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ABSTRACT

We examined four species of sea pen (Anthoptilum grandiflorum, Halipteris finmarchica,
Pennatula aculeata and Pennatula grandis) collected from the Gulf of St. Lawrence and
mouth of the Laurentian Channel, eastern Canada. An exponential length-weight
relationship was found for all four species, where growth in weight was progressively greater
than growth in length with increasing colony size. Halipteris finmarchica, P. grandis and
P. aculeata presented the better allometric fits, explaining over 80% of the variance. In
addition, a count of growth increments visible in transverse sections in 86 A. grandiflorum
and 80 P. aculeata samples was made. Presumed ages ranged between 5 and 28 years for
A. grandiflorum and 2 and 21 years for P. aculeata. Radiocarbon assays were inconclusive and
could not be used to confirm these ages; further age validation is required. Radial growth of
the rod is slow during the first years, increasing at intermediate sizes of the colony and
slowing down again for large colonies. Similar results were obtained from the relationship
between colony length and number of growth increments where a logistic model was the
best fit to the data. On average Spearman’s rank correlations showed 11% of shared variance
between sea pen length or weight and environmental variables. Bottom temperature and
salinity, depth and summer primary production were significantly correlated to sea pen size
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for most species.

Introduction

Sea pens or pennatulaceans (Phylum Cnidaria, Order
Pennatulacea) are colonial marine octocorals. Their
colonial body is initiated by a single large primary
polyp that usually anchors into soft sediment by a ped-
uncle that forms a rachis extending towards the distal
end (Figure S1). This single polyp buds to form second-
ary feeding and reproductive polyps (autozoids) and
water-intake polyps (siphonozoids) and in some
species, polyp-bearing leaves that are added to the
base of the frond proximal to the peduncle (Antcliffe
& Brasier 2008). Sea pens are passive suspension
feeders and most have a mineralized central axial rod
along the length of the colony, which along with
internal sclerites provides rigidity so that the feeding
polyps are optimally oriented in the water column.
Sea pens are globally distributed from intertidal sand
or mud flats to abyssal plains and hadal trenches,

primarily in soft bottoms (Williams 2011), although a
few species can inhabit hard bottoms by a sucker-like
expansion of the proximal end of the peduncle (Wil-
liams & Alderslade 2011). Morphological diversity in
the Pennatulacea is high and includes plumose, umbel-
late, clavate, foliate, capitate, digitiform, flagelliform
and vermiform growth forms (Williams 2011).

Under suitable conditions, sea pens can form dense
aggregations over large areas known as sea pen fields
(Kenchington et al. 2014). These fields provide impor-
tant structure in low-relief sand and mud habitats
where there is little physical habitat complexity, creat-
ing biogenic habitat for suprabenthic and benthic
invertebrates (Humes 1978; Fujita & Ohta 1988;
Nygren & Pleijel 2010; Baillon et al. 2014a; De Clippele
et al. 2015) and demersal fish (Malecha et al. 2005). Sea
pens can also be a food source for some invertebrates
(Birkeland 1974; Garcia-Matucheski & Muniain 2011).
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Sea pen fields can alter near-bottom water current
flow, thereby retaining nutrients and entraining plank-
ton and organic particles near the sediment (Tissot
et al. 2006).

Due to their formation of biogenic habitat and poor
recovery after fishing disturbance (Greathead et al.
2005; Troffe et al. 2005; Heifetz et al. 2009; Malecha &
Stone 2009), sea pen concentrations are considered Vul-
nerable Marine Ecosystems (VMEs) (FAO 2009) in the
North-west Atlantic, and the Northwest Atlantic Fish-
eries Organization (NAFO) has closed several areas to
bottom-contact fishing gear on Flemish Cap to protect
the sea pens there (NAFO 2017). In Canada, sea pen
fields are considered Ecological or Biological Significant
Areas (EBSAs; Kenchington 2014), as well as Significant
Benthic Areas (DFO 2017) that require special manage-
ment consideration. In the North-east Atlantic they are
also listed in the OSPAR list of threatened and/or declin-
ing species and habitats (OSPAR 2008).

In the Gulf of St. Lawrence, eastern Canada (Figure 1),
sea pen concentrations extending over tens of kilometres
have been identified by means of a kernel density analy-
sis of catch records from trawl survey data (Kenchington
et al. 2016b). Sea pen fields are present in patches along
the Laurentian Channel at depths below 200 m, and the
species known to form these concentrations are Anthop-
tilum grandiflorum (Verrill, 1879), Halipteris finmarchica
(Sars, 1851), Pennatula aculeata Danielssen, 1860 and
Pennatula grandis Ehrenberg, 1834. These fields contain
the highest densities of sea pens in Atlantic Canada
and the Eastern Arctic with individual trawls of 1 km
length recording over 100 kg of sea pens (Kenchington
et al. 2016b). Species distribution modelling (Kenching-
ton et al. 2016a; Murillo et al. 2016a) has shown that
there are large areas of suitable habitat along the Lauren-
tian, Anticosti and Esquiman Channels (Figure 1), with
highest biomass in the Laurentian Channel (Murillo
et al. 2016a). In adjacent international waters, sea pens
form a major, regional-scale faunal group on the upper
slopes of the Grand Bank (< 620 m) and Flemish Cap (<
500 m), typified by the sea urchin Phormosoma placenta
Thomson, 1872, and the sea pens A. grandiflorum and
Funiculina quadrangularis (Pallas, 1766) (Murillo et al.
2016b), although the biomass of catches there are
approximately one order of magnitude less than those
recorded from the Gulf of St. Lawrence (Murillo et al.
2011).

Despite the global occurrence and conservation
status of sea pens, little is known of their biology and
ecology, and their vulnerability to fishing and other
pressures has been assessed under a precautionary
approach. Information on longevity, growth rates,
population structure and reproduction of sea pens is
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necessary to evaluate their ability to recolonize and
re-establish habitats after perturbation and to quanti-
tatively assess the significant adverse impacts that
fishing and other human activities can have on these
VMEs (UNGA 2006). In particular, information on age
and growth is often used to estimate natural mortality
or total mortality, which are key components in the cal-
culation of important population and demographic
parameters, such as population growth rates and gen-
eration times.

Sea pen catchability from trawl gear and other tra-
ditional sampling methods, such as dredges or grabs,
is very low (Troffe et al. 2005; Doyle et al. 2011; Kench-
ington et al. 2011), and therefore their abundance and
biomass are underestimated using these sampling
methods. Recently, alternative tools such as under-
water imagery from remotely operated vehicles
(ROVs) and towed sleds have been used to provide a
better understanding of their numerical importance,
to validate modelled distributions and to establish in
situ monitoring (NAFO 2016; Rooper et al. 2017).
Reliable age-length keys would greatly enhance the
value of such imagery by enabling in situ estimates of
sea pen population demography, and through
length-weight relationships (e.g. Bird & Prairie 1985;
Winters & Wheeler 1994; Kimmerer et al. 2005) their
biomass could be estimated in order to understand
the ecological function that sea pen fields play in
bathyal and deep-sea ecosystems. In particular, the
relationship between the visible portions of the sea
pens (above the peduncle) and total length is
needed, as imagery is unable to capture total length.

Here we examined length-biomass (wet weight)
relationships for four species of sea pen present in
the Gulf of St. Lawrence and the mouth of the Lauren-
tian Channel, and the population size structure of sea
pens from selected stations in the Gulf. We measured
peduncle length and length and width of the axial
rod in A. grandiflorum and P. aculeata, and estimated
the length of peduncle that is buried in the former
species. In addition, we attempted to estimate the
age and radial growth by counting growth increments
in cross-sections of the axial rod in A. grandiflorum and
P. aculeata, validate the estimated age for P. aculeata
through radiocarbon analysis, and provide a growth
model for both species.

Material and methods
Study area and sample collection

The Gulf of St. Lawrence is a semi-enclosed sea that
opens to the Atlantic Ocean through the Strait of
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Figure 1. Map showing the location of trawl sets where sea pens were collected (Tables SI-SllI). The depth contour is 200 m. The
polygons indicate high concentrations of sea pens (Sea Pen Significant Benthic Areas (SBA); Kenchington et al. 2016a). NGSL =
Northern Gulf of St. Lawrence; SGSL = Southern Gulf of St. Lawrence; GEAC = Groundfish Enterprise Allocation Council; LEIM =
Beam trawl survey; AC = Anticosti Channel; EC = Esquiman Channel; LC = Laurentian Channel.

Belle Isle and Cabot Strait (Figure 1). Three deep chan-
nels cross the northern portion of the Gulf: the Lauren-
tian Channel (>300 m deep), which connects the
Atlantic Ocean to the St. Lawrence Estuary, and the
Anticosti and Esquiman Channels (>200 m deep),
which branch off northwards from the Laurentian
Channel. The Gulf receives large freshwater runoff
from eastern North America, mainly through the
St. Lawrence River (Bourgault & Koutitonsky 1999),
and it receives cold and saline Labrador Shelf Waters
through the Strait of Belle Isle. A mixture of Labrador
and Slope Water entering the Laurentian Channel
from the continental shelf with temperature greater
than 4°C and salinity higher than 33-34 constitutes
the deep layer (Lauzier & Trites 1958). The Gulf of
St. Lawrence and Estuary is one of the largest estuar-
ine/marine ecosystems in the world (Dufour & Ouellet
2007).

Table I. Numbers (No.) of trawl sets and specimens of sea pens
by species from 130 trawl sets used to establish the length—
weight relationships.

Species Total No. Trawl Sets  Total No. Specimens
Anthoptilum grandiflorum 74 1150
Halipteris finmarchica 14 76
Pennatula aculeata 85 1480
Pennatula grandis 48 560

Specimens of four sea pen species — the flagelli-
form Anthoptilum grandiflorum and Halipteris finmarch-
ica, and the plumose Pennatula aculeata and Pennatula
grandis — were collected from the Gulf of St. Lawrence
and the Laurentian Channel during Department of
Fisheries and Oceans, Canada (DFO) multispecies
research trawl surveys and a Groundfish Enterprise
Allocation Council (GEAC) Unit 2 survey in 2011
(Figure 1, Table Sl). These surveys sampled different
areas of the Gulf of St. Lawrence and Laurentian
Channel using different types of trawl gear: the north-
ern Gulf of St. Lawrence (NGSL) survey sampled the
northern part of the Gulf using a Campelen 1800
trawl equipped with a rockhopper footgear and
12.7 mm mesh lining in the codend (Archambault
et al. 2012) and sea pens were collected at most of
the stations along the channels; the southern Gulf of
St. Lawrence survey (SGSL) sampled the southern part
of the Gulf using a Western IIA trawl with no rockhop-
per and 19 mm mesh lining in the codend (Savoie et al.
2012), but sea pens were only collected along the
southern edge of the Laurentian Channel overlapping
with the NGSL; and the GEAC Unit 2 survey sampled
the opening of the Laurentian Fan at the mouth of
the Laurentian Channel with an Engel 170 trawl gear
with 30 mm mesh lining in the codend (Kulka &



Atkinson 2016). All surveys followed a stratified random
sampling design based on depth and geographic
region.

A total of 3266 specimens from 130 trawl sets were
examined to establish the relationship between length
and weight for each sea pen species (Table I), with 2311
colonies of the four species collected in 2011 and 955
colonies of P. aculeata from two trawl sets separated
by less than 10 km collected in 2015. These last
P. aculeata samples were caught with a 3-m wide
beam trawl equipped with heavy tickler chains and
17 mm mesh in the codend (LEIM in Figure 1). In
addition, A. grandiflorum and P. aculeata samples for
ageing were collected from 2001 to 2011, with most
samples collected in 2001, 2002 and 2011 (Tables SlI
and Slll). Samples were frozen in a —20°C freezer
upon collection and remained frozen until processing.

The validity of the growth increments as age indi-
cators in P. aculeata was assessed on a specimen
(Pa058, Table Slll) obtained after considerable search-
ing by Dr Pierre Brunel (Institut Québécois de la Biodi-
versité (IQBIO), care of Département de Sciences
Biologiques, Université de Montréal). This specimen
was collected in the Gulf of St. Lawrence off Rimouski,
northern Quebec on 12 July 1972; therefore, it was
determined to be a good candidate for '*C analysis
since its growth sequence would be expected to
span the period of increasing radiocarbon concen-
trations (1958-1965). The specimen was initially
placed in formalin at sea but was transferred to 70%
ethanol with 4% glycerine within a few weeks of collec-
tion. Another specimen collected in 2011 (Pa009, Table
Slil), frozen before being processed, was used as a
control.

Morphometric relationships

The total length (straightened out for measurement in
A. grandiflorum and measured to the apex of the distal
leaf in P. aculeata and P. grandis, Figure S1a) and wet
weight of the four sea pen species were measured to
the nearest mm and nearest 0.01 g, respectively, from
the thawed samples. Scatterplots of length and
weight were created for each sea pen species.
Length-weight relationships were expressed by the
standard allometric equation:

W = al® (M

where W is the colony wet weight in grams, L is the
colony length in mm, a is the intercept and b rep-
resents the rate of increase (i.e. slope). Samples with
missing tissue were not considered in the length-
weight relationships.
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The mean values of colony length and weight of
each sea pen species per trawl set of the 2011
surveys (Table SI) were plotted and the Spearman’s
rank correlation between these values and 62 environ-
mental variables derived from various sources (Beazley
et al. 2016, 2017; Guijarro et al. 2016) was calculated.
Differences between mean values of colony length
and weight of each sea pen species in each survey
(NGSL, SGSL and GEAC Unit 2) were tested using the
non-parametric Kruskal-Wallis test between groups
and when significant differences were detected the
Mann-Whitney U test between pairs of groups was
run to identify the groups responsible for the differ-
ences. These surveys represent areas with different
physical  characteristics  within  the Gulf of
St. Lawrence; in particular, the GEAC Unit 2 survey
covers areas where surface and bottom salinities are
higher than elsewhere due to the reduced influence
of freshwater outflow from the St. Lawrence River
(Richaud et al. 2016). As noted above they also rep-
resent different trawl configurations and mesh sizes.
Consequently, differences in mean values among and
between surveys could be due to both environmental
and catchability factors. To address the catchability
issue to the extent possible, we identified a common
area in the Laurentian Channel sampled by both the
NGSL and SGSL surveys (Figure 1). Mann-Whitney U
tests between these surveys in the common area
were run for each species. Trawl sets included in the
common area are indicated in Table SI.

Additional morphometric data were collected for
each individual of A. grandiflorum and P. aculeata col-
lected for ageing. Morphometric measurements
included total length, peduncle length, estimated ped-
uncle length from basal tip to substrate surface (for
A. grandiflorum only, as no physical mark is evident in
P. aculeata, Figure S1b), and after dissection, length
and width (measured at the location of the maximum
diameter) of the axial rod. Total weight, tissue weight
and axial rod weight were also recorded (Tables SlI
and Slll). Regressions between total length and length
without peduncle and between total peduncle length
and estimated peduncle length from basal tip to sub-
strate surface in A. grandiflorum (peduncle buried in
sediment) were calculated. The Pearson correlation
between the proportion (in %) of peduncle length
with respect to the total length of the colony was com-
puted for both species and between the proportion (in
%) of peduncle length with respect to the peduncle
buried in sediment for A. grandiflorum.

The length frequency distributions from seven trawl
sets containing more than 100 colonies of the same
species were plotted; three for A. grandiflorum, two
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for P. aculeata (one of them includes the two adjacent
trawl sets collected in 2015 where the samples were
combined), and two for P. grandis (Table SI). Five of
these sets were located inside Sea Pen Significant
Benthic Areas (Kenchington et al. 2016a), making
them good candidates for the study of the population
size structure of the sea pen fields from the Gulf of
St. Lawrence. Measurements were grouped into size
classes of 10 mm for A. grandiflorum and 5 mm for
P. aculeata and P. grandis. For this analysis samples
with missing tissue but complete length were included.

Ageing

A total of 129 samples for each of A. grandiflorum and P.
aculeata were processed. Of these, 86 A. grandiflorum
and 80 P. aculeata were aged using presumed annual
growth increments, while increment width was
measured in a subset of 48 and 64, respectively. Not
all samples were candidates for ageing and measuring
as some were damaged during processing while others
had growth increments that were not concentric. The
non-concentric growth increments may have been
the result of uneven sectioning or strong unidirectional
currents causing asymmetric growth.

Preparation of sections for age determination

A 20-mm long section of the axial rod of each sea pen
was taken at the maximum diameter of the rod, and
allowed to dry at room temperature for 2-4 weeks.
Once dry, each rod section was placed in a 2-ml
screw top plastic vial with a small amount of duct
seal compound on the bottom to secure the rod in a
vertical position. A hydrophilic embedding resin (LR
White) was then added and the vials were sealed.
The vials were placed in an oven at 60°C to cure the
resin. The vials were cut transversely using a Buehler
Isomet low speed saw fitted with paired diamond
blades, producing a 3 mm-thick cross-section of the
axial rod embedded in resin. The section was then
affixed to a standard microscope slide using epoxy
resin and held in place by a press until the epoxy
cured (1-2 days). The samples were ground to a
section thickness of 350 um on a Buehler Petro thin
sectioning system and further ground using a Meta
Serv 3000 variable speed grinder/polisher, using
150 um and 30 pm grit discs. The samples were then
polished using 0.6 um alumina micropolish cream
with a micropolish cloth.

The prepared sections were photographed at
1280 x 1024 resolution under a Nikon E800 Eclipse
microscope equipped with a Nikon DS-Ri1 camera of
12 bit per channel output for 36 bit colour images.

The magnifications used were between 40x and
100x. Although the images were taken using trans-
mitted light, it was determined that the UV filter (X)
gave better definition for some of the sections so
both images were captured. The images were
imported into PhotoShop CS2, where putative
growth increments visualized as rings were marked.
When necessary the images were digitally enhanced
for grey scale and sharpness using the Adjustment
levels tool and Unsharp Mask filter. In order to esti-
mate the radial growth, the distance between
growth increments was measured using Image Pro
Plus version 5.1. Identification of growth increments
was facilitated by the light/dark couplets. The sea
pens were difficult to age because different growth
increment counts could be obtained in different
areas of the same section as shown in Figure 2 by
the black dots, and therefore age confidence was
ranked as poor, satisfactory, good, or very good for
each section (Tables Sl and SllI).

Age validation

The onset of nuclear testing in the late 1950s resulted
in a marked and widespread increase in A'™C in
marine dissolved inorganic carbon (DIC) which is
easily detected in all marine carbonates growing in
surface waters during the 1960s (Druffel 1989;
Campana & Jones 1998), and has been used success-
fully to determine skeletal age and growth in the gor-
gonian coral Primnoa resedaeformis (Gunnerus, 1763)
(Sherwood et al. 2005), among others. To assign
dates of formation to an unknown sample, it is necess-
ary that the A'*C of the unknown sample be compared
with a A'C chronology based on known-age material
(@ reference chronology). To match the water mass
characteristics of the sea pen habitat, we used a refer-
ence chronology for the North-west Atlantic Ocean
which is representative of all calcified growth bands
analysed to date (Campana et al. 2008). This chronol-
ogy would be expected to show A'C values compar-
able to those of the sea pens, as it has for deep water
corals in the region (Sherwood et al. 2008).

Three samples were isolated from each sea pen
using 1-mm thick transverse sections of the sea pen
rod, taken approximately at the location of the
maximum rod diameter. All sections were prepared
with a single cut using paired blades separated by a
spacer on an Isomet low-speed diamond-bladed saw.
Sections were digitally photographed at 2048 x 2048
resolution under a binocular microscope at 16-40x
maghnification using reflected light while immersed in
ethanol. Age interpretation was based on images
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Figure 2. Cross-section under ultraviolet (UV) light (100x magnification). a, Anthoptilum grandiflorum; b, Pennatula aculeata. The
putative growth increments visualized as rings are marked by black dots.

enhanced for contrast using Adobe Photoshop CS2 fol-
lowing the procedure detailed above.

Sea pen cores representing what was assumed to
be the first 5-15 years of life were isolated as a solid
piece with a Merchantek computer-controlled micro-
milling machine using 300-um diameter steel cutting
bits and burrs. Attempts to mill out individual
growth bands were unsuccessful, due to the low
density of the sea pen material. Therefore, core
material was obtained from 2-17 transverse sections
and then combined. This procedure of obtaining
material from multiple sections per sea pen was
necessary to maximize the amount of sample material
available for assay (2 mg minimum) from each sea
pen. An additional sample was micromilled from the
outer half of the section from specimen Pa058 so as
to represent the more recent growth history. The
date of sample formation was calculated as the year
of sea pen collection minus the age span of the
animal from the edge of the rod to the midpoint of
the range of growth increments present in the
extracted core. The sample was weighed to the
nearest 0.1 mg in preparation for '*C assay with accel-
erator mass spectrometry (AMS). AMS assays also pro-
vided 8"3C (%/40) values, which were used to correct for
isotopic fractionation effects and provide information
on the source of the carbon. Radiocarbon values
were subsequently reported as A'*C, which is the
per mil (0/00) deviation of the sample from the radio-
carbon concentration of nineteenth century wood,
corrected for sample decay prior to 1950 according
to methods outlined by Stuiver & Polach (1977). The
mean standard deviation of the individual radiocarbon
assays was about 5%p.

Growth models

Age-length data for A. grandiflorum and P. aculeata
were fitted using the ‘grofit’ package (Kahm et al.
2010) from the statistical computing software R (R
Development Core Team 2015). Three parametric
models (logistic, Gompertz and Richards; Table SIV)
were considered to estimate the growth parameters
(A-lag phase, p-maximum growth rate and A-
maximum growth). Confidence intervals for all
derived parameters were estimated by bootstrap and
cross-validation techniques. The model with lowest
Akaike Information Criterion (AIC) (Akaike 1973) was
considered the best fit to the data.

Results
Morphometric relationships

For 3 of the 4 species, mean colony length was larger in
the samples from the mouth of the Laurentian Channel
(GEAC Unit 2 survey) and the differences between the
GEAC survey and the surveys with the smallest mean
colony length were in the order of 70-110 mm
(Figure S2, Table SV). Overall and pairwise comparisons
of mean colony length in surveys were all significantly
different (Table SV). The larger mean colony lengths in
the GEAC survey were at least in part due to the lack of
small colonies, with minimum colony size in that survey
being greater by about 90-100 mm in P. aculeata, 200-
220 mm in P. grandis and 200-260 mm in A. grandi-
florum than in the two other surveys (Table SV). In
the case of H. finmarchica, only one specimen was col-
lected in the GEAC Unit 2 survey, and this was between
800 and 1000 mm larger than the mean length of the
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Table Il. Length(L)-weight(W) relationship for each sea pen species.

Linear relationship

Allometric relationship

2

Species Equation r Equation r

Anthoptilum grandiflorum W =0.0577L - 12.463 0.45 W = 0.000054L"°%* 0.67
Halipteris finmarchica W =0.0308L - 5.9319 0.79 W = 0.000017L%%92? 0.89
Pennatula aculeata W =0.0331L - 1.6331 0.64 W = 0.000017L%4% 0.80
Pennatula grandis W =0.1244L - 14.353 0.57 W = 0.000028L>341 0.83

samples collected in the other surveys. However, there
were no obvious geographic trends in species length
within the Gulf of St. Lawrence (Figure S2). Halipteris fin-
marchica was the largest species studied, ranging
between 60 and 1400 mm (Figure 3, Table SV), fol-
lowed by A. grandiforum (range 30-855 mm),
P. grandis (range 31-641 mm) and P. aculeata (range
26-260 mm).

Mean colony weight presented a similar pattern to
mean colony length, and for all the species the largest
mean values were found at the mouth of the Lauren-
tian Channel in the GEAC Unit 2 survey (Figure S3,
Table SVI), although significant differences were
found only for A. grandiflorum and P. aculeata. In
this case, P. grandis presented the largest mean
weights in all the surveys, although A. grandiflorum
was the heaviest species studied (Figure 3), with
weight values ranging between 0.1 and 113.2 g. Pen-
natula grandis was the second heaviest species,
ranging between 0.1 and 84g, followed by
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H. finmarchica (range 0.1-37.7 g) and P. aculeata
(range 0.1-12.3 g).

When only the samples obtained from the common
area in the NGSL and SGSL surveys were compared,
differences between surveys were found in mean
colony length for A. grandiflorum and P. aculeata and
in mean weight for P. aculeata (Tables SV and SVI). In
the three cases, values were greater in the north than
in the south survey.

The allometric equation was a better fit of the
relationship between length and weight than was the
linear equation for each of the four species (Figure 3,
Table Il). This difference was greater in P. grandis and
A. grandiflorum, where the r? of the allometric relation-
ship was 20% higher than the values obtained with the
linear relationship. Halipteris finmarchica, P. grandis and
P. aculeata presented the better allometric fits, explain-
ing over 80% of the variance.

The plumose P. aculeata and P. grandis were heavier
at length than the flagelliform A. grandiflorum and

b H. finmarchica
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Figure 3. Length (L)-weight (W) relationship for each sea pen species studied.



H. finmarchica (Figure 3). Six samples of A. grandiflorum
over 60 g (Figure 3a) presented distinctively heavier
colonies for their length than the other similarly long
colonies. Three of these samples were collected in
one set from the NGSL survey (TEL2011008110).
These colonies presented an unusually thick appear-
ance compared with other colonies of the same
length (Figure 4). Removing these six heavier colonies
from the data set prior to fitting the regression only
improved the r* value by one hundredth.

Bottom temperature and salinity, depth and
summer primary production were significantly corre-
lated to length or weight of most species. On
average Spearman’s rank correlations showed 11%
of shared variance between sea pen length or
weight and environmental variables, with the
maximum being 30%. All significant correlation coef-
ficients with mean colony length or weight for each
sea pen species were less than 0.55 (Table SVII), and
the mean correlation coefficient was 0.34. Mean
colony length and weight of A. grandiflorum were
positively correlated with different metrics of
bottom and surface temperature and salinity, depth,
and maximum layer depth, whereas they were nega-
tively correlated with chlorophyll a and primary pro-
duction. Only the colony length of H. finmarchica
was negatively correlated with summer primary pro-
duction mean and minimum (and these were the
highest correlations, Table SVIl). In the case of
P. aculeata, the mean colony length was positively
correlated with different metrics of bottom tempera-
ture and salinity, and depth, whereas it was nega-
tively correlated with summer primary production.
Colony weight followed a similar pattern, although
in this case it was also positively correlated with

Figure 4. Samples of Anthoptilum grandiflorum from the NGSL
survey showing different morphology at similar length of 400-
600 mm. Two unusual thicker and heavier colonies are shown
at the right of the picture.
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spring and annual primary production and negatively
with slope. Mean colony length of P. grandis was posi-
tively correlated with summer maximum layer depth
and surface temperature average minimum, and it
was negatively correlated with summer chlorophyll
a minimum. Mean colony weight was only positively
correlated with different metrics of bottom tempera-
ture and salinity.

In A. grandiflorum and P. aculeata the r* of the
regression between the total length and length
without the peduncle was close to 1 (Figure S4). The
peduncle in P. aculeata represented a mean (£ SD) of
43% (+5) of the total length, ranging between 33%
and 57%, whereas in A. grandiflorum it only rep-
resented 18% (+4) and ranged between 11% and
30%. This proportion decreased significantly (P <
0.001) with increasing length for both species, more
so in A. grandiflorum (Pearson correlation, r=—0.87)
than in P. aculeata (r = —0.36).

The r? of the regression between the estimated
length of peduncle buried in sediment and the total
peduncle length in A. grandiflorum was also close to
1 (Figure S5) and the proportion of peduncle buried
in sediment ranged between 70% and 90% with a
mean (+ SD) of 80% (+ 4). This proportion increased sig-
nificantly (P=0.016) with increasing length (Pearson
correlation, r=0.27).

Length analysis

Length frequency distributions for the selected trawl
sets were, except in one case, skewed to the right,
with no or few small colonies (Figure 5). The length
of A. grandiflorum from the selected trawl sets contain-
ing more than 100 colonies ranged between 30 and
718 mm (Figure 5a-c). The smallest colonies appeared
in trawl sets TEL2011194069 and TEL2011194111 from
the SGSL survey (Figure 5a and 5b) with a mean length
of 373 and 404 mm, respectively. Colonies collected in
the trawl set TEL2011008011 of the NGSL survey were
larger than 300 mm and presented a mean length of
576 mm (Figure 5c). The previous comparison of
average lengths from a common area (Table SV) indi-
cates that at least some of this difference could be
attributed to the different types of survey gear.

The length of the colonies of P. aculeata ranged
between 36 and 237 mm in the SGSL survey trawl set
with a mean value of 83 mm (Figure 5d). The sharp
cut-off in the abundance of sea pens at 36 mm in this
trawl set could be caused by gear selectivity, where
smaller colonies would not be retained. Data obtained
in 2015 from the two combined trawl sets represented
a large sample with 955 records, where the colonies
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ranged from 29 to 181 mm with a mean value of
108 mm (Figure 5e).

In the case of P. grandis, two trawl sets were studied
(Figure 5f and 5 g). Both trawl sets presented similar
length distributions ranging from 76 to 528 mm,
mean values of 339 and 358 mm and a few small colo-
nies. In the SGSL trawl set, these small colonies formed
a distinct cluster.

Ageing

Colony length of the samples used for ageing ranged
between 61 and 765 mm for A. grandiflorum and
between 17 and 309 mm for Pennatula aculeata. Pre-
sumed ages varied between 5 to 28 years for
A. grandiflorum and 2 to 21 years for P. aculeata,
although ages of up to 63 years were possible if the
less prominent growth increments were counted
(Figure 2). For both species only 10% of the aged sec-
tions were considered poor, with most being

considered good or very good in A. grandiflorum
(52%) and at least satisfactory in P. aculeata (90%).

The radiocarbon assays were highly depleted relative
to the North-west Atlantic reference chronology (Table
lll), despite the fact that other deep-sea corals fit this
chronology well. Although the presumed pre-bomb
(before 1958) samples were considerably more depleted
than the presumed post-bomb sample (as would be
expected), the two pre-bomb radiocarbon values of
—285 and —325 were well below what might be expected
of any living organism in the North Atlantic. The core
value of —104 observed for sample Pa009, collected in
2011, was realistic for a pre-bomb signature, but this
sample should have been post-bomb based on the pre-
sumed age from growth increment counts and collection
date. Therefore, the trends of radiocarbon with pre-
sumed year of formation were correct, but the absolute
values were perplexing. In contrast, the observed &'3C
mean value of —15.3 was exactly that expected of meta-
bolic carbon at depth (Nielsen et al. 2016).
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Table ll. Colony characteristics and radiocarbon assay results for three specimens of Pennatula aculeata.

Age Length
Annuli Year YC Sect. Axial rod  Max round Tot. Tis.Wt.

Sample sampled collected H L Prob. Prob. &°C  A™C used (mm) (mm) @(mm) Wt (9
Pa009 core 2011 21 8 13 1988 —158 —103.9 8  250-260 203.13 1.25 2.85 2.20
Pa058 3-4 1972 23 N 17 1957 —-16.0 -3254 12 234 <200 1.40 4.42 3.40

(rod piece # 1) (edge)
Pa058 1 (core) 1972 23 N 17 1955 —14.0 -2847 17 234 <200 1.40 442 3.40

(rod pieces

#18&3)

Note: YC =year class; H = high; L = low; Prob. = probable; Sect. = sections; Tis. = tissue; Tot. = total; Wt. = weight.

Distance between successive growth increments
ranged between 26.9 and 47.6 um for A. grandiflorum
and between 17.8 and 41.2 um for P. aculeata with a
mean (£ SE) of 41.8 £ 46 um and 34.5 £ 5.9 um,
respectively. In A. grandiflorum, the distance was at a
minimum during the first early growth increments,
increasing until increment 7, where the distance
between growth increments remained relatively con-
stant until increment 16, when growth started to
slightly decrease (Figure 6a). In the case of P. aculeata
(Figure 6b) the distance between successive growth
increments had a mean (+ SE) of 38 + 2 um during
the first 11 increments, reaching a maximum
between increments 7 and 9. Afterwards the increase
was lower with a mean (= SE) of 31 £ 6 um between
growth increments 12 and 21, reaching the minimum
increase at the last growth increment counted. The
axial rod presented a linear relationship with sea pen
length for A. grandiflorum (r*=0.83) and exponential
for P. aculeata (r*=0.84) (Figure S6). For the latter, the
exponential fit was a 6% improvement over a linear
fit, although both explained a high proportion of the
variance.

Growth model

Assuming that the growth increments were formed
annually and interpreted correctly, the best growth

Table IV. Growth parameters estimated for Anthoptilum
grandiflorum and Pennatula aculeata through Gompertz,
logistic and Richards models.

Anthoptilum grandiflorum

A u A v RSS
Gompertz 71 40.3 5.6 - 42438
Logistic* 649 432 6.4 - 35713
Richards 610 49.6 77 35 32339
Pennatula aculeata

A U A v RSS
Gompertz 761 194 5.6 - 3638
Logistic* 402 19.2 53 - 3507

Richards - - - - -

Note: A =maximum length; 4 = maximum growth rate; A = lag phase; v =
shape parameter; RSS = residual sum of squares. Model with lower AIC is
marked with an asterisk (*).

model to fit A. grandiflorum and P. aculeata was the
logistic model (Table IV, Figure 7). The model would
estimate a maximum length (A) of 649 mm and
maximum growth rate (u) of 43 mm length year™' for
A. grandiflorum and 402 mm and 19 mm length
year‘1, respectively, for P. aculeata. Gompertz models
gave a slightly larger maximum length for
A. grandiflorum but almost doubled the logistic
model maximum for P. aculeata. No appropriate
description of the growth curve was provided by the
Richards model for P. aculeata.

Comparing the length frequency histograms (Figure
5) with the growth model for each species (Figure 7),
the mean colony length of A. grandiflorum observed
in the SGSL survey (Figures 5a and 5b) could corre-
spond to colonies 15-16 years old, whereas mean
colony length in the NGSL survey (Figure 5d) would
correspond to older animals of ~21 years. The colonies
smaller than 100 mm observed in the SGSL survey
would be younger than 8 years old, indicating some
recent recruitment in these areas. For P. aculeata, the
mean colony length observed in the SGSL survey
(Figure 5d) would correspond to colonies younger
than 9 years old, whereas in the LEIM survey the colo-
nies would be between 10 and 11 years old.

Discussion

All sea pen species studied to date are gonochoric, with
separate sexes at the colony level, with a population
sex ratio of 1:1. They appear likely to be broadcast
spawners (Chia & Crawford 1973; Tyler et al. 1995;
Soong 2005; Edwards & Moore 2008; Pires et al. 2009;
Baillon et al. 2014b, 2015), and produce large lecitho-
trophic larvae (Chia & Crawford 1973; Edwards &
Moore 2008, 2009; Baillon et al. 2015). The species in
our study likely present different reproductive strat-
egies: A. grandiflorum and H. finmarchica have shown
annual spawning (Baillon et al. 2014b, 2015), whereas
P. aculeata is probably a continuous spawner (Eckelbar-
ger et al. 1998). No information on reproduction is
available for P. grandis.
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Figure 6. Average (+ SE) distance (um) between successive growth increments. a, Anthoptilum grandiflorum; b, Pennatula aculeata.

Even less is known about the recruitment dynamics
of sea pens. Corals present patchy distributions across
similar environmental conditions rather than occurring
continuously over large areas of seemingly suitable
habitat (e.g. Beazley 2008; Gonzalez-Mirelis & Linde-
garth 2012). Recruitment in Ptilosarcus gurneyi (Gray,
1860) occurs either annually or every few years but
was described as being highly clumped, spatially
unpredictable and patchy, creating 20-200 m length-
patches of discrete size groups that could be observed
within the boundaries of the fields (Birkeland 1974).
Large inter-annual differences in recruitment have
also been observed in Renilla koellikeri Pfeffer, 1886, a
shallow-living sea pen from the coast of California
(Davis & VanBlaricom 1978). The size frequency distri-
butions observed herein suggest that recruitment
occurs in multiyear pulses, with intervening multiyear
periods of limited or null recruitment. These obser-
vations could also indicate an initial fast growth with
accumulation of older (larger) colonies, although this
would contradict the results obtained from the
growth models for A. grandiflorum and P. aculeata
(Figure 7) and other octocorals (Cordes et al. 2001).
Our results could indicate low levels of population
recruitment, and/or high mortality of young colonies
that could be more vulnerable to predators. It is less
likely that small sea pens occur on different bottoms
than those represented by the trawl sets selected to
produce the length frequency distributions; however,
a patchy recruitment could have meant that sampled
areas were not recruited to over the past decade by
chance. A longer time frame of collections, ground-
truthing with underwater cameras and more length fre-
quency distributions from different areas would be
needed in order to resolve this question.

Our study used different types of trawl gear to
sample the sea pens and significant intra-specific
differences in morphometry among surveys were
observed, even when a common area was delimited.
These results reinforce the conclusion that trawls are
not good sampling tools for estimating true population
size distributions of sea pens due to catchability issues
(Kenchington et al. 2011). Nevertheless, the average
colony lengths found at the mouth of the Laurentian
Channel (LC) were similar to those reported in Baillon
et al. (2016) for the same region and species despite
differences in trawl gear (i.e. different mesh lining in
the codend); however, this similarity could be spurious.
We have stronger evidence that different length and
biomass distributions found between areas reflect
local population differences related to the environ-
mental conditions, considering that individual size
and animal growth are related to food availability
and environmental conditions, such as water move-
ments (Sebens 1984, 1987). Based on the significant
correlations found, temperature, salinity, depth,
primary production and chlorophyll a account for on
average ~11% of the variation (maximum of 30%) in
mean colony length and weight. This is consistent
with the results of random forest species distribution
models in this region (Murillo et al. 2016a) that found
that sea pen fields formed by mixed species assem-
blages had bottom salinity as the top predictor for
presence/absence and spring primary production and
temperature as top predictors for biomass in the
SGSL and NGSL respectively.

Data on the age structure of populations would help
elucidate the recruitment dynamics and population
demographics of sea pens. The few published studies
on sea pen age and growth were based on marking/
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tagging field studies and/or growth increment counts
of the skeletal structure. Growth increment or ring
counts are the most prevalent source of age data (Bir-
keland 1974; Wilson et al. 2002; de Moura Neves et al.
2015), and radiometric techniques (e.g. 2'°Pb dating),
radiocarbon dating and trace element analyses have
all been attempted in order to validate the assumption
of an annual periodicity of growth rings, with no
success. Only Birkeland (1974) following the in situ
growth of P. gurneyi newly recruited to cleared plots
was able to demonstrate unequivocally that early
growth rings (to Age 3) were formed annually, similar
to other octocorals and antipatharians (Andrews et al.
2002; Risk et al. 2002; Sherwood & Edinger 2009).
Some studies have made cross-inference of annual
ring formation between sea pens and gorgonian
corals (e.g. Wilson et al. 2002). However, this assump-
tion is not valid. Sea pens are a sister taxon of the gor-
gonian family Ellisellidae (McFadden et al. 2006) which
explains the similarity between the axis structure (Bayer
1955) and radial growth process (Lewis et al. 1992)
described for both taxa. However, this structure in
sea pens differs from that of other gorgonian octocor-
als in which Sherwood (2002) identified three growth
zones: a central rod similar to the axial rod in pennatu-
lids, a ‘horny axis’ made of calcite and the protein gor-
gonin, and an outer calcite cortex. Ring formation in
the horny cortex of gorgonians corals is caused by
changes in the ratio of gorgonin:calcite resulting in
light and dark band couplets (Risk et al. 2002). Vali-
dation of ageing in non-Ellisellidae octocorals cannot
be assumed to apply to sea pens. In absence of vali-
dation data from ellisellids and sea pens we concur
with Narvaez et al. (2016), who caution against inter-
preting growth rings as annual. This is reinforced by
our observations of the presence of lighter rings in

some sections that if counted could triple the
maximum age recorded.

In sea pens the extracellular matrix (ECM) of the axial
rod is composed of collagen fibres (Tillet et al. 1996)
which provide structural support and influence a
number of biochemical processes including cellular
proliferation and differentiation. Ledger & Franc
(1978) examined the ECM in the axial rod of the sea
pen Veretillum cynomorium (Pallas, 1766) and con-
firmed that it was formed of a matrix of collagen
fibres embedded in columns of high magnesium
calcite. The radius of this axial rod increases as calcite
forms, producing lobed nodules which ultimately fuse
and form the core of the axis. Wilson et al. (2002) pro-
posed that radial growth differs above and below the
sediment interface, with the lower sections radiating
out through production of a ‘rough matrix’ and upper
sections showing smooth concentric ring formation.
The nature of the ring formation in sea pens is not
clear, but according to Franc et al. (1974) it is related
to the parallel alignment of terminal expansions of
certain epithelial cells, ‘cellules a cheminée’, described
in V. cynomorium, and that are equivalent to the
‘striated plate cells’ of the epithelium surrounding the
gorgonian axis (Bouligand 1968).

Interpretation and enumeration of growth bands in
calcified structures is a common technique for ageing
fishes, sharks and marine mammals (e.g. Campana
and Stewart 2014; Christiansen et al. 2016; Dwyer
et al. 2016), as well as marine invertebrates including
corals, bivalves and recently crustaceans (e.g.
Andrews et al. 2002; Peharda et al. 2007; Kilada et al.
2012). The bomb radiocarbon technique for age vali-
dation widely used in fish (e.g. Campana & Jones
1998; Campana et al. 2008) has also been successfully
used for different corals in the north Atlantic
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(Sherwood et al. 2005; Sherwood & Edinger 2009).
However, this technique is best applied to growth
increments formed during the 1958-1967 period of
rapidly increasing radiocarbon concentrations, which
requires samples collected prior to the 1990s for speci-
mens less than 30 years old. In this study, a sample of
P. aculeata (Pa058), 16 years old when it was collected
in 1972, according to the number of growth incre-
ments, was available for age validation. This specimen
should have been a good candidate for radiocarbon
dating. Although the gradient in radiocarbon
between core and edge was consistent with bomb
effects, the absolute values were too depleted to be
explicable in terms of the radiocarbon in either DIC or
DOC in the water. It is difficult to explain these
results, other than to conclude that the growth of the
sea pens is neither radial nor longitudinal, or that the
extended period in 70% ethanol (which is mildly
acidic) may have decalcified the sample and
somehow affected the results (although the control
sample which was only frozen did not conform to
expectation either). In addition, the low density and
the 8'3C assays indicated that the sea pen’s axial rod
is more likely to be composed of organic matter,
rather than calcium carbonate or hydroxyapatite, as
would be expected, which leaves open the possibility
that the radiocarbon derived from organic matter in
very old surrounding sediments would confound the
radiocarbon values.

In this study, radiocarbon assays were not helpful in
confirming the age of the sea pens. Other authors have
used the trace element composition in the axis of sea
pens for age validation (de Moura Neves et al. 2015),
finding that the number of rings and the number of
peaks in trace element ratios were related, but they
were not able to demonstrate that the external
environment was linked to the ratio values and there-
fore these results can provide a correlated cycle but
not a validated age. Presuming that the growth incre-
ments were formed annually, the maximum ages
obtained in A. grandiflorum and P. aculeata would fall
within previously published ranges for pennatulids of
between 15 and 50 years (Birkeland 1974; Wilson
et al. 2002). However, neither of these studies validated
age either, at least not past Age 3. Indeed, Wilson et al.
(2002) found comparable results to us, in that the radio-
metric signal was confused, suggestive of either meta-
bolic mixing or non-radial growth. Consequently,
without validation, it is not possible to determine
when the growth increments are formed and more
research focused on in situ monitoring or other
means of producing validated age studies should be
carried out (for a review of age validation methods

see Campana (2001)). Our review of the known
growth of sea pens discussed above identified knowl-
edge gaps related to ring formation in these species.
Detailed growth studies at the cellular level with associ-
ated biochemical analysis of the ECM could reveal
novel growth mechanisms which would explain the
anomalous results found herein and by Wilson et al.
(2002).

The analyses of the growth increments related to
colony length and the axial rod width showed slower
growth for the smaller colonies, increasing at inter-
mediate sizes and slowing down again for large colo-
nies. This is similar to other octocorals, with colonies
having a slow initial growth followed by an exponential
increase and plateau to an asymptotic size (Cordes
et al. 2001; Wilson et al. 2002). This growth pattern
has been related to the feeding rate relative to effective
colony surface area (McFadden 1991; Cordes et al.
2001). For passive suspension feeders such as sea
pens, an energetically determined optimal size
derived by maximizing the difference between
energy intake and cost has been proposed (Sebens
1979). When a sea pen colony becomes taller it is
increasingly subject to bending because current vel-
ocity increases with distance from the sea floor,
moving up through the boundary layer. Bending will
cause competition between feeding polyps which
could explain why the tallest species have no or only
very short leaves (thus less drag), except for
P. grandis that can become taller than P. aculeata but
is also more robust at any size. The positive exponential
relationship found for P. aculeata indicated that rod
diameter growth is initially relatively faster than rod
length growth. This would provide greater support
for a plumose species which due to its drag may
require more rigidity than a flagelliform species such
as A. grandiflorum.

The logistic and Gompertz models have been used
previously to study the growth of octocorals (Velimorov
1975; Cordes et al. 2001). In this study, the logistic
model also offered the best fit to the data, although
it underestimated the maximum length in both
species, by more than 100 mm in the case of
A. grandiflorum. The Gompertz model estimated
greater total length for both species. However, due to
the lack of age validation, the growth models proposed
should be interpreted with caution.

Our study has yielded new information on the mor-
phometry of sea pens. The peduncle length:colony
length ratio was greater in P. aculeata than in
A. grandiflorum, as observed by Baillon et al. (2016).
We found that this ratio decreased significantly for
both species with increasing colony length, being



more pronounced in A. grandiflorum. This contrasts
with Baillon et al. (2016), who did not observe variation
of the proportion of peduncle length with colony
length for P. aculeata. Our results support the con-
clusions from Baillon et al. (2016) that long sea pens
do not need to be associated with long peduncles
once they are wide enough to support the colony
weight.

All four sea pens showed an exponential length-
weight relationship, where growth in weight is pro-
gressively greater than growth in length with increas-
ing colony size (more evident in P. grandis). This is
consistent with recent reports of the early growth of
octocorals (Rooper et al. 2017).

We were able to confirm a very clear relationship
between total length and peduncle length for
A. grandiflorum and P. aculeata, and with proportion
of peduncle length buried in sediment (for
A. grandiflorum), potentially allowing total length to
be inferred from underwater imagery which shows
only the sea pen rachis extending above the sediment.
Further, there is a similar strong relationship between
length and weight noted above, allowing for conver-
sion to biomass. However, there remains the challenge
of estimating colony length with precision from under-
water pictures (S. de Mendonga, Dalhousie University,
Halifax, Canada, pers. comm.), which must be resolved
before this information can be used to convert above
sediment length to whole colony biomass from in situ
video or images.

Future research should focus on controlled monitor-
ing of fixed stations with underwater cameras in order
to evaluate sea pen recoverability after perturbation
directly. Long-term tagging experiments might be the
best source of age validation in light of experiences
to date.
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