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W e rep o rt the resu lts from  the first experim ental s tu d y  of th e  fate of w hale  
a n d  w o o d  rem ains on  th e  A ntarctic seafloor. U sing  a b a ited  free-vehicle 
lan d er design, w e  show  th a t w hale-falls in  the  A ntarctic are heav ily  infested  
b y  a t least tw o  new  species of bone-eating  w orm , Osedax antarcticus sp. nov. 
a n d  Osedax deceptionensis sp. nov. In  stark  contrast, w o o d  rem ains are 
rem arkab ly  w ell p reserved  w ith  th e  absence of typical w ood-ea ting  fauna 
such  as the xy lophagain id  b ivalves. The com bined  w hale-fall a n d  w ood- 
fall experim ent p rov ides su p p o r t to  the hypo thes is th a t th e  A ntarctic c ircum ­
p o la r cu rren t is a  b a rr ie r to  the larvae  of d eep -w ater species th a t are b road ly  
d is trib u ted  in  o ther ocean basins. Since h u m an s first s ta rted  exploring the 
A ntarctic, w o o d  h as b een  dep o sited  on  th e  seafloor in  the fo rm  of sh ip ­
w recks a n d  w aste; o u r d a ta  suggest th a t th is an thropogen ic  w o o d  m ay be  
exceptionally  w ell p reserved . A longside the n ew  species descrip tions, w e 
conducted  a com prehensive phylogenetic  analyses o f Osedax, suggesting  
th e  clade is m ost closely related  to  th e  frenu late  tubew orm s, n o t the 
vestim entiferans as p rev ious reported .
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1. Introduction
A un ique  characteristic o f the A ntarctic continent is the com plete absence of trees 
since the Late Eocene, a t least 30 m illion years ago [1]. This has resu lted  in  no 
significant na tu ra l inpu ts  of w o o d  into the m arine ecosystem , w here  the w ater 
m asses are th o u g h t to  b e  isolated b y  oceanographic features such as the A ntarctic 
circum polar cu rren t (ACC) an d  A ntarctic p o la r front (APF) [2-4]. By contrast, 
the  Southern  O cean tha t su rrounds A ntarctica h as  som e o f the  h ighest seasonal 
abundance  of cetaceans anyw here in  the w orld , fuelled b y  h igh  surface p rim ary  
p roductiv ity  an d  an  abundance  of krill, Euphausia superba [5]. S tudies in  o ther 
ocean basins have suggested  tha t the final resting place of w o o d  an d  w hale  
rem ains is often the continental shelf o r slope, w here they  form  ephem eral 
organic-rich 'is land ' hab ita ts for deep-sea fauna to feed from, term ed  'w ood- 
falls' an d  'w hale-falls ' [6-8]. These stud ies have show n th a t w o o d  a n d  w hale
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Table 1. E xperim ent locations on th e  A ntarctic shelf.

ACES 1 w h a le  bo nes, 
oak  an d  
p ine  p lanks

6 3 °9 .8 7  S 6 1 °4 1 .3 4 W 650 3 D ecem ber 2007 9 February  2009 14

ACES 2 w h a le  bo nes, 
oak  an d  
p ine  p lanks

6 3 °  10 .98 S 6 T 3 8 .1 6  W 568 3 D ecem ber 2007 9 February  2009 14

W halers Bay w h a le  bo nes 6 2 °5 9 .3 3  S 6 0 °3 3 .4 5  W 21 2 Ja n u ary  2009 25 Ja n u ary  2010 12

bone  are colonized b y  a rem arkable range of specialist deep- 
sea organism s, the m ajority of th em  new  to science. Two of 
the m ost im portan t in  the deep  sea are the X ylophagainae 
b ivalves, w h ich  bore  into w ood , a n d  the Osedax 'bone- 
eating ' w orm s, m em bers of the annelid  clade tha t bo re  into 
vertebrate bones [6,9]. These organism s share rem arkable eco­
logical sim ilarities, w ith  their d istribu tion  controlled b y  bo th  
d ispersal ability an d  the availability of their respective 
un ique  habitats. To date, there have been  no  experim ents con­
du c ted  on  the m arine b iodégradation  of w hale  bone  o r w ood  
in  the Antarctic, w hich  is a  particu larly  interesting place to  test 
the hypothesis th a t the ACC or APF is a barrier to  deep-w ater 
d ispersal for Osedax an d  X ylophagainae. Furtherm ore, h u m an  
activities in  A ntarctica over the past 100 years have led  to a 
m assive reduction  in  w hale  popu la tions [10], at the sam e 
tim e as a significant in p u t of w o o d  in  the form  of shipw recks 
a n d  w aste  [11]. In  th is p aper, w e report results from  the first 
experim ental study  of w hale  an d  w ood-falls in  the Antarctic, 
testing the effectiveness of d ispersal barriers across the 
Southern  O cean a n d  the po ten tial for the preservation  of 
historical w ooden  shipw recks.

For m an y  centuries, h u m an s have  b een  aw are of the 
cu rious 'sh ip w o rm s ' th a t bo re  in to  w o o d  in  the  m arine 
environm ent. Sellius [12] p u b lish ed  th e  first significant w ork  
in  1733, com m issioned  b y  th e  D u tch  to s tu d y  the anim als 
destroy ing  the  w o o d en  p ilings pro tec ting  th e  low  countries 
from  flooding. H e show ed  th a t th e  w ood-bo ring  Teredo 
'w o rm s ' w ere  in  fact ex trao rd inary  m olluscs. Three centuries 
of subsequen t research  h as revealed  th a t the T eredinidae sh ip ­
w o rm s a n d  th e  closely related  X ylophagainae are  p resen t in  
every  oxygenated , saline ocean basin  so far s tud ied , from  the 
in te rtida l to  th e  h ad a i [13,14]. A lthough  there  are exceptions, 
a  reasonable  generalization  is th a t th e  T eredin idae are  shal- 
low -w ater specialists on  d riftw ood , littoral w o o d  a n d  m an- 
m ad e  w o o d en  structures, w ith  the X ylophagainae specializing  
on  deep-sea sunken  w ood . C urren tly , the only  seas th o u g h t to 
b e  free of w ood-borers are the Baltic an d  Black Seas, w here 
w ell-preserved  sh ipw recks have  been  fo u n d  [15].

It is p e rh ap s  unsu rp ris ing  th a t the w ood-eating  'sh ip w o rm ' 
m olluscs w ere  discovered over 250 years earlier th an  th e  bone- 
eating  Osedax, g iven th e  econom ic im portance  of ocean-based 
w o o d en  structures to  hum ans. N evertheless, recent experim en­
ta l a n d  serend ip itous discoveries now  suggest th a t the Osedax 
clade m ay  be  extrem ely w id esp read  b o th  geographically  
a n d  bathym etrically  [16-19]. Bone-eating Osedax a n d  w ood- 
eating  Xylophaga, a lthough  belonging  to  d ifferent p h y la  an d  
separa ted  by  a vast phylogenetic d istance, share rem arkable, 
convergen t ecological sim ilarities. Both are specialist

b iodeg raders of h a rd  organic m aterials, w h ich  fo rm  spatially  
a n d  tem porally  ephem eral 'is land ' hab ita ts  on  the seafloor. 
Both use  bacterial endosym bionts to  po ten tia lly  feed or bore 
in to  their substrates [20-22]. Both Osedax a n d  the w ood- 
eating  Xylophaga can  exhibit extrem e m ale dw arfism  [23,24], 
an  ad ap ta tio n  to  the fem ale 's sessile lifestyle. M ost signifi­
cantly, b o th  these types of o rgan ism  are p resu m ed  to  have 
ex traord inary  pow ers of dispersal—being  able to find  the rela­
tively tiny  rem ains of vertebrates, o r trees, in  the v as t expanse 
of deep-sea sed im en t [6,16].

To test these po w ers o f d ispersal, w e conduc ted  an  exper­
im en t using  b a ited  free-vehicle lan d ers  a t three sites on  the 
A ntarctic shelf—tw o  soft-sed im ent sites a t typical shelf 
d ep th s  of 500 m , a n d  an  u n u su a l shallow  site in  the iso lated  
em baym en t of D eception Island. B ased on  p rev ious d iscov­
eries of d iffering  Osedax species in  d ifferent ocean basins 
[9,16,18,19], a n d  the  ap p a ren t ab u n d an ce  of cetaceans (and  
o th er m arine  vertebrates) in  A ntarctic w aters, w e hypo thesize  
th e  p resence of Osedax b u t different, locally endem ic species 
to  those  fo u n d  before. By contrast, as th e  A ntarctic is free of 
n a tu ra l w o o d  sources, an d  h as b een  for th e  p a s t 30 m yr 
[25,26], w e w o u ld  n o t on ly  hypo thesize  the absence of en d e­
m ic A ntarctic Xylophaga species, b u t also the absence of even 
tem porary  invasive Xylophaga g iven the p o ten tia l p o w er of 
th e  ACC or APF as a  d ispersa l ba rrie r [4].

2. Methods
Detailed m ethods (background to the study areas, settlement 
substrates, sam pling, morphological analysis, molecular analysis 
including GenBank accession num bers and Primers used) are 
provided in the electronic supplem entary material. In sum m ary, 
w e deployed and recovered tw o deep-sea landers w ith  approxi­
mately 130 kg of w ood and w hale bone settlement substrates, 
and a th ird  lander w ith  just w hale bone substrate (one vertebra) 
at three locations on the West Antarctic Peninsula continental 
shelf, tw o at approxim ately 500 m  depth  in the Bransfield Strait 
and one at approxim ately 20 m  depth  in W halers Bay, Deception 
Island (table 1 and figure 1 a,h). The landers w ere recovered by 
acoustic release after approxim ately 1 year on the seafloor and 
the fauna collected from the substrates for further analysis, 
including detailed morphology (light, electron microscopy, size 
measurem ents) and molecular sequencing and phylogenetic 
analysis of new  species using a combined approach w ith 
approxim ately 1900 bp  of nuclear 18S, 600 bp  of m itochondrial 
cytochrome c oxidase I (COI) and 500 bp  of 16S genetic markers, 
w ith  Bayesian phylogenetic analyses and analyses of haplotype 
netw orks for COI.

rspb.royalsocietypublishing.org 
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( a )

Figure 1. E xperim ent locations a n d  d e p lo y m e n t m e th o d , (a) Location o f  ACES la n d ers  1 a n d  2 in th e  Bransfield S trait, A ntarctica (m ark ed  by X); (b) location  o f  
e x p e rim e n t in W halers Bay, D eception Island (m agn ified  from  black box on (o)). GdC, G abriel d e  Castilla A ntarctic base ; (c) ACES la n d e r d e s ig n , h e ig h t: app rox im a te ly  
1 m . syn, syntactic  fo a m  blocks; a r, acoustic  re lease  u n it; w b , w h a le  b o n es a n d  w o o d  pan els ; ba , ba llast. (O nline version in colour.)

Figure 2. Fate o f  w oo d  in th e  d e e p  sea . (a) Pine p lanks recovered from  ACES 1 la n d er in pristine  con dition  a fte r  14 m o n th s  on  seafloor; (6) d e ta il o f  (a) sh ow ing  
sm all H ydrozoa a tta c h e d  to  th e  w o o d  as a hard  su b s tra te ; (c) typical in festa tion  o f  fir w ith  Xylophaga a fte r  six m o n th s  on th e  seafloor a t  1244  m  in S an ta  C atalina 
Basin, CA, USA; (rf) in se t from  (c) sh o w in g  d e ta il o f  Xylophaga borings. (O nline version in colour.)

3. Results
(a)  C o lo n iz a t io n  a n d  b io d é g r a d a t i o n  o f  w o o d
The tw o  landers (ACES 1 a n d  ACES 2; table 1 a n d  figure le) 
w ere successfully recovered on  9 February  2009 from  d ep th s 
of 650 an d  568 m , respectively, after 14 m on ths on  the 
seafloor. The recovered w o o d  (p ine  an d  oak planks) from  
b o th  landers w as in  p ristine condition, show ing no  evidence 
of m acro-boring, n o  discoloration in  po rtions above the 
sed im en t-w a te r interface an d  no  evidence of m icrobial decay 
(figure 2a,b). Exam ination of the surface of the w o o d  revealed 
on  som e pieces num erous unidentified  hydro ids, a ttached to 
the w o o d  an d  using it as h a rd  substrate, b u t n o t bo ring  into it

(figure 2b). The presence of these h yd ro id s strongly suggests 
th a t the w o o d  w as n o t b u ried  in the sedim ent, w h ich  could  
have p reven ted  it from  attack b y  any  locally presen t or invasive 
Xylophaga. In  addition , d u rin g  over 140 b o tto m  traw ls a n d  sea­
floor photographic  surveys associated w ith  the FOODBANCS 
projects [27], no  na tu ra l o r anthropogenic w o o d  w as located 
on  the Antarctic shelf, indicating th a t w ood  falls are extrem ely 
rare in  the region of study.

(b )  C o lo n iz a t io n  a n d  b io d é g r a d a t i o n  o f  w h a l e  b o n e s
In contrast to the w ood  sam ples from  the sam e experim ental 
landers, the pieces of w hale  bone from  the ACES 1 a n d  2

Deception Island

00 m Whalers Bay

63° W 62° W 61° W 60° W 59° W 58° W 57° W 56° W

,  i. 1 ( ■ i  j  «i
Y  f  . tt  * t  t  . . * r.

O 1' w * • v -X ■ « S t • ■ * ■- ^
— T I B I — " • •T Í*  $ ■ X  r
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Figure 3. Osedax antarcticus sp . nov. (a) Live sp ec im en s e m e rg e n t from  b o n e  a fte r  recovery from  th e  seafloor; (6) w h o le  sp ec im en , w ith  pa lp s, ov iduct, tru n k , roo t 
a n d  ovisac, a fte r  d issection  from  b o n e ; (c) d e ta il o f  pa lp s  in live sp ec im en ; (d) d e ta il o f  collar reg ion ; (e) ligh t m icrog raph  o f  palp ; ( f)  scan n in g  e lec tron  m icroscope 
(SEM) o f  in tac t sp ec im en ; (g) SEM d e ta il o f  pa lp ; {h) SEM de ta il o f  tru n k  surface; (/') ligh t m icroscope o f  tw o  d w a rf  m a les  a tta c h e d  to  tru n k  (u p p e r  side); ( j )  ligh t 
m icrog raph  o f  individual m a le  (p re se rv e d ); {k) SEM de ta il o f  roo t tran sverse  sec tion  w ith  visible p re su m ed  bac té rio cy tes; ( /)  SEM d e ta il o f  op h is th oso m al c h a e ta e  o f  
m ale . Scale bars (a) 1 cm ; (6) 2 m m ; (e) 250  p irn ; { ƒ  ) 500  p irn ; (g) 125 p irn ; (h) 20  p irn ; ( / )  100 p irn ; (k) 2 p irn ; ( /)  5 p irn .

(500 m  depth) experim ents w ere heavily infested w ith  specim ens Osedax (figure 3a). O n  a  single rib bone, a  density  of 202 speci-
of a  new  species of Osedax 'bone-eating w o rm ', described below  m ens per 100 cm2 w as recorded. The length  of the em ergent
as Osedax antarcticus sp. nov. Every w hale  bone recovered from  p a lp s w as also m easured  on  these live specim ens w hile under-
b o th  landers w as covered in  a  thick pink-coloured 'pelt' o f w ater, w ith  a m ean  palp  length  of 10.4 m m  (s.d. 5.6 m m ) an d  a

rspb.royalsocietypublishing.org 
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------------------ Malacoceros fuliginosus
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Alaysia sp.
Oasisia alvinae 

Ridgeia piscesae 
}ÿj Tevnia jerichonana 

Riftia pachyptila 
r  Paraescarpia sp.

Escarpia spicata 
r  Lamellibrachia satsuma 
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Lamellibrachia columna 

Sclerolinum brattstromi
Sclerolinum contortum

¿i- Galathealinum brachiosum

/
Frenulata

L  Polybrachia sp.
— Spirobrachia sp.
- Siboglinum ekmani
---------------Oligobrachia haakonmosbiensis

---------------- 1 Osedax deceptionensis\
74| *j- Osedax sp. ‘green palp’

* *—  Osedax sp. ‘sagami 5’
.̂| Osedax sp. ‘pinnules’
' Osedax sp. ‘yellow patch’

74

Osedax

g^i— I Osedax antarcticus\
Osedax sp. ‘nude palp A’ 
Osedax sp. ‘nude palp B’

—  Osedax sp. ‘nude palp F’ 
Osedax sp. ‘sagami 6’ 
Osedax sp. ‘nude palp C’

^  Osedax sp. ‘sagami 8’
I Osedax sp. ‘nude palp D’

—  Osedax sp. ‘nude palp E’
Os edax frankp ress i

Osedax sp. ‘sagami 7’ 
Osedax sp. ‘white collar’ 
Osedax japonicus 

— Osedax mucofloris
■ Osedax sp. ‘orange collar’
■ Osedax sp. ‘yellow collar’

a .
i o<

C
77

Osedax roseus 
Osedax sp. ‘sagami 3’

- Osedax rubiplumus 
■ Osedax sp. ‘sagami 4 ’ 
 Osedax sp. ‘spiral’

VI?

IV

■ Oweniidae
I m

0.3 substitutions per site

( d )

Figure 4. Osedax deceptionensis sp . nov a n d  ph y lo g en e tic  analysis, (a) G lobular m u cous tu b e  o f  0. deceptionensis, e m e rg e n t from  a sm all ho le  in th e  v e rteb ra  a fte r 
recovery from  th e  seafloor, pa lp s arrow ed; (6) tu b e  a fte r  d issection  from  b o ne ; (c) h o lo ty p e  a fte r  d issectio n  from  bo ne ; (d) lig h t m icroscope d e ta il o f  palps;
(e) ph y lo g en e tic  analysis using  Bayesian analysis o f  all sa m p le d  sibog lin id  po ly ch ae te s  a n d  Osedax includ ing  u n describ ed  OTUs on G enB ank b a se d  on 18S, 16S 
a n d  COI g e n e tic  m arkers , po ste rio r p rob ab ility  v a lu es a re  ind icated , w h e re  over 95  m arked  by a n  asterisk , species desc ribed  in th is  pub lica tion  boxed;
( f )  0. antarcticus sp . nov. COI h a p lo ty p e  n e tw o rk  from  12 ind iv iduals, h a p lo ty p e  A (n  =  5 ), B (n =  2 ), C (n =  2), D,E,F (n =  1). (O nline version in colour.)

m axim um  palp  length  in  the largest specim en o f 25 m m . O bser­
vations o f the anim als on  the bone surface (figure 3a) w ere 
suggestive of tw o size-classes of anim als colonizing the bone, 
an d  m easurem ents p rov ided  som e su p p o rt for the presence of 
a  size-class peak  of ind iv iduals w ith  approxim ately 5 m m  palp  
length  an d  a second peak  for ind iv iduals w ith  approxim ately 
11 m m  long pa lp s (see electronic supplem entary  m aterial, 
figure SI). Several o ther species of annelids w ere recovered 
from  the ACES bone sam ples, including several new  species of 
D orvilleidae (H. W iklund 2013, unpub lished  data).

The single verteb ra  recovered a t the W halers Bay m ooring  
w as n o t initially  ju d g ed  to  b e  significantly  colonized; h o w ­
ever, after several days in  an  aq u ariu m , a sm all m ucous

tu b e  w as observed  inside a  ho le  in  the bone  a n d  fo u n d  to 
b e  an  extrem ely sm all (p a lp  leng th  less th an  1 m m ) single 
specim en  of Osedax, described  below  as Osedax deceptionensis 
sp. nov. (figure 4). In ad d itio n  to th e  Osedax, tw o  new  species 
of D orville idae (A nnelida) w ere collected from  th e  aq u a riu m  
tan k  associated  w ith  th e  b o n e  [28].

(c) S y s t e m a t i c s  
(i) Taxonomy
A nnelida  Lam arck, 1809, S iboglinidae C aullery , 1914.

Osedax antarcticus sp. nov. G lover, W ik lund  a n d  D ahlgren, 
2013 (figure 3a -l) .
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(¡i) M aterial examined
Osedax antarcticus sp. nov. type m aterial. Bransfield Strait, W est 
A ntarctic Peninsula, Southern Ocean, A ntarctica collected 
aboard  RV Laurence M  Gould research cruise LMG-09-02 
'FOODBANCS2' project on 9 February 2009 from  experim ental 
substrates deployed on  3 D ecem ber 2007 from  RV Oden 
research cruise 'SW EDARP 07-08'. H olotype: m ature  adu lt 
fem ale (N H M  2013.435), dissected from  rib bone collected 
from  'ACES 2 L ander' at 63°10.98' S 61°38.16' W  deployed  on 
the seafloor in 568 m  of w ater, sam ple num ber WW785. Para- 
types: m ature  a d u lt fem ales (N H M  2013.436 an d  N H M  
2013.437), dissected from  rib bone of ACES 2 Lander (locality 
as for holotype) an d  jaw  bones of ACES 1 L ander a t 63°9.87' 
S 61°41.34'W  deployed  on  the seafloor in  650 m  of w ater, 
sam ple num bers WW791 an d  WW828. A llotypes: three 
dw arf m ales from  the tube  of para type  N H M  2013.436. 
A dditional non-type m aterial of 36 specimens.

(iii) Diagnosis
V oucher specim ens (GenBank KF444420, KF444418, KF444422) 
observed live as four red  p a lp s  em ergent from  bone  th rough  
th in  m ucous tube  (figure 3a), leng th  of p a lp s heavily  contracted 
on  fixation, m easured  for form alin-fixed ho lo type a t 2.5 m m , 
estim ated leng th  o f pa lp s w h en  fully extended  in  live specim ens 
1 0 -1 5  m m  based  o n  observations of a  n u m b er of indiv iduals. 
Palps fused for approxim ately  50% of length, appearance 
w h en  alive an d  fused as red  w avy stripes, overall appearance on 
b one  in  densely  colonized regions as a red  'pe lt' covering bone 
surface (figure 3a,c), colour lost on  dea th  a n d  fixation. O viduct 
sim ilar leng th  to palps, free to  base  a n d  adjoined to the tru n k  at 
collar region, collar region occasionally tin ted  yellow, vary ing  to 
entirely yellow  tru n k  (figure 3b,d). Palps sm ooth, w ith o u t p in ­
nu les u n d er light m icroscopy, tw o  approxim ately  0.05 m m  
w id e  ciliary b an d s  ru nn ing  the leng th  of the pa lp , region 
betw een  ciliary b an d s  of approxim ately  0.1 m m  filled w ith  
region of m icropinnules visible u n d er oil-im m ersion an d  scan­
n ing  electron m icroscope (SEM) giving rugose appearance to 
the p a lp  surface a t h igh  m agnification (figure 3e-g ). Sm ooth 
tru n k  region em ergent from  bone surface, m easured  in  fixed 
ho lo type at 0.6 m m  w id th  an d  1.4 m m  length, m ean  of 
m easured  trunk , ethanol-fixed specim ens, 0.84 m m  w id th , 
1.3 m m  length, tru n k  region w ith o u t epibiotic bacteria (figure 
3h), pseudo-segm ented  ridged  appearance u n d er SEM (figure 
3f,li) an d  w ith  tw o w ide  lateral ciliary bands. Roots com pact, 
lobate, heavily  vascularized, yellow  to green in  live specim ens, 
w ith  sm all lateral projections m ore heavily  p igm en ted  in  
g reen -ye llow  (figure 3b), w id th  in  ho lo type 2.7 m m , m ean  in  
all specim ens m easured  of 4.4 m m , d ep th  2.2 m m , b u t d ep th  
possib ly  unreliable m easurem ent. Root ep iderm is appearing  
sm ooth  u n d er low  pow er, u n d e r h igher m agnification rugose 
w ith  repeating  dom es of approxim ately  0.05 m m  in  w id th , 
u n d e r h igh  pow er SEM epiderm is w ith  m icrovilli o f approx i­
m ately 500 n m  in length, separated  b y  approxim ately  500 n m  
from  each o ther (not illustrated). Exposed root tissue observed 
u n d e r SEM w ith  m ultip le  bactériocytes, p resu m ed  bacteria 
seen w ith in  m easuring  0.0015-0.0030 m m  (figure 3k). Eggs of 
fem ale rounded , on  release from  ov iduct m easuring  approxi­
m ately 0.08 m m . Fem ale tubes consist of thin, m ucous 
sheaths. M ucus tubes extending distally  beyond  the relaxed 
anim al, m ost com m on clear b u t som e opaque w hite, larger 
ones branching  one or tw o times.

M ale specim ens (allotypes) recovered from  b o d y  w all
of pa ra ty p e  N H M  2013.436, leng th  of m easu red  m ale 
specim en  0.6 m m , w id th  0.16 m m  (figure 3j) . C onical prosto- 
m ium , ciliary b a n d  an terio rly  (p resu m ed  proto troch), b o d y  
filled w ith  em p ty  sac-like cavities anteriorly , becom ing 
progressively  m ore filled w ith  p resu m ed  sperm atid s tow ards 
th e  posterio r opisthosom e, w here  chaetae are located. 
C haetae, n u m b erin g  eight, a rran g ed  in  tw o  p a irs  laterally, 
observed  u n d e r SEM as p ro m in en t rap to ria l, u n h o o d ed  
h ooks em erg ing  from  sim ple conical p a rap o d ia l lobes, each 
hook  w ith  a se t of tw o  to  fou r an terio rly  sited  tee th  an d  
opposing  four to  six posterio rly  sited  teeth, g iv ing  a g rasp ing  
appearance  (figure 31). H ooks, inc lud ing  p a rap o d ia l lobe, 
p ro jecting  approx im ate ly  0.007 m m  from  b o d y  w all, leng th  
a n d  w id th  of hook  approx im ate ly  0.0038 m m .

(iv) Etymology
Pertain ing  to the ty p e  locality, A ntarctica.

(v) Taxonomy
Osedax deceptionensis sp. nov. (T aboada, C ristobo, Avila, 
W ik lund  a n d  G lover, 2013, figure 4 a -d ) .

(vi) M aterial examined
Osedax deceptionensis sp. nov. Type m aterial. W halers Bay, 
D eception Island, Bransfield Strait, W est A ntarctic Peninsula, 
Southern  O cean, A ntarctica collected on  25 January  2010 from  
experim ental w hale  bone  substrate dep loyed  on  2 January  
2009. H olotype: m atu re  a d u lt fem ale (BCN CRBA-9621), d is­
sected from  vertebra collected a t 62°59.33' S 60°33.45' W  
deployed  on  the seafloor in  21 m  of water.

(vii) Diagnosis
H olotype (GenBank KF444421, KF444419, KF444428), live 
specim en as four pa le  w h ite  to  translucent pa lp s em erging 
from  a hem ispherical m ucous tube  (figure 4a,b). Tube in tw o 
hem ispherical distinct parts: transparen t, an terior o r w ater- 
exposed part; light-brow n opaque, posterior o r inner-bone 
p a r t (figure 4b). Four sm ooth  palps , w ith o u t p innules, detached  
from  the base  b y  the an im al after rem oving it from  the bone 
(figure 4c), of equal length  approxim ately  0.6 m m , 0.05 m m  
w id e  in  ethanol-fixed specim en, u n d er h igh  pow er light 
m icroscopy w ith  slightly rugose appearance (figure 4d). N o  ovi­
d u c t observed an d  no  trace of any  m ale. T runk region (0.6 m m  
long, 0.3 m m  w ide) in  fixed specim en, w h itish  in  live specim ens 
(figure 4c). M ou th  an d  g u t absent. L obulated root an d  ovisac 
0.7 m m  long, 0.8 m m  w ide, greenish in  live (figure 4c). Palps, 
tru n k  a n d  ovisac becom ing opaque  w h ite  after preservation. 
Several spherical eggs (approx. 40) rang ing  0.07-0.08 m m  
diam eter, som e released from  ovisac after specim en dissection 
(figure 4c).

(viii) Etymology
Pertain ing  to the ty p e  locality, D eception Island, A ntarctica.

(ix) Remarks
There are currently  five o ther form ally described species in  the 
genus Osedax, an d  a larger num ber of operational taxonom ic 
units (OTUs) listed as unidentified  Osedax sp. on  GenBank, 
som e of w hich are m entioned  in recent publications (sum m ar­
ized  in table S3 of the electronic supplem entary  m aterial). Of
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the  described species, these are O. rubiplumus Rouse et a l, 2004, 
O. frankpressi Rouse et al., 2004, O. roseus Rouse et a l, 2008 
described from  M onterey C anyon in  the northeast Pacific, 
O. mucofloris G lover et a l, 2005 described from  the Sw edish 
N orth  Sea (Skagerrak) a n d  O. japonicus Fujikura et a l, 2006 
described from  off K yushu  Island, northw est Pacific. Osedax 
antarcticus sp. nov. an d  O. deceptionensis sp. nov. differ clearly 
from  all of the described species in  the absence of p innules 
on  the palps, a lthough  w e observed som e rugose micro-papil- 
lated surface u nder SEM of O. antarcticus. They also differ from
O. rubiplumus an d  O. roseus in  tha t the roots are com pact an d  
lobulate rather th an  long an d  branched  b u t are sim ilar to  O. 
frankpressi, O. mucofloris an d  O. japonicus in  th is regard. 
Osedax antarcticus is fu rther differentiated from  O. japonicus in 
the natu re  of the oviduct, w hich  extends to p a lp  length, b u t 
the oviduct w as n o t observed for O. deceptionensis. W ith 
regard  to the  OTUs pub lished  on  the NCBI GenBank, ou r 
new  species differ genetically from  all know n species or 
OTUs of Osedax (see section below ). Osedax antarcticus sp. 
nov. an d  O. deceptionensis resem ble m orphologically  o ther 
OTUs that have been  no ted  to  exhibit sm ooth  p a lp s  (e.g. O. 
'nude-pa lp  A ' [18]) b u t there is lim ited m orphological detail 
available for these undescribed species an d  our species differ 
genetically. W ith regard  to reproduction, dw arf m ales (figure 
3j)  w ere only observed on  O. antarcticus sp. nov. a n d  counted 
on  seven preserved specim ens, w ith  the num ber of m ales vary ­
ing  betw een tw o an d  12 p e r female, these num bers shou ld  be  
considered a  low er limit.

(d )  G e n e t i c  b a r c o d in g  a n d  p h y l o g e n e t i c s
W e conducted  ind iv idual a lignm ents a n d  phylogenetic ana­
lyses of the annelid  fam ily S iboglinidae using  the genetic 
m arkers 18S, 16S an d  COI (figure 4e), u sing  all know n 
described an d  O TU Osedax taxa tha t w ere available. The com ­
b in ed  alignm ent consisted o f 3611 characters, of w hich  18S has 
1912 characters, 16S has 574 characters an d  COI has 1125 char­
acters. The three Bayesian analyses (BA) converged on  sim ilar 
log-likelihood values, m ean  values for all param eters and  
clade probabilities; fu rther details of the analyses are p rov ided  
in  the electronic supp lem entary  m aterial. The 50% -majority 
ru le  consensus tree from  the BA generates 41 nodes, how ever, 
only  34 have clade posterior probabilities at 95% or above. 
There is strong su p p o rt for the Osedax clade, w ith  the Frenu­
lata as its sister g roup  (figure 4e). W ithin  Osedax, a  to tal of 
24 species (including seven described species an d  17 OTUs) 
are now  th o u g h t to  be  p resen t (figure 4e a n d  electronic su p ­
p lem en tary  m aterial, table S3), a lthough  this m ay b e  23 if w e 
consider O TU 'sagam i 8 ' to  be  the sam e species as OTU 
'nude-pa lp  D ' w ith  w hich  it differs b y  only  9 b p  w ith in  COI 
a n d  n o  differences in  the o ther m arkers. O ur evidence su p ­
po rts  the synonym y of several o ther OTUs th a t are either 
m en tioned  in  the literature o r on  GenBank, listed in  electronic 
supp lem en tary  m aterial, table S3.

Phylogenetically, w e found  strong su p p o rt for the Sibogli­
n idae  clades V estim entifera, Sclerolinum, Frenulata an d  Osedax, 
w ith  su p p o rt for a sister g roup  relationship betw een  Osedax 
a n d  Frenulata. W ithin  Osedax, w e found  su p p o rt for five, poss­
ibly six, significant clades, labelled in  figure 4e follow ing the 
clade num bering  system  of Vrijenhoek et al. [19]. Osedax decep­
tionensis sp. nov. is d ivergent from  all these clades, an d  w e d id  
n o t confidently  resolve its position, it m ay  represen t a sixth 
clade w ith in  Osedax b u t this cannot y e t b e  confirm ed. In

addition , w e m ade  an  analysis of the hap lo type  d istribu tion  |
w ith  12 COI sequences from  O. antarcticus sp. nov. an d  six 
different hap lo types w ere found  (figure 4/). H ap lo type  A con­
sists o f five sequences, hap lo types B a n d  C of tw o sequences 
each an d  the o thers are all single sequences.

4. Discussion
The rem arkab le  con trast be tw een  o u r p ristine  w o o d  blocks 
a n d  heav ily  b o red  w h ale  bones, recovered from  the sam e 
experim ental package a t tw o  sites on  th e  A ntarctic shelf, is 
consisten t w ith  o u r hypo thes is  th a t Osedax are ab u n d a n t in 
w ate rs  so u th  of th e  ACC a n d  APF. It confirm s th a t Osedax 
la rvae  w ere  able to  colonize the  bone  packages after less 
th an  one year, w hereas X ylophagainae larvae w ere  not. 
W ith  increasing an thropogen ic  a n d  po ten tia lly  na tu ra l 
in p u ts  of w o o d  in to  th e  A ntarctic, pa rticu la rly  the w ell-vis­
ited  W est A ntarctic P en insu la  region, it is im p o rtan t to 
consider how  w o o d  m ay  b e  b io d eg rad ed  in  the  region. O ur 
d a ta  canno t be  considered  conclusive ev idence th a t w ood- 
eating  b ivalves are  ab sen t from  the A ntarctic. It is possib le 
th a t ou r experim ents w ere  n o t dep loyed  for long enough, 
o r th a t th e  size of th e  w o o d  package, o r p resence of w hale  
bones, inh ib ited  larval settlem ent. H ow ever, low er-la titude 
dep loym en ts  of w o o d  panels a t sim ilar d ep th s  have repeat­
ed ly  show n  heav y  infestation  b y  X ylophagainae species 
after ju s t th ree m on ths an d , in  som e cases, com plete w o o d  
destruction  after 1 year [6 ,29-31] (figure 2c,d).

The m ost sou therly  k now n  X ylophagainae (Xylophaga 
atlantica R ichards, 1942 a n d  X. rhyabtshikovi K udinova- 
Pastem ak , 1975) w ere  reco rded  from  a sh ipw reck  in 1600 m  
of w ater, close to the F alk land  Is lands a t la titude  52° S. By 
contrast, species o f X ylophaginae have  b een  reco rded  from  
th e  h igh  Arctic a t la titudes of 72°, suggestive th a t low  tem p ­
era tu res are n o t a  ba rrie r to  d ispersa l for these an im als [33]. 
W hile the shallow -w ater te red in id  sh ipw orm s have  an  
obv ious m eans of long-distance ad u lt d ispersa l (attached  to 
floating d riftw o o d  a n d  w o o d en  ships), the X ylophagainae 
m u s t rely  o n  larval d ispersa l in  ocean cu rren ts, possib ly  at 
g rea t d ep th . O u r experim ents w ith  w ood , a lth o u g h  very  lim ­
ited  in  the ir geographical scope, do  suggest b o th  th e  absence 
of locally endem ic X ylophagainae p o p u la tio n s an d  the 
absence of larvae from  m ore b ro ad ly  d is tribu ted  species. 
The observations are suggestive of barrie rs to  the deep-w ater 
d ispersa l o f benthic larvae, a lth o u g h  the  ACC an d  APF m ay 
w ell b e  'leaky ' over evo lu tionary  tim escales, [4]. It is possib le 
th a t cu rren t an thropogenic clim ate w arm ing  m ay  led  to 
increased incursions of larvae in to  A ntarctica as the position  
of the Polar Front is sh ifted  [34]. The am o u n t of A ntarctic 
m arine  w o o d  m ay  also increase as a result of h u m a n  activities 
such  as to u rism  along  the W est A ntarctic Peninsula, creating a 
new  hab ita t for invasive species [11]. In  add ition , o u r obser­
vations w ill have significance for m arine  archaeologists 
interested  in  the  b iodég radation  of A ntarctic sh ipw recks such 
as the Scandinavian  p in e  a n d  oak-built sh ip  Endurance u sed  
b y  Ernest Shackleton on  h is 1914 expedition, now  ly ing  on 
th e  W est A ntarctic shelf.

The rem arkable colonization of o u r w hale  bone exper­
im ents b y  tw o new  species of Osedax w as in  obvious contrast 
to  the un touched  w ood, b u t perhaps n o t entirely unexpected 
given the abundance of cetaceans in the Southern O cean [5]. 
Furtherm ore, tw o  recent expeditions using rem otely operated
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vehicle have serendipitously discovered intact, natural, w hale- 
falls on the bathyal seafloor in  the Bransfield Strait (A. G. 
Glover 2011, personal observations) an d  East Scotia Ridge, 
w here abundan t b u t undescribed Osedax are reported  [35]. 
O ur observations of dense colonization b y  O. antarcticus sp. 
nov. on  the 550-650 m  landers are suggestive of an  ab undan t 
local source of larvae, w hich  m ay w ell be  the case if natural 
w hale-falls are frequent in  the areas. Furtherm ore, the presence 
of potentially tw o size classes of O. antarcticus (see electronic 
supplem entary  m aterial, figure SI) an d  the observation of m ul­
tiple O. antarcticus haplotypes at the sam e lander site (figure 4 /) 
are indicative of m ultip le founder events an d  an  ab undan t 
larval source. Antarctic m inke w hales Balaenoptera bonaerensis 
Burmeister, 1867, hum pback  w hales Megaptera novaeangliae 
(Borowski, 1781), fin w hales Balaenoptera physalus (Linnaeus, 
1758) an d  b lue  w hales Balaenoptera musculus (Linnaeus, 1758) 
are ab u n d an t th roughou t the Antarctic, an d  w e suspect that 
the A ntarctic holds h igh  Osedax diversity an d  abundance. 
W ith regard  our experim ental m ethod  (bones attached to  1 x 
1 m  landers), w e also no te  tha t the relatively sm all size of the 
experim ent com pared w ith  an  intact w hale  carcass d id  n o t p re­
ven t larval entrainm ent an d  colonization, an d  this m ay w ell be  
a  useful approach in fu ture studies w here such settlem ent 
'trap s ' could be  deployed to study  deep-sea dispersal in 
particu lar target taxa, such as Osedax.

Osedax deceptionensis sp. nov. is rem arkable in  tha t it is 
recorded from  the shallow est dep th s so far for the genus, 
extending the range for Osedax from  2893 [9] to  just 21 m  in 
th is study. The locality of its discovery is also of interest: an  
extrem ely isolated d row ned  (and  still active) caldera w ith  a 
m axim um  d ep th  of just 180 m  a n d  a shallow  sill w ith  lim ited 
w ater exchange to the open  sea [36]. H ow ever, w hale  bones 
are n o t a rarity in the caldera of D eception Island. Indeed, 
they occur w idely  o n  the beach an d  in  the shallow  subtidal—  
relics from  the early-tw entieth  century  w haling  industry  (see 
electronic supplem entary  m aterial). It is an  interesting question 
as to  w hether O. deceptionensis sp. nov. is m ainly  using an th ro ­
pogenic, 'd u m p e d ' w hale  bones as a food source, o r is reliant 
on  a  natu ral in p u t of fresh w hale  carcasses. N atural bones 
w ill differ in tha t the historical bones w ere often boiled  (for 
oil extraction) p rio r to dum ping , a lthough  w e now  believe 
tha t Osedax has a  general preference for bones w ith  low er oil 
content [37]. There is little evidence either w ay, b u t given 
tha t there have been  no  observations of Osedax o n  the shallow  
subtidal historical bones, as yet, w e m ay assum e for the 
m om ent tha t the species is reliant on the m ore organic-rich 
fresh bones as tha t is the only hab ita t it has been  recorded 
on. G iven the periodic disturbances in  the form  of eruptions, 
the deposition  of volcanic an d  fluvial sedim ents [38] an d  
o ther effects such as the m echanical abrasion in  the littoral 
zone, it m ay  w ell be  tha t periodic recolonization is required 
from  outside the island. Further collecting in the region will 
p rov ide m ore clues to this interesting puzzle , tha t m ay  well 
link the current d istribution  of bone-eating w orm s w ith  an  
unusually  intense h u m an  im pact in  the area.

M orphologically , the tw o  new  species of Osedax described  
here  are d ifferent to o ther described  species in  th e  fo rm  of the 
'sm o o th ' p a lp s , w ith o u t the  com plex p in n u le  s truc tu re  seen 
on  o ther Osedax. This could  be  construed  as an  ad ap ta tio n  
to  the  relatively h ig h  oxygen con ten t of the  cold A ntarctic 
w aters; how ever, sm oo th  p a lp s  have b een  inform ally  
observed  on  a n u m b er of undescribed  Osedax species from  
low er la titudes [19]. O ne characteristic feature  o f Osedax is

th e  p resence of d w arf m ales; w e  d id  n o t observe any  on  
th e  single, tiny  specim en of O. deceptionensis sp. nov. b u t 
they  w ere  seen on  several specim ens of O. antarcticus sp. 
nov. (figure 3j) . The chaetae of th e  m ales, observed  in  h igh- 
reso lu tion  SEM (figure 31), show  a rem arkab le  opposition  
of tw o  sets of tee th  (rostral a n d  subrostra l teeth), a n d  w e 
hypo thes ize  th a t they  are a d a p te d  to  g rasp ing  th e  fem ales, 
o r bone, o n  settlem ent.

W e perform ed a  phylogenetic analysis of the annelid  family 
Siboglinidae an d  here include the full range of available sibogli- 
n id  sequences alongside the 24 (or 23) suggested  Osedax OTUs 
(figure 4e an d  electronic supplem entary  m aterial, table S3). A t 
h igher levels, w e find  strong su p p o rt for the traditional clades 
Vestimentifera, Sclerolinum, Frenulata an d  the relatively new  
clade Osedax. W e suppo rt the proposition  of Rouse [39] to 
m aintain  use of these nam es w ith in  Siboglinidae, w ithou t 
giving them  rank, a lthough  w e elect to n o t use the nam e 
M onilifera sensu Rouse [39] to refer to  bo th  V estimentifera 
an d  Sclerolinum. O u r analysis of the phylogenetics of Osedax 
differs from  the tw o  prev ious studies [9,16] in  tha t w e resolve 
Frenulata, the predom inantly  m ud-dw elling  group  form erly 
referred to as pogonophorans, as the Osedax sister group, 
rather than  as V estimentifera an d  Sclerolinum. This is based  
on  a  com bined analysis of three genes, ra ther th an  the tw o of 
the prev ious studies. It is interesting to speculate on the evol­
u tionary  orig in  of the rem arkable Osedax w orm s, b u t there 
can be  no  d o u b t tha t the data  are still extrem ely lim ited. If any­
thing, w e can hypothesize tha t they are m ore closely related to 
the sedim ent-dw elling chem osynthetic siboglinids (Frenulata), 
the  ancestors of w hich w ere p erhaps able to colonize w hale 
bones in  soft-sedim ent environm ents. A  problem  in  this analy­
sis is the very lim ited genetic sam pling of Frenulata, w hich is 
the m ost speciose siboglinid group, b u t the least sam pled  [40].

W ithin Osedax, w e also find  strong su p p o rt for the five 
clades no ted  b y  V rijenhoek et al [19], a lthough  O. deceptionensis 
sp. nov. w as h ighly  d ivergent an d  m ay  represent a sixth clade. 
Osedax antarcticus fell w ith in  a  clade (II) of undescribed OTUs 
tha t have been  observed to also lack p innules on their palps. 
A lthough  there is ra ther little m orphological o r hab ita t da ta  
available for m any  of the undescribed OTUs (see electronic 
supplem entary  m aterial, table S3), it is striking tha t there is 
n o  clear geographical o r bathym etric pa ttern  am ong  the 
Osedax clades. W ith the exception of the monospecific clades 
III an d  VI, the clades all contain species tha t have been  
recorded from  m ultip le ocean basins an d  dep th  ranges of a 
m in im um  of 1500 m  (see electronic supplem entary  m aterial, 
table S3). The tw o  new  A ntarctic species are n o t sister-taxa, 
as m igh t b e  expected if Osedax h a d  colonized the Antarctic 
once, early  in  its evolution. There are, in  essence, no  indications 
of vicariance-driven phylogeographic or phylobathym etric 
pa tterns in  Osedax. W e m ust therefore speculate d ow n  different 
routes as to w h a t has driven spéciation in  Osedax. This m ight 
include hab ita t specialization tha t is independen t of geo­
g raphy  or bathym etry; in  this regard , the d istribution  of the 
great w hales is p robably  concordant in  tha t different species 
o f w hale-fall are likely to  be  very  b road ly  distributed . A 
single w hale-fall m ay  exhibit a  range of m icrohabitats delicately 
separated  in  space and  tim e offering a  basis for spéciation 
[41-43]. A nother, p erhaps m ore controversial suggestion is 
tha t the Osedax larvae are so prevalent, a n d  the species so 
m ixed, tha t the successful colonization of a carcass m ay come 
d ow n  to a  com bination of chance an d  interspecific com petition 
d u ring  the initial g row th  phases. W e m ay no t know  the answ er
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to  these questions w ith o u t a  greater understand ing  of sibogli- 
n id  larval distribution, settlem ent an d  grow th.

W ith  increased  sam pling , the g row ing  d iversity  a n d  d is­
tr ibu tion  of Osedax is becom ing  all th e  m ore rem arkable  
g iven th a t new  species of th e  g roup  are being  d iscovered  in  
even  very  shallow  d ep th s , close to  m arine  b io logical stations 
th a t have  b een  active for m an y  decades (e.g. D eception  Island 
a n d  th e  Sw edish  W est Coast). B ased on  th e  sim ple p rem ise  
th a t a lm ost every  w hale-fall so far sam p led  h as revealed  
new  species, th e  g lobal d iversity  of th is g roup  m ay b e  very  
h igh , far exceeding the cu rren t 24 k now n  OTUs. Osedax an d  
th e  ecologically sim ilar X ylophagainae b ivalves are the eco­
system  engineers of organic h a rd  substrates, recycling the 
organic m aterial trap p ed  in  refractory bone  a n d  w ood  
m atrices th ro u g h  specialized  ad ap ta tio n s  a n d  sym biotic bac­
teria. In  th e  A ntarctic, a  un iq u e  place in  so m an y  respects, o u r 
sim ple experim en t h as  show n  h ow  the  d ispersa l of these

species contro ls the very  contrasting  fate of w o o d  a n d  |
w h ale  rem ains on  th e  S ou thern  O cean seafloor.
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