and Mortensen 2005; Longo 2005; Roberts et al. 2006).
A good understanding of deaga corals and threassociatedaung i.e. the organisms
that live in or on the coralsB(hl-Mortensen and Mortensen 20Q03s essentialto
evaluate the importance ofeie unique deeysea ecosystesrand to implement adequate
measures for their conservati@Buhl-Mortensen and Mortensen 2004b)

Studies 6the associated fauna of desga coralshowedthat biodiversity around
deepsea coralgan becomparable to that of tropical coral reefs and that main associates
include crustaceans, molluscs, echinoderms, cnidarians, sponges, polychaetes and fishes
(Krieger and Wing 2002; ButWortensen and Mortense2004a; BukhMortensen et al.
2010; Baillon et al. 2012)BuhlFMortensen and Mortense(2004a) catalogued 983
invertebrate species associated with 74 species ofsepoft and hard coralkl4 of
the associatewere characterized as symbionts (living a close relationship with the
coral host) of which 53% were parasites (detrimemtalthe host) and 47% were

commensalshavingno consequence for the hoddeepsea coral feed on zooplankton

[l

and phytodetrit usiba &M @leowood e al.2008; Calier eaf.
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2009) as indicators of food sources and trophic levels, respectively (Fry 1988). However,
to our knowledge, trophic relationps between deepea corals and their associated
species have not been explicitly studied.

When considering all deepsea octocorals (excluding Pennatulacea and
Helioporacea)a total of 59 intimate associates (symbionts) have been described so far:
49 commensaland 10 paragsin association with 42 coral species (Watling et al. 2011).
Only one study that we are aware of has analyzed the associates -Gledeegtocorals in
the Northwest Atlantic (in gorgonians). A total of 114 associates (47 species on
Paragorgia arboreaand 97 species oRrimnoa resedaeformis were found with 2
characterizedas parasitic species (Bullortensen and Mortensen, 2009)he older
sections of gorgonian corals, corresponding to the skeletons devoid of tissues, exhibited
the highest macrofaunal biodiversity (BtMbrtensen and Mortensen 2005). Sea pens
(order Pennatlacea) are typically not afforded the attention of other &deepcorals
(Buhl-Mortensen and Mortensen 2004a; Watling et al. 2@l/&n though they are very
common and have been identified as vulnerable species in both shallow and deep
environments (NAFQ2008; Donaldson et al. 2010; Murillo et al. 20Mgreover, sea
pens can be collected wholallowing precise determination/quantification of faunal
species living in, on or around them, which is not always the case with larger or more
fragile corals (e.ggorgonians) for which analyses of colony fragments is often the rule.

S e a p estrgcturabrspecied due to their extension above the seafloor (Troffe
et al. 2005) and have been suggested to create complex biohabita@tdrnsen et al.,
2010). Howeer, except few studies showing the presence of adult fish in large field of

sea pens (Brodeur 2001), no clear evidence showed that they form a biogenic habitat.
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According to Etnoyer et al. (2005he majority of the species forming biogenic habitat
exhilt complex morphology (e.g. branches) and a sufficient size to provide substrate or
refuge for other species. Sea pens do not correspond to this definition but they have
already been shown to serve as biogenic substrate for different sfieaigsll 1848,
Buhl-Mortensen et al. 2010, Nygren and Pleijel 2010) and serve as nursery habitat for fish
larvae (Baillon et al. 2012Moreover, ga pens can cover ergve areas in the deep sea
and are sometimes found in high densities (Baker et al. 2012), occomrimgid or sand
flats, where theycould provide an important structurbiohabitat to other organisms
(Tissot et al. 2006 relatively featureless environments

Buhl-Mortenseret al.(2010) notd that there seemed to be few species associated
with sea pens, but that was plausibly due to a lack of data. In their review, they only
mentionedthe association between the ophiurdidteronyx loveniand the sea pen
Funiculina quadrangularisOther assoeites were described includiagcopepod parasite
in Anthoptilum grandiflorum(Laubier 1972) in the Uarador Sea (1210 m depth) aad
polychaete living between the polyps Ediniculina quadrangularigNygren and Pleijel
2010) along the Swedish west coadd(q(3n depth). More associated species have been
found in, on or around shallewatersea pensincluding different parasitic copepods on
various host species (Bouligand 1965; Laubier 1972; Humes 1978, 1985), the
gametophyte of an algdiving inside the tisues ofPtilosarcus guerneyiDube and Ball
1971), and the hydrozodfudendrium ramosuran Virgularia mirabilis (Dalyell 1848).
At least 5 symbionts were reportexh Ptilosarcus guerney{Johnstone 1969) and a
porcellanid crab was found between the leavésPteroeides esperi(Sankarankutty

1961)
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Pennatulacean corals are common on the continental slope of eastern Canada (16
species of sea pen, Gilkinson and Edinger 2009; Murillo et al. 2011). The present study
focuses on two of the most common on&sthgtilum grandiflorum(Anthoptilidae) and
Halipteris finmarchica(Halipteridae)whichwere recently found to act as essential larval
fish habitat (Baillon et al. 2012)A. grandiflorum exhibits virtually a cosmopolitan
distribution, with confirmed occurrences the North and South Atlantic, North and
South Pacific, Indian and Antarctic Oceans (Williams 2011) wHilefinmarchicais
restricted to the North Atlanti¢Williams 2013) Both speciesra present from 100 to
>2000 m(Baker et al. 2012). The main gaafl this study was to better define their role
and importance as biogengubstrate orhabitat with the following objectives: (1)
determine the diversity and abundance of their associated speittesan emphasis on
spatial and temporal pattern®) chaacterize the dominant symbiotic relationships; and

(3) elucidate trophic interactions between the most common associates and their hosts.

2 Material and Methods

2.1Collection

Samples oAnthoptilum grandiflorunffrom 98-1347 m) andHalipteris
finmarchica(from 256-1333 m)were obtained in 2006 and 2007 asdaych from annual
research surveys (Multispecies Surveys and Northern Shrimp Research Surveys), and the
At-Sea Observer Program, along the continental slope of eastern Caigada (Fi
Appendix 5A and 5B) all led by Fisheries and Oceans Canada (DR@litional
samples collected in April and May of 2009 and 2010 were used to determine the

consistent presence sdme associated suspected to be particularly abuddang these
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months Colonies ofA. grandiflorumand ofH. finmarchicawere frozen at20 °C on
board the vesselé dozencolonies ofA. grandiflorumwerealsomaintained alive in two
1-m? tanks kept in the dark angrovided with running unfiltered seawater at a
tempeature betweenl and 9°C ona substrate composed of ~15 cm of mud or fine sand.
2.2 Processing of samples

When less than three colonies were sampled at a site, all the colonies were
analysed. When more than three colonies were available, a minimure@ttionies
were analysg, more if needed, in ordéw reach a minimum of 2& of the colonies
sampedat each site. Few exceptions occurred when samples were unavailable or
damaged. Overall, samplesAfgrandiflorumexamined included 185 colonies
(meaduing 15-83.9 cm) in 200€007 (Appendix BA) and 60 colonies (19-86.8 cm) in
20092010 Appendix 5B). Samples oH. finmarchicaconsisted of 92 colonies (17.2
148.6 cm) in 2002007 Appendix 5A) and 12 colonies (15:84.0 cm) in 20022010
(Appendix 5B). Colonies were thawed in filtered seawater before measuring colony
length (from the peduncle to the tip of the sea pen), polyp diametet@pand density
in the three rachis sections, coined lower, middle and upper sastioprevious studies
on $a pens (Soong 2005; Pires et al. 2@¥tlon et al. 2013 Colonies were
subsequently inspected under a stereomicroscope (Nikon SMZ1500) coupleigital
camera (Nikon DXM1200F) to isolate and identify associated spddiesposition of
each assoate along the central axis was recorded (peduncle, lower, middle and upper
sections of the rachis). After extraction from the sea pens, samples of associated species
were preserved in 100% ethanol for DNA analyses or dried for 48h°& i isotopic

andyses.
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2.3ldentification of the associated species

Associated species were grouped according to their morphology andiédetdif
the lowest possible taxonomic levelhey were divided into three categories: (1)
endobiont(living inside the tissues ohé sea pen)(2) ectobiont(or epibiont, living
attachedto the surface of the sea peand (3) frediving (found unattachedo the sea
pen). For the main associates, measofdength €.g.copepod)or basal diametere(g.
sea anemone)eaverecorded.

A total of 93 samplesf associatesvere processed by the Canadian Centre for
DNA Barcoding (University of Guelph, Canada) for genetic identification. They were
analyzed using standard polymerase chain reaction (PCR) and DNA sequencing protocols
(lvanova etal. 2006; DeWaard et al. 2008). Partial COI sequences with alldatdaare
registered in the Barcode of Life Data Syst¢Ratnasingham and Hebert 2007), project
SBDSC, and deposited in GenBank (accession numi@f830998KF931047.
Identifications weremade by running the sequences against the BOLD and BLAST
databases
2.4 Distribution of the associated species

The prevalence of associates (percentage of sea pen colonies harbouring a given
species) was determined for pooled associates and for thedtegeries separately
(endobiont, ectobiont, freleving; described above). The mean yield (MY) was defined as
the mean number of associates per colony (ind cdoognsidering all sea pens
examined, and the mean exact yield (MEY) was defined as themmadrer of
associates colohyconsidering only sea peharbouring thisssociated species. Both

measures were extrapolated to obtain total yields for the associates (MYtot and MEYtot),
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both overall and within each category of associate. The MY for ésgitemean yield
[SMY] or site mean exact yield [SMEY]) was defined as the number of associates found
in that site divided by the number of sea pen colonies examinéubisite (as
individuals coloni{?). All parameters, i.e. prevalence, MY, MEY wersadeparately
determined for the most common (key) associated species.
2.5 Specificity of the Lamippidae and Corallovexiidae

Complementary data were obtained from histological sections of polyas of
grandiflorumcoloniesinfested byL. bouligandithat wee preserved in 4% formaldehyde
(n=12). Polyp samples were prepared using standard histology protocols (Baillon et al.
2011). They were dehydrated in an ethanol
sectioned (6 to 10 um) and stained with haematoxylthessin. They werexamined
under a light microscope (Nikon Eclipse 80i) coupled to a digital camera (Nikon
DXM1200F) and analyzed using the imaging software Simple PCI (v. 6.0).

To determine the impact afamippe bouligandon A. grandiflorum the density
and Ferret diameter of oocytes were determined in 5 polyps harbouring a copepod and 5
polyps without copepodsampled in a given colonyrhe measures were limited to the
upper section of the colony to avoid the variation of fecundity along the rachisa@ec
of the fecundity from the lower to the upper sectBaillon et al. 2014, Chapte).3
2.6 Trophic interactions

Due to putative regional variations in carbon and nitrogen signatures of
pennatulaceans (Sherwood et al. 2008), only samples from thentian Channel
sampled in 2007 were used for isotopic analysis; this location/date yielded several

colonies with enough copepods to allow comparisAnsalyses of stable isotopes were
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conducted according to Sherwoeidal.(2008) on 17 samples of assoem{2L.
bouligandi 3 undescribedCorallovexiidae and S$. nexili$ and on their hosts @.
grandiflorumand 4H. finmarchicg. Briefly, dried samples were ground to powder and
treated with 5% (v/v) HCI to remove carbonates, then rinsed three timedestthised
water and dried again for 24h at 8D. Between 0.6 and 2.3 mg of sample was placed
into 10x10 mm ultralight Sn capsules. Due to the small size of the copepods, specimens
from a given colony were pooled to obtain the minimum weight necesdaanalyses
were carried out using a Carlo Erba 1500 elemental analyser connected via alConFlo
interface to a FinniganTM MAT 252 isotope ratio mass spectrometer in the Department
of Earth Sciences at Memorial University. The carbon and nitrogen iso@pies are
provided usimgttaheé oBidREKFELAR vhere X
corresponds t&°C or >N and R isF*C/A?C and™>N/**N, respectively.
As per Sherwooet al.(2008) a proxy for particulate organic matter (POM) was
used in the form of sedimentary organic matter (SOM) from thesh@pled aR68-531
m) between October and December 1990 (Muzuka and HiNéareel 1999). Data for
pelagic and benthic invertebrat@sre not available for LC. However, previous data from
offshore NNL were used (Sherwood and Rose 2005) including amphipods and euphasiids
for the pelagic invertebrates, and shrimpar{dalus borealisndPasiphae multidentaja
and snow crab for benthicvartebrates to situate the sea pens in the food web.
Trophic | evel (TL) “Nwalses usisgtthe folowirgd f r o m
equation (Nilsen et al. 2008): Tasume=[ (°Nconsumer U°Nbasd / ONJHTLpasewhere
UNeonsumelC O T r e s po iPNlaft he@ tt dxea Uc 0 AONpisclne Tlsel ,  wWh i |

correspond to the value of the baseline of the trophic web consideregp,é8Nds the
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trophic frd®%t{amaet aga B8 0B &sedsudiesglieheral. an d
2005)). Here the base valumsdetermined as pésaleet al.(2013) using zooplankton
as the primargonsumexTLpase2.3, Npase9).

In addition,the gastrevascular content of the sea anem8btephanauge nexilis
(an associate dfl. finmarchica see results) were extracted and preserved in 100%
ethanol for DNA analyse&ight samples were procesfor DNA identification as
outlinedabove.
2.7 Data analysis

Rarefaction curves (Hurlbert 1971) were used to compare species richness of
faunal assoatesbetween sea pen host species using BioDiversity Pro software (©ONatural
History Museum, London/Scottish Association of Marine Sciences). Rarefaction analysis
allows an estimation of the number of species expecigg) (er a specific number of
individuak observed (n) removing the influence of the sample effort (Clankie
Warwick 2001). The evenness (or equitability, indicating whether or not species are
represented by a similar number of individuals) of the assemblage of species was

determined for bth sea pens using the Shaniidviener diversity

S
index:H'=-8 (N, /N)3 log(N, / N) where S is the total number of taxa, N the total

i=1
number of individuals, Nhe number of individuals of th& taxa.
Principal component analyses (PCA) were used to detetimenafluence of
season and region on the species distribution at the studied sites. Data were pooled per
site and a log(x+1) transformation was applied to the faunal abundance values (Clarke

2001). This transformation allows the consideration of botimib&t abundant and rarer

5-11



species. The general repartition of the associated sptmesliversityandthe

repartition of the most common associates were analysed according to sea pen colony
length, colony section, depth, region (Figurg;3.aurentian Cannel, Grand Banks,

Flemish Cape, North Newfoundland, Labrador) and season. Additionally, sea pen
morphometry (polyp density and polyp diameter) was also usatkigzethe fine scale
distribution of the most common associated species. According tordnagtar

considered, linear regression and-wey ANOVA or ttest were used, after verifying
assumptions of normality and homogeneity of variances:HRaspairwise analysis
(StudentNewman test) was conducted as appropriate. When assumptions were not met
even after transforming the dagpearman correlation and Kruskadallis or Mann
Whitney tests were used, followed by Dunno
analysis of the influence of depth on the yield was carried out only when morEdthan
colonies with associated species were sampled in the same region for a specific season.
Therefore analyses were limited #r grandiflorumto LC-spring (n=28), FGfall/winter
(n=39), GBspring (n=12), GBfall (n=24) and LBsummer (n= 20); whileonly GB-

fall (n = 11) was used fad. finmarchica For the influence of depth on biodiversity, all

data irrespective of region and depth were use and data were pooled per range of depth

(100-m interval) to determine Ezs)

3 Results

3.1Species identiftation and diversity
A total of 1652 individuals belonging to 16 species were found on the 175

colonies ofA. grandiflorumexamined and a total of 189 individuals belonging to 6
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species occurred on the 43 coloniesiofinmarchica(Table 51, Figure 52). Nine
species associated wigh grandiflorumwere classified as freeving, 1 as ectobiont and
6 as endobionts, whereas 1 fieeng associate2 ectobionts and 3 endobionts were
found onH. finmarchica The freeliving species included fish larvaBdlastesspp. and
Benthosema glacialeom Baillonet al, 2012), shrimp larvagdcanthephyra pelagica
Pandalus montagi amphipoda, copepoda, chaetogn®se(idosagitta maxima
nematoda andneunidentified species. The ectobisiticluded one occurrenad one
egg of the fisiLycodes esmarkattached to the tissues of one colonyaofirandiflorum
(from Baillonet al, 2012),severalkea anemorsStephanauge nexilend a hydrozoan
colony found on the naked upper section of colonids. dinmarchica Finally the
endobions includedparasitic copepaiLamippe bouligandon A. grandiflorum an
undescribedCorallovexiidae and an unidentified Lamippidaeh found orH.
finmarchicg and 6 unidentified species (includingdtativeegg masss onA.
grandifloruny Table 51).

Values ofEsso, when all speciesereconsideredyerehigher forH. finmarchica
(5.2 expected species) thangrandiflorum(3.3 expected speciesjowever valuesof
E(s180)were comparablé-6 expected species). The raref@acicurve forA. grandiflorum
did not reach an asymptote (Figur8A) while the curve foH. finmarchicashowed a
steeper increase of the number of species towards an asymptote (F3@)rdHdwever,
when the rarest speciesith only one observation) we removed, the rarefaction curve
of both species reached the asymptote (FigtBe Bvennessvaslower forA.

grandiflorum( H=00.48) than foH. finmarchica( H=01.04).
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Overall, 96.2% of the individuals found on the two sea pens belondesptries
The most common (78.7% of the associates) occurréd grandiflorumand was
identified ad_amippe bouligandfFigure 54A), a parasitic copepod living inside the
tissues of the polyp column (Figuredd and C). Thenexttwo most common species
were found onH. finmarchica a sea anemoneespresenting..6% of the associatefjund
attached to the central axghowing 96% DNA similarity with Hormathiidae and
identified asStephanauge nexil{§igure 55A), and a parasitic copepod (6.8% of the
associatedgrigure 56A) living inside the polyp, in the space typically hosting
reproductive cells. The latter was identified as a copepod (from the family
Corallovexiidae)ased orthe presence of naup(itharacteristic of crustacean) and its
general morphologyA genetic similarity of ~85.5% was obtained between the
undescribedCoralloveiidae and.. bouligandi(family: Lamippidae)suggestinghatthe
two species likely belong to different families despiteir similarities (including in the
shape and size of timeale). Given the localisation tiesecopepods in thehosts, they
were considered endobionts. The foustimmonspecies was present on both sea pens
(representing 9.1% of associatdajvae of redfishSebastespp. (for more details see
Baillon etal., 2012 Chapter & In addition to the fish larvae, 12 shrimp larvae were
found inApril 2006and April2007 onA. grandiflorum they were identified as
Acanthephyra pelagic€DNA: 99% certainty) anéandalus montagDNA: 100%
certainty). Six shrimpdrvae were also found on four coloniesfofgrandiflorumin April

2009, one of them identified &asiphaea multidenta@®NA: 100% certainty).
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3.2 Species distributioron the hosts

All faunalassociates were found on the rachis section didls&colonies. At least
oneof theassociatewas found on 75.9% . grandiflorumand 46.6% oH.
finmarchicacolonies. Across regi@nprevalenceroportionvaried between 58.3%

(NNL) and 96.8% (LB) forA. grandiflorumand between 23.8% (FC) and 90.0% (LC) for
H. finmarchica(Table5-2). For both species the endobionts were the most common
(prevalenceon A. grandiflorum= 72.3% on H. finmarchica= 38.6%) across geographic
regiors. They were principally represented bybouligandi(98.9%) inA. grandiflorum

and bythe undescribedCorallovexiidag87.5%) inH. finmarchica

The yield of associates (as MEY) Angrandiflorumwas significantly greater for
endobionts (9.3+0.9 ind colorythan for ectobionts (1.0+0.0 ind coloByand for free
living species (3.2+0.ihd colony’; H = 42.83, df= 2, P < 0.001). No significant
differences were found in the MEY of each category of associdte fanmarchica
(endobiont: 4.0+0.9 ind colorly ectobiont: 1.9+0.5 ind colorly freeliving: 4.3+2.3 ind
colony?; H=4.64, df= 2, P=0.099). Comparisons between the two sea pens showed
that they harboured the same number of ectobionts3Q0,P = 0.121) and frediving
associates (& 84.5,P=0.401) whereaé.. grandiflorumhosted a significantly higher
number of endobiostthanH. finmarchica(U = 1707.0,P < 0.001).

Endobionts were present in all the sections of the rachis in both sea pen species. A
significant increase of the endobiont MEY occurred from the lower to the upper section
of A. grandiflorumcolony (H = 95.9, df=2, P <0.001), while the endobionts kh
finmarchicashowed a significantly higher MEY in the middle section than invioe

othersections ifniddle Jower=upper; H= 12.39, df= 2, P=0.002). For both sea pens,
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when removing the most commaassociatéi.e. L. bouligandiand theundescribed
Corallovexiidae), no significant differences were found among sections for other
associatesA. grandiflorum H =3.10, df=2,P=0.212;H. finmarchica F,6=1.5,P =
0.296). InH. finmarchicathe sea memoneS. nexilisand a hydrozoan (ectobionts) were
always attached directly to the central axis in the upper section of the cokanies.
grandiflorumshowed a significant increase of the MEYtot with colony length (r.16,
P =0.036) while no variatiomwas noted foH. finmarchica(rs= 0.05,P = 0.735).
Analyses per category of associate showed an increase of the MEY with colony length for
free-living associates {F 0.36,P = 0.007) ofA. grandiflorumwhile no variation
occurred for other categorigs ¢ither sea pen species.
3.3 Variations with seasons, regions and depths

Principal component analysis (PCA) on the associated spedegdndiflorum
revealed that the copepbadbouligandiwas the main contributor to the first principal
component (PC: 67.4%) and the fish larvae to the second principal component (PC2:
22.0%). Two groupings were visible (Figur&B) corresponding, for the first, to the
colonies harbouring fish larvae (ApMay in the LC region, Figs-1) and, for the second
group, toall other samples in various regions/months. PCA on the associated species of
H. finmarchicashowed that the underibedCorallovexiidae was the main contributor to
the first principal component (PC1: 56.0%) and fish larvae and the sea an®&nmaxdis
to the second principal component (PC2: 24.1%). However, no specific groupings
emerged (Figure-3B). Therefore, to account for the influence of fish larvae on the
repartition of the study sites, the remaining analyses were conducted considering both

regions and seasons (spring/summer vs. fall/winter). The number and distribution of
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ectobionts and frekving associateamong seasons depths and regmesluded the
statistical analysis for these associates alone. Therefore, the analyses of seasonal,
bathynetric and regional variations were carried out using MEYtot and biodiversity
index.

Seasonal analyses inside specific regions showethehdiversity of species
associateavith A. grandiflorumwas highein spring/summer than in fall in GB
(E(st20)sprig = 7.0> Es120)ta1= 3.7) and LB (ks150)spring= 4.3> Esiz0yra1= 2.0). However, the
MEYtot did not show any significant seasomaliationsat any site (GB: = 139.0,P =
0.596; LB: U=95.0,P=0.843). The associatesldf finmarchicashowed dower
diversity inspring than falin GB (Es0)spring= 2.0< Es0yan = 3.8) but no significant
difference in MEYtot was observed in GB &P27.0,P=0.565).

Regional analysesithin the various seasons revealed that the associated
biodiversity ofA. grandiflorumexhibited a general northward decreasfall and
spring/summer (Figure-8A and B) while the MEYtot showed no significastriation
among regions (spring/summeg;dr= 2.90,P = 0.060; fall: H=4.72, df=3,P=0.193).
In fall, H. finmarchicashowed the same biodiversity of associates in FC and @B)f&E
3.94 and 3.48, respectively; Figuré€) as well as the same MEYtot €B7.0,P=
0.925), while in summer colonies showed a higher biodiversity of associdt€ghan
FC and GB (Kjure 58D) but no regional differences in MEYtoto(lz= 1.49,P = 0;247).

No significant influence of depth was found on the biodiversity of associates for
either sea pehost(A. grandiflorum r2=0.28, k9= 3.55,P=0.092,H. finmarchicarz=

0.03, F15=0.14,P=0.721). No bathymetric variation in MEYtot was found either,
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except a decrease of MEYtot with depth in GB during the falhfagrandiflorum(Table
5-3).
3.4 Relationshipbetween hosts andominant associates

3.4.1Lamippe bouligandin Anthoptilum grandiflorum

A total of 1126 femaleand 23 maleof the copepod. bouligandi(MEYtot=
9.4+0.9 copepods coloiywere recorded from 118 colonies {85 cm) ofA.
grandiflorum(prevalence of 71.1%) from all five geographic regions under study. Eggs
and nauplius larvae &f bouligandiwere found in association with 36 females (3.2%) in
18 sea pen colonies (10.8%) sampled yeand. Females mainly occurred singly in a
polyp; whereas males were always paired with a female. The female copepods measured
5.06+0.07 mm (Figure-8B) while the males were smaller at 1.39+0.17 mm (Figure 5
4D). Two females occurred in the same polyp on 25 occasions (in 18 sea pen colonies)
while larger goups of 34 females were found in only 4 polyps distributed on 3 colonies
sampled yearound. No seasonal pattern emerged to explain the pairings/groupings.
Infestation was between 0.1 and 19.1% of the polyps in an affected colony5Q.e. 1
polyps). Oveall, most (57.6%) of the colonies had less thano2¥folypsinfested and
only 3.4% of the colonies had >10%paflypsinfested An average ofi4.0+4.7
white/yellowish oocytes aspresent in nofinfested polyps and measured 429.1+11.7
pm. The infested pofys showed a significantly lower fecundity (19.6+5.1 oocytes
polyp?, representing a 45+6.9% decrease in relative fecundity) than thiefested
polyps (t= 3.51, df=8, P=0.008), and they were translucent and significantly larger

(520.5+18.8 um, U 7591.5,P < 0.001).
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No influence of colony length on the yield (MEY) of copepods was fowd (r
0.17, P=0.057). A significant increase in the abundance of female copepods occurred
from the lower to the upper section of the rachiss(F.71, df=2, P < 0.001), with
60.3% of females occupying the upper section. Positive correlations were found between
the abundance of copepod and both polyp density@r34,P < 0.001) and polyp
diameter (= 0.31,P =0.005). Infestation with.. bouligandioccurred aall sampling
depths. No correlation of MEY with depth£r-0.16,P = 0.075) and no influence of
season (H 4.06, df= 3, P=0.255) were detected. However, significant regional
differences in MEY were evidenced @H13.49, df=4, P=0.009) between B

(16.07+0.95 copepods colokyand GB (5.04+0.95 copepods coldiy

3.4.2UndescribedCorallovexiidae inHalipteris finmarchica

A total of 112 femalgand 2 malscopepods belonging to the Corallovexiidae
(MEYtot= 4.7+1.0 copepods colodywere recorde inside the polyps (Figure®A) of
28 colonies (24132 cm) ofH. finmarchica(prevalence of 29.8 %jom all five
geographic regions under study. When a male was found, it was always paired with a
female. Females measured 4.52+0.51 mm (FigteB)5and males were smaller at
0.73+0.05 mm (Figure-6C). Females occurred at the base of the polyp where
repraductive cells typically grow (Figure-6A). No oocytes or spermatocysts were
observed in the infested polyps while the surroundinginfasted polyps harboured
oocytes or spermatocystBverall61.6% of the female copepods were found in
association with ggs/nauplii (Figure #D) at various times of the year. Contrarily to

L. bouligandiin A. grandiflorum a polyp never hosted more than one female
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Corallovexiidae. Infestation rates varied between 0.1 and 1.628 {iifested polyps) in
an affected colony il only five colonies (17%) harbouring more thacdpepods

MEY was not influence by colony length (r=0.07, k2= 1.56,P=0.225). The
middle section of the rachis showed greater infestation than the upper and lower sections
(H=13.46, di=2,P < 0.001), with 50% of the Corallovexiids occurring there. This
copepod was present at all depths sampled. Despite a significant decrease of the MEY
with depth (= 0.52,P=0.010), no clear threshold was detected,; i.e. there was no
significant differencamong 108m depth intervals (H 7.24, df=7, P=0.404).
Comparison among seasons showed a higher MEY in spring than in fall.@8, df= 2,

P =0.019). No significant regional differences were evidencegof2.39,P=0.117).

3.4.3Stephanaugeexilis on Halipteris finmarchica

A total of 28 sea anemon8s nexilisvere found attached to the central axigiof
finmarchicag usually in the upper section of the rachis that was devadftiissues
(Figure 55A and C). However, three small indivials were found surrounded by polyps
(Figure 55B). Sea anemones had a basal diameter ranging from 0.4 to 9.9 cm (3.4£0.5
cm). Between 1 and 8 sea anemones (MEYtot= 4.7#dl.6olony?) were found on 14
colonies ofH. finmarchica(prevalence of 15.4%).

Sephanauge nexiliwas present oH. finmarchicacolonies from all sampling
depths studied (366125 m) with no influence of depth on the MEY=r038,P =
0.178). However, this association was restricted to the southern regions (85.7% in LC and
GB, and14.3% in FC). No significant seasonal difference in MEY was fourd 19, P

=0.142).
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3.4.4Trophic interactiondetween hosts and dominant associates

Analysis of isotopic ratios in tissuestbk twosea pen species collected from LC
showed they hasimilar i*3C  a #°M sigiature (Table5-4 ; **C1iU = 3.5,P = 0.800;
U°N: U =2.0,P=0.533). No significant differences were detected between the sea
anemoneS. nexilisand its hosH. finmarchicadespitethe fact that the sea anemone had
hi ghH€f ~10 =31.36tdf=6,P=0. 22 4 N a(h-d1=8z42, di=6,P=
0.052). Both sea pens and the sea anemone showed the same TE-@)allee two
associated copepods hsichilar it3C ~ a #°N sigiatures (Tablg-4 ; *Ciit=-1.12, df=
3,P=0. 3 #W:t=-1140,df=3,P=0. 255) . They had®ac-xigni fi
3, 41/=2216P<0. 001) and a &N g+ Ziiscla.tBP=0A0Yher U
than their sea pen hosts (Figur8)5On average, copepods were a little dwadf a
trophic level 0.4-0.6) above their hosts.

Gastrevascular contents found in 8 (28.5%) of the sea anemones comprised small
pelagic invertebrates: amphipods, copepods and halocyprids (based on DNA; Figure 5

5D-F).

4 Discussion

Different measuresf biodiversity exist and its estimation depends on the number
of species and the respective abundance of those species (PieloBid&figersity
expresse@sEisisoywas similar between faunal associatesuthoptilum grandiflorum
andHalipteris finmarchica however, the rarefaction curves showed that increasing
sample size would yieldgreater numbers of associatesAograndiflorumprobably due

to the higher number of frdevzing species found in association witiis host(see
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below). When removig the rarest species (single occurrences), the rarefaction curves
reached an asymptote, suggesting the@tmosicommon associates of both sea pens have
been sampled. The Shanrdfeiner index ascribed more even abundances to the
associates dfi. finmarchi@ thanto those ofA. grandiflorum Associates oA.
grandiflorumareclearlydominated by one species. Lamippe bouligandiAssociates

of H. finmarchicaare dominated by two species, amlescribedCorallovexiidae and
Stephanaugaexilis resulting ina slightly more even distribution. Overalpecialized
copepods emerge as the predominant associates of sea pens. Variations in richness of
faunal associateserenot observed across depths, while a northward decrease was
visible for both sea pens, whighin accordance with previous studies reporting a general
decrease of biodiversity with increasing latitude (Rex et al. 2000; Rex and Etter 2010).
Variation in primary productivity over large spatial scales has been proposed to generate
this trend (Rexteal. 1997).

Sea pen coloniestudied herepnly yielded associated species on the rachis, and
none on the peduncle. This is not unexpected since the peduncle is almost completely
buried in the sediment in bot grandiflorumandH. finmarchica Howeve, a
polychaete Qphryotrochasp.) was recorded in association with the pedusicéea pen
colonies that had been maintained alive in the laboratory for a few \ieeksling A.
grandiflorumandH. finmarchicg; the polychaete appears to beeavdeepsea species
that feeds on sea pen flesh and decaying matter (Metcdr unpubl. data). An earlier
report by Johnstone (1969) described the presence of a parasitic copepod living in/on the
half-buried peduncle of the shallewater sea peRtilosarcus gumeyifrom the North

Pacific.

5-22



The number of associates species identifiedl. igrandiflorumandH. finmarchica
is similar to that reported in the shallavater sea peR. guerney{Johnstone 1969)
supporting the idea that sea pens attract a moderate diversity of associated species. The
biodiversity associated with both sea pens is lower than that reported in order Gorgonacea
(sea fans). Two gorgoniarfspm the Northwest Atlantid®aragorgia arboreaand
Primnoa resedaeformishowed an f100)around 12 and 35 expected species,
respectively (BuhMortensen and Mortensen 2005), which-8 8mes higher than&oo)
in A. grandiflorumandH. finmarchicafrom the same geographic regidrhis difference
likely results from the type of habitat offered by sea pens vs. sea fans. Two different
microhabitatsharacterizgorgonians: (1) living tissues in the young body parts of the
colony and (2) exposed skeleton in the older body part afdloey. The former
harboured a lower biodiversity but the highest abundance of specialized associates. The
greater biodiversity in the older/dead section is due to the capacity of sessile species to
settle there, as also observed in dead sections ofsgeegcleractinians (Mortensen et al.
1995; Mortensen 2001). The relatively low biodiversity associated with sea pens might
therefore be due to the less frequent availability of exposed skeleton for other species to
colonize. The central axis of sea p&rmed of collagen and calcite (Wilson et al.
2002),andprovides support to the colonlyowever, itapparently does not survive the
col ony 6s dsnaanb deddskeletbonenesampledhere(personal
observations) or reported previously. Somieees ofH. finmarchicashowed no tissue
on the older upper section where two ectobiotic species were found (sea agemone
nexilisand a hydrozoan). The biodiversity in this older section was not consistently

higher than elsewhere along the colony, widah be due to its small diameter and the

5-23



smooth surface of the central axis, less favorable to settlement, as well as its susceptibility
to erosion or grazing predators, as suspected by Baillon &telpfer 2 Few ectobiotic
species areeported on th living tissue of gorgonians and all are highly specialised
symbionts (BuhMortensen and Mortensen 2008)similar rarity ofectobiotic species
were identified on sea penwne of which were found on the living tissuesof
finmarchicaand only one othesoft tissue®f A. grandiflorum an egg mass of the
eelpoutLycodes esmarkiEctobiotic species are probably rare because soft corals,
including sea pens, produce toxic chemicalsgas antifouling agents (Coll 1992; Krug
2006; Changyun et al. 2800 A study on the shallowvater sea peRenilla octodentata
confirmed the negative effect of those agents on the settlement of barnacle-(Garcia
Matucheski et al. 2012Lhemicals, if present, seem to have a limited impact on
colonisation by endobiontic spies,which represent 87.7% of the associates recorded.
The ability of endobionts to colonize sea pen tissues might be explained by the fact that
most of them are parasitic and have develo
(Kaltz and ShykoffL998). Overall, 38.6% of the coloniestéf finmarchicaharboured
endobionts compared to 66.7%Afgrandiflorum suggesting that the former may be
better protected against infestationbe rachis oH. finmarchicaproduces a larger
guantity of mucus thathat ofA. grandiflorum(personal observation), which might create
a barrier against settlement and mitigate infestation.

While chemical deterrents produced by corals may influence colonisation by
ectobionts and endobionts, they are also known to gdet¢dators (Mackie 1987,
Changyun et al. 2008). Hence, corals may offer protective shelter tiviree

associates/Ne found ecleardifference in the number of frdering associates between
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the two sea pens. All 9 frdwing associates were found @n grandiflorumand only one
(larvae ofSebastespp.) onH. finmarchica It is presumed thak. grandiflorumrelies

only on chemical defenses whHe finmarchicaalso harbours sclerites forming dyea
around the polyps (physical defense, ChapteHBwever, the common observation of
bare central axis iRl. finmarchicasuggests that this species is more often grazedthan
grandiflorum possibly explaining why frelving associates might favout.

grandiflorum even though it can be predatedslmw-moving species such as thea star
Hippasteria phrygiandGale 2013). Alternatively, the morphology of the two sea pens
might explain this discrepancy. The elongated polyps. gfandiflorumoccur singly,

while the polyp rows oR. finmarchicaare fised at their base, forming ridges, as
describedy Williams (1995). ThusA. grandiflorumi s mo r ethafibh.u s hy o
finmarchica which probably allows small invertebrates (e.g. shrimp larvae, copepods)
and small vertebrates (e.g. fish larvae) toAisgrandflorum for shelter and protection.
The shallowwater sea peR. guerneyprovided anchorage to various species against the
tidal flow and a hiding place for small invertebrates, e.g. amphipods, caprellids and
shrimps (Johnstone 1969), emphasising the itapoe of sea pens as shelter and
structural habitat. Whilél. finmarchicais a less likely shelter for frdesing organisms,
stomach contents of its ectobiont, the sea anerSteEhanauge nexilishowed the
presence of small invertebrates (Hieeng amphipods, copepods and halocypriods),
suggesting their presence around colonigd.dinmarchica The whip morphology ofl.
finmarchicamay be lessikely to retain small associates during sampling and lead to an
underestimation of this type of associati@uhtMortensen and Mortensen (2005)

indicated that sampling of the associated species ofgkgegorgonians by trawl led to
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the loss of most of the mobile crustaceans, which were sampled when using suction
devices with a ROVAN additional challenge ithat £me freeliving associates of sea

pens are present only during a specific life stage and/or a specific season: three different
species of shrimp larvaéd¢anthephyra pelagicd&andalus montaguindPasiphaea
multidentata were found here in April/Ma(spring)exclusively Previously, fish larvae

of Sebastespp. were also found on both species of sea pens in April and May, prompting
the suggestion that sea pens act as essential fish habitat (Baillon et aCR@i2r &

The additional presence siirimp larvae underscores the importance of sea pens for the
early life history of other species, including commercially harvested ones.

While transient frediving associates are important, the three most common
associates found on both sea péns6uigandi on A. grandiflorum S. nexilisand
undescribedCorallovexiidae oH. finmarchicg can be considered symbionts.

L. bouligandiand the corallovexiid are endoparasitiatspend most of their life history

inside the polyp. Whilé. grandiflorumandH. finmarchicaare sympatric species, their
respective endoparasitic copepadedistinct. Lamippidae are adapted to their coral host
(Bouligand 1966) supporting the assumption thdiouligandiis highly specific toA.
grandiflorum In contrast, Corallovexiidae aeghermonospecificor found in 2 or 3

closely related coral hosts (Stock 197/&)ggestinghat the corallovexiid in

H. finmarchicamight yet be found in other sea pe@spepodn A. grandiflorum

predominated in the upprachis section, whereas thosélirfinmarchicaoccurred

mostly in the middle section. This trend can be explained by the greater density and larger
diameter of polyps in these sections, which correspond to pdigrs (Chapter 2 and

thus provide grater opportunity for infestation.
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Both copepods had an impact on the polyps they infested: a total absence of
oocytes/spermatocysts suggesting an inhibition of gametogenétisimmarchica and
~45% decrease in relative fecundityAngrandiflorum Parasitic copepods disrupt
vitellogenesis (yolk deposition) either because they interfere with feeding or increase
energy expenditure by the polyp (e.g. immune reaction). At the colony level, few polyps
are infested limihg the effect on total fecundity oi¢ colony Lamippidae were
previously shown to increase mortality rates of sea pen hosts under stress (e.g. anoxic
condition) despite their healthy appearance in optimal conditions (Johnstone 1969).
Overall, ®pepods are the most common parasites identifidéepsea octocorals
(Watling et al. 2011). Here, in addition to the two species discussed above, 7 individuals
of an unidentified Lamippidaeere recorded in the polyps df finmarachica
Furthermore, a copepod of the gehusaresiawas recently foud in the polyps of a
deepsea gorgoniarRaramuriceasp., in the Northwest Atlantic (de Moura Neves et al.
2013)The sea anemorf nexilisfound onH. finmarchicuss commonly reported from
the Northwest Atlantic, from the Gulf of Mexico (Ammons and D2098) to Labrador
(Fautin 2013)S. nexilisemerges as a facultative ectobiwiith a low specificity for
H. finmarchica.lt is found attached to rocks, empty shells and sponges in the Gulf of
Mexico (Ammons and Daly 2008). The life history of this spee®t known, but it can
be hypothesised that it settles at the larval stage on the central axis of the sea pen and
remains there due to the general absence of other suitable subbtregenuddy seafloor
dominatesWhether the absence of polyps aroumeldea anemones is a prerequisite to
their settlement on sea pens, or an outcome of it, remains unclear. Some colbnies of

finmarchicaexhibited a naked central axis without any visible ectobionts, suggesting that
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loss of living tissue may precede colpation and supporting the assumption that the sea
anemone is a commensal symbiont. On the other hand, a small number of sea anemones
(probably newly settled) were observed to be closely surrounded by healthy
tissues/polyps. Perhaps they initially settledacsmall naked section of the colony and

grew toward living tissues. It is not impossible that they are able to dislodge the polyps,
which would correspond to a previously unreported case of parasitism.

The present study attempted to elucidate troptatiomships among sea pens and
their principal associates. Pr &Nbetwees wor k
prey and predator in polar and desga environments (Iken et al. 2005). Here, the
endoparasitic copepods fell about half a trophic lelselva their sea pen hosts. Parasites
are presumed to feed on a single source during a specific life stage (Lafferty et al. 2008),
indicating that feeding on the ho¥Nt tissue
whereas feeding on the samefooddse host should resuiNt in n
of parasite and host (Iken et al. 2001). The intermediate values recorded here suggest that
copepods might use a mix of feeding strategies. This hypothesis is supported by the
location of the parasiticopepods inside the polypshich suggests that they can both
feed directly on sea pen tissues and feed on items ingested by the polyp. Johnstone (1969)
proposed a similar hypothesis for the dieLamippesp. associated with the shallow
waterP. guerneybased on its location and on the observation of orange matetgl in
digestivetrat( t he col or of the sea pends tissues) .
the sea anemone and both sea pens feeddmentary organic matter addition to
small péagic invertebrates (Edwards and Moore 2008). However, the sea anemone is

potentially targeting different prey based on small invertebrates found in their-gastro
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vascular cavity, which were not observed in the sea pen pelyps open to look at the
presege of associated speciesiggesting that the sea anemone is not competing with its
host for food.

Overall, sea pens appear to havmoderate number associated species, as
previouslyhypothesizedBuhl-Mortenseret al.2010). Nevertheless, sea pens play
important roles in the life history of their associates. Some, such as parasitic copepods
spend most ¢fpossibly alltheir life in association with sea pens and depend on them to
survive and reproduc&he presence dhe sea anemone éh finmarchicaconfirms that
sea pens offer a suitable biogenic substrate for other species. Seaepaiss important
for mobile species such as fishes and shrimps that use them transiently as shelter during
early life stagesindicaing that sea pens can be considered as biogenic hilotaever,
the seasonality in these associations as well as the distribution of the sea pens (patchy
occurrence of sea pen fieldnphasizes the difficulty in gaining a comprehensive
understanding aher role asbiogenic habitats. The sampling method used in this study
(trawl by-catch)doesnot allow precise determination of functional interactions with-free
living associatesr a quantitative analysis, as these associates might be lost during
samplng. However, this metho advantageous by permittindgeaige spatial and
temporal coverageas well as a large sample size, allowing the identification of spatial
and temporal patterns which would not be possible with other sampling methods (e.qg.
ROV). Furthermore, cabccurrences were not investigated here; only close (physical)
associations. Recent studies have shown that the s@4estimster bairdis usually
found in sea pen fields in the Northwest Atlantic (Gale 2013), and that lobsters often

occurin association with sea pens in Norway fjords (BMidrtensen and Buhl
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Mortensen 2014) suggesting that tmatribution of pennatulacean corals to deep

biodiversity has yet to be fully elucidated.
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Tables

Table 5-1 Species found on the sea p&mhoptilum grandiflorunandHalipteris

finmarchicaduring the present study (206@607)

Number of Prevalence Type of Life stage Link to pictures
Associated species individuals (%) association
On Anthoptilum grandiflorum
Actinopterygii
Scorpaeniformes
Sebastespp. 150 17.1 Freeliving Larvae Baillon et al. (2012
Myctophiformes
Benthosema glacial 1 0.4 Freeliving Larvae Baillon et al. (2012
Perciformes
Lycodes esmark 1 0.4  Ectobiont Egg Baillon et al. (2012
Chaetognatha
Aphragmophora
Pseudosagitta maxim 4 0.9 Freeliving Adult Figure5-2G
Crustacea
Copepoda
Lamippe bouligand 1458 66.2 Endobiont Adult Figure5-4
Unidentified copepod 4 1.7 Freeliving Adult Figure5-2H
Decapoda*
Acanthephyra pelagic 2 0.4 Freeliving Larvae Figure5-2B
Pandalus montagt 3 0.9 Freeliving Larvae Figure5-2B
Unidentified decapod 7 1.7 Freeliving Larvae Figure5-2B
Amphipoda
Unidentified amphipod: 3 1.3 Freeliving Adult -
Nematoda
Unidentified nematod 2 0.4 Freeliving Adult -
Unidentified species
Unidentified sp. 1 6 2.6 Endobiont Egg Figure5-2D
Unidentified sp. 2 2 0.9 Endobiont Egg Figure5-2F
Unidentified sp. ¢ 6 2.1 Endobiont Egg Figure5-2C
Unidentified sp. < 1 0.4 Endobiont Egg Figure>-2E
Unidentified sp. & 1 0.4 Endobiont ? --
Unidentified sp. € 1 0.4 Freeliving ? Figure5-2A
On Halipteris finmarchica
Actinopterygii
Scorpaeniformes
Sebastespp. 17 4.3 Freeliving Larvae Baillon et al. (2012
Cnidaria
Actinaria
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Table 5-1 continued

Number of Prevalence Type of Life stage Link to pictures
Associated species individuals (%) association
Stephanauge nexil 28 16.0  Ectobiont Adult Figure5-5
Hydrozoa
Unidentified Hydrozoe 1 1.1  Ectobiont Adult --
Crustacea
Copepoda
UndescribedCorallovexiidae 112 29.8 Endobiont Adult Figure5-6
Unidentified Lamippidae 7 7.5 Endobiont Adult Figure5-2I
Unidentified species
Unidentified sp 7 10 4.3 Endobiont ? Figure5-2J and K

* 6 more larvae were found in April 2009 with a third species identifidéleaiphaea multidentata
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Table 5-2 Prevalence of associates on colonie8.ofrandiflorumandH. finmarchicain

the different geographic regions (as percent colonies harbouring them). Data also shown
separately for endobionts, ectobionts and-fidag associates. LC: Laurentian Channel,
GB: Grand Banks, FC: Flemish Cape, NNL: North Newfoundland, LB: Labrador.

Allregions | ~ o5 Fc NNL LB
combined

All associates 75.9 67.5 74.0 70.0 58.3 96.8
A. grandifiorum Endot_)ionts 72.3 52.9 72.2 70.0 58.3 96.8
' Ectobionts 0.6 0.0 00 33 00 0.0
Freeliving 26.0 529 83 0.0 00 16.1
All associates 44.7 90.9 44.7 23.8 -- 55.6
H. finmarchica Endot_)ionts 37.2 455 36.8 23.8 -- 55.6
' Ectobionts 20.0 63.6 184 4.8 -- 0.0
Freeliving 4.3 27.3 0.0 48 -- 5.6
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Table 5-3 Influence of increasing depth on total mean yield (MEYtot) of all associates

on colonies oAnthoptilum grandiflorunandHalipteris finmarchican the different
geographic regions (only sites with more than 10 colonies harbouring associated species
are slown). LC: Laurentian Channel, GB: Grand Banks, FC: Flemish Cape, LB:
Labrador, n: number of sea pen colonies analysed. Empty cells correspond to regions

without enough data available for analyses.

Species Region Depthrange n  Spring/summer Fall/winter
(m)

LC 301-488 28 r2=0.07,r1,71.81, p=0.190
Anthoptilum GB 98-603 12 r2=0.03, F,1:=0.34, p=0.570 r2=0.41, k»+=15.06, p<0.001
grandiflorum FC 2731208 39 r<=-0.06, p=0.734

LB 176883 20 r2=0.02, k,150.34, p=0.569
Halipteris o _ _
finmarchica GB 5791333 11 r2=0.01, k,15~0.05, p=0.825
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Table5-4Car bon and

nitrogen €t a M) eiditrsphit o p e

level (TL) of Anthoptilum grandiflorunandHalipteris finmarchicaand their dominant

associates. n: number of samples analysed (meanzSE).

n 0¥C (a) Uu®™N (a'TL
Anthoptilum grandiflorum 2 -20.9+0.1 11.3t0.8 3.0
Lamippe bouligandi 2 -22.7+0.2 13.4+0.1 34
Halipteris finmarchica 4 -21.3+04 10.5+0.3 2.7
Stephanaugeexilis 5 -20.4+0.3 11.5£0.2 2.9
UndescribedCorallovexiidae 3 -23.3+0.3 12.8+0.3 3.3
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Figure 5-1 Map showing the five geographic regions where colonies of the sea pens
AnthoptilumgrandiflorumandHalipteris finmarchicavere collected along the

continental slope. LC: Laurentian Channel, GB: Grand Banks, FC: Flemish Cap, NNL:
North Newfoundland, LB: Labrador.
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Figure 5-2 Associates oAnthoptilum grandiflorum(A) unidentified sp. 6, (B) decapoda
larva, (C) unidentified sp. 3, (D) unidentified sp. 1, (E) unidentified sp. 4, (F) unidentified
sp. 2, (G)Sagitta maxima (H) unidentified copepodé&lnidentified sp. 1 to 4 coespond

to potential egg mass. AssociatedHalipteris finmarchica (I) unidentified Lamippidae,

(J and K) unidentified sp. 7. Scale bar in A and F=4 mm, B=200 pum, C, H and J=500 pm,
D and G=2 mm, E=2 mm, | and K= 100 pum. Species numbers linked to Fable
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