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ABSTRACT	  

Many	   shark	   species	   form	   groups,	   however	   the	   drivers	   of	   this	   behaviour	   are	   not	   well	  

understood.	   Previously	   it	   was	   thought	   that	   aggregations	   may	   be	   a	   function	   of	   resource	  

availability	  or	  phenological	  behaviours,	  but	  recent	  studies	  have	  suggested	  that	  sharks	  display	  

preferences	   in	   their	   associations	  with	   conspecifics	   and	   that	   complex	   social	   networks	  may	  

underpin	  their	  movement	  patterns,	  demographic	  distribution	  and	  fitness.	  	  This	  study	  used	  a	  

network	   approach	   to	   investigate	  patterns	   of	   sociality	   of	   a	   demersal	   predator,	   the	   spotted	  

wobbegong	  shark,	   in	  a	  small	  marine	  reserve.	   	  Spatial	  data	  obtained	  from	  fine-‐scale	  passive	  

acoustic	   telemetry	   were	   used	   to	   show	   that	   some	   sharks	   display	   preferences	   in	   their	  

associations,	   many	   of	   which	   persisted	   after	   sharks	   returned	   to	   the	   reserve	   from	   their	  

seasonal	   migration.	   These	   relationships	   were	   not	   exclusive,	   with	   some	   sharks	   forming	  

associations	  with	  multiple	  individuals.	  	  Patterns	  were	  evident	  at	  the	  dyadic	  level,	  but	  limited	  

evidence	  was	  found	  of	  a	  stable	  community	  or	  network	  structure.	  	  	  It	  appears	  that	  the	  species	  

is	   not	   primarily	   gregarious	   but	   that	   benefits	   may	   be	   gained	   by	   maintaining	   a	   level	   of	  

familiarity	  with	   a	   limited	   number	   of	   conspecifics.	   	   The	   composition	   of	   groups	   in	   terms	   of	  

individual	   attributes	   (sex,	   size	   and	   familiarity)	   suggested	   that	   non-‐social	   aggregative	  

behaviour	  was	  not	  a	  strong	  influence	  on	  association	  patterns.	  	  	  Site	  fidelity	  and	  home	  range	  

overlap	  were	  also	  found	  to	  only	  marginally	  influence	  these	  associations.	  	  This	  suggests	  that	  

the	  observed	  relationships	  can	  be	  explained,	  at	  least	  in	  part,	  by	  genuine	  social	  affiliation	  and	  

that	   anthropogenic	   influences	   on	   the	   population	   may	   have	   more	   complex	   impacts	   than	  

previously	  thought.	  	  	  
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1 INTRODUCTION	  

Sociality	  exists	  on	  a	  spectrum.	  	  	  The	  position	  of	  a	  species	  along	  this	  spectrum	  reflects	  

an	  ongoing	  sequence	  of	  tradeoffs	  that	  balance	  the	  benefits	  and	  risks	  of	  associating	  

with	   others	   (Avilés,	   1999,	   Wallace	   and	   Bennett,	   1998).	   	   	   Foraging	   success	   for	  

example	  can	  be	  enhanced	  by	  the	  formation	  of	  groups	  (Clark	  and	  Dukas,	  1994)	  while	  

increasing	   group	   size	   may	   interfere	   with	   foraging	   efficiency	   and	   promote	  

intraspecific	   competition	   (Pavlov	  and	  Kasumyan,	  2000).	   	   Likewise,	   vigilance	  against	  

predators	  may	  be	  enhanced	   in	   large	  groups,	  and	   the	   risk	  of	  predation	  diluted,	  but	  

may	   be	   amplified	   as	   the	   group	   becomes	   more	   conspicuous	   (Krause	   and	   Ruxton,	  

2002).	   	  Social	   interactions	  may	  provide	   important	   information	  (Conradt	  and	  Roper,	  

2003,	  Lusseau,	  2003)	  but	  can	  increase	  exposure	  to	  parasitism	  and	  disease	  (Leu	  et	  al.,	  

2010b,	  Newman,	  2003).	   	   	   	  Extrinsic	   influences,	  such	  as	  resource	  spikes	   (Johnson	  et	  

al.,	  2002),	  as	  well	  as	   intrinsic	  biological	  mechanisms	  (Krause	  and	  Ruxton,	  2002)	  can	  

generate	   aggregations,	   often	   comprised	   of	   random	  members.	   	   	   For	   some	   species	  

however	   mutual	   benefits	   are	   derived	   from	   active	   partner	   preferences	   and	   non-‐

random,	  social	  groups	  form	  as	  a	  result	  	  (Croft	  et	  al.,	  2006,	  Durrell	  et	  al.,	  2004,	  Gero	  

et	  al.,	  2005).	  	  	  	  

	  

The	   implications	   of	   this	   are	   complex.	   	   Recurring	   decisions	   to	   cooperate,	   avoid	   or	  

antagonise	   become	   adaptive	   over	   time	   and	   feedback	   loops	   emerge	   as	   individuals	  

influence	   group	  dynamics,	  which	   in	   turn	   impact	  on	   the	   strategies	  of	   individuals	   (J.	  

Krause	  et	  al.,	  2009,	  Wey	  et	  al.,	  2013).	  	  	  The	  compromises	  made	  can	  have	  significant	  

implications	   for	   reproductive	   fitness	   (Frère	   et	   al.,	   2010,	   McGuire	   et	   al.,	   2002),	  

demographic	   and	   genetic	   distribution	   (Lusseau	   et	   al.,	   2006,	   Storz,	   1999)	   and	  

ultimately	   the	   survival	   of	   individuals,	   populations	   and	   a	   species	   overall.	   	   	   	   	   Thus	  

understanding	   the	   patterns	   of	   these	   interactions,	   in	   the	   context	   of	   a	   species’	  

ecological	  niche,	  can	  shed	  light	  on	  the	  evolution	  of	  social	  behaviour	  and	  is	  critical	  to	  

predicting	  the	  response	  of	  animals	  to	  the	  world	  around	  them	  (Ansmann	  et	  al.,	  2012,	  

Dungan	  et	  al.,	  2012).	  
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Aggregation	  behaviour	  has	  been	  observed	  in	  a	  variety	  of	  shark	  species	  (Ebert,	  1991,	  

Klimley	   and	   Nelson,	   1984,	   Scott	   et	   al.,	   1997,	   Sims	   et	   al.,	   2000,	   Springer,	   1967)	  

however	   the	   composition	   of	   these	   groups	   is	   not	   well	   understood.	   	   Both	  

phenotypically	   assorted	   and	   mixed	   groups	   have	   been	   reported	   (Mucientes	   et	   al.,	  

2009,	  Wearmouth	  and	  Sims,	  2008).	   	   	  Many	  elasmobranch	  aggregation	  studies	  have	  

suggested	   an	   underlying	   social	   basis	   for	   group	   formation	   but	   have	   relied	   on	  

anecdotal	   and	   descriptive	  methods	   to	   report	   this	   (Jacoby	   et	   al.,	   2012c).	   Recently,	  

research	   into	   shark	   behaviour	   has	   incorporated	   quantitative	   methods	   that	   have	  

identified	   persistent	   individual	   partner	   preferences	   and	   extensive	   social	   networks	  

(Guttridge	  et	  al.,	  2009a,	  Guttridge	  et	  al.,	  2011,	   Jacoby	  et	  al.,	  2012a,	  Mourier	  et	  al.,	  

2012).	   	   The	   capacity	  of	   sharks	   to	  be	   social	  has	  been	   suggested	  by	   the	  presence	  of	  

complex	  behaviours,	   such	   as	  dynamic	  dominance	  hierarchies	   (Allee	   and	  Dickinson,	  

1954,	   Myrberg	   Jr.	   and	   Gruber,	   1974,	   Klimley	   and	   Nelson,	   1981)	   and	   may	   be	  

supported	   by	   a	   brain-‐mass	   to	   body-‐mass	   ratio	   that	   is	   comparable	   to	   mammals	  

(Northcutt,	  1977).	   	  Studies	  have	  emerged	  that	  highlight	   the	   learning	  capabilities	  of	  

sharks	   (Guttridge	   et	   al.,	   2009b,	   Guttridge	   et	   al.,	   2013)	   and	   the	   presence	   of	  

personalities	  (Jacoby	  et	  al.,	  2014).	  	  Together	  these	  studies	  suggest	  that	  sociality	  may	  

be	   an	   important	   component	   of	   shark	   behaviour.	   	  Given	   that	   shark	   abundance	  has	  

declined	   sharply	   in	   recent	   years	   due	   to	   fisheries	   pressures	   (Ferretti	   et	   al.,	   2010),	  

investigating	  the	  social	  element	  of	  aggregations	  may	  refine	  our	  understanding	  of	  the	  

more	   subtle	   impacts	   of	   anthropogenic	   activities	   on	   the	   longevity	   of	   shark	  

populations.	  	  

	  

The	   study	   of	   sociality	   is	   inherently	   complex,	   involving	   relational	   data	   and	   many	  

sources	   of	   uncertainty.	   	   However,	   advances	   in	   analytical	   techniques,	   coupled	  with	  

developments	   in	   movement	   tracking	   technologies,	   have	   resulted	   in	   increasing	  

flexibility	   and	   robustness	   in	   the	   exploration	   of	   social	   behaviour	   of	   elasmobranchs	  	  

(reviewed	  in	  Wilson	  et	  al.,	  2013).	  	  At	  the	  core	  of	  network	  theory	  is	  the	  concept	  that	  

individuals	   differ	   in	   their	   experience	   of,	   and	   contribution	   to,	   the	  wider	   population	  

and	  that	  indirect	  connections	  are	  important	  elements	  of	  social	  dynamics	  	  (Krause	  et	  

al.,	   2007).	   	   Social	   network	   analysis	   can	   capture	   this	   level	   of	   complexity,	   at	   the	  

individual,	  dyadic,	   community	  and	  network	   level	  by	  using	  a	  powerful	   composite	  of	  
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tailored	  quantitative	   tools	   	   (Croft	  et	  al.,	  2008,	   J.	  Krause	  et	  al.,	  2009,	  Kurvers	  et	  al.,	  

2014,	   Lusseau	  and	  Newman,	   2004,	   Sih	   et	   al.,	   2009,	  Wey	  et	   al.,	   2008).	   	   The	  use	  of	  

network	  analysis	   is	  enhanced	  by	   the	   fine-‐scale	   spatio-‐temporal	  data	  available	  with	  

recent	   developments	   in	   passive	   acoustic	   telemetry	   (Jacoby	   et	   al.,	   2012c).	   	   	   	   These	  

technologies,	   however,	   do	   not	   solve	   the	   full	   gamut	   of	   challenges	   faced	   by	  

researchers	  (Butts,	  2009,	  Guttridge	  et	  al.,	  2010).	  Results	  from	  analyses	  are	  reliant	  on	  

biologically	   meaningful	   inputs	   and	   may	   involve	   testing	   the	   effects	   of	   varying	  

parameters	  to	  adequately	  capture	  the	  behaviours	  of	  selected	  species	  (Haddadi	  et	  al.,	  

2011).	  	  	  

	  

The	   spotted	   wobbegong	   shark	   (Orectolobus	   maculatus)	   is	   endemic	   to	   Australian	  

waters.	   The	   species	   was	   previously	   targeted	   in	   commercial	   fisheries	   that	   led	   to	  

conservation	  concerns	  in	  New	  South	  Wales	  (NSW),	  where	  they	  are	  currently	  listed	  as	  

a	   vulnerable	   species	   and	   several	   management	   strategies	   have	   been	   employed	   to	  

address	  this.	  	  These	  include	  the	  establishment	  of	  stringent	  catch	  limits	  and	  the	  trial	  

of	   a	   captive	   breeding	   program	   to	   restock	   local	   populations	   (Lee,	   2014).	   Like	   other	  

demersal	   sharks	   (Jacoby	   et	   al.,	   2012a),	   the	   spotted	   wobbegong	   is	   relatively	  

sedentary	   and	   is	   primarily	   active	   at	   night	  when	   it	   forages	  using	   ambush	   strategies	  

(Huveneers	  et	  al.,	  2006).	   	  Wobbegongs	  exhibit	  K-‐selected	  life	  history	  characteristics	  

(Last	   and	   Stevens,	   2009),	   including	   slow	   growth	   (Huveneers	   et	   al.,	   2013)	   and	   a	  

triennial	  reproductive	  cycle	  (Huveneers	  et	  al.,	  2007)	  although	  their	  precise	  life	  span	  

is	   unknown.	   	   	   Wobbegongs	   display	   a	   high	   level	   of	   short	   (days)	   to	   medium-‐term	  

(months)	   site	   fidelity,	   and	   have	   been	   observed	   returning	   to	   summer	   breeding	  

grounds	  after	   seasonal	  migrations	   (Carraro	  and	  Gladstone,	   2006,	  Huveneers	   et	   al.,	  

2006;	  Lee	  et	  al.,	  2014).	  	  Although	  generally	  seen	  alone,	  they	  are	  frequently	  observed	  

in	  small	  aggregations	  (Huveneers	  et	  al.	  2006),	  the	  composition	  and	  timing	  of	  which	  

have	  not	  been	  investigated	  in	  detail.	  	  This	  grouping	  behaviour,	  along	  with	  their	  life-‐

history	  characteristics,	  may	  leave	  them	  inherently	  vulnerable	  to	  exploitation	  (Hoenig	  

and	  Gruber,	  1990).	  	  In	  light	  of	  their	  conservation	  status,	  and	  the	  growing	  recognition	  

of	  the	  fitness	   implications	  of	  sociality	  (Archie	  et	  al.,	  2014;	  Kurvers	  et	  al.,	  2014),	  the	  

interaction	   patterns	   of	   this	   species	   is	   both	   an	   interesting	   and	   important	   area	   for	  

research.	  	  	  	  
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The	  extent	  of	  the	  current	  literature	  points	  to	  a	  pressing	  need	  to	  both	  understand	  the	  

influence	   of	   sociality	   in	   shark	   populations	   and	   apply	   robust	   analytical	   tools	   that	  

account	   for	   the	   various	   sources	   of	   uncertainty	   inherent	   in	   biological	   systems.	   	   By	  

investigating	  the	  social	  strategies	  of	  this	  poorly	  known	  shark,	  and	  bringing	  together	  

contemporary	  quantitative	  analytical	  techniques	  and	  advanced	  tracking	  techniques,	  

this	   study	   aims	   to	   address	   these	   identified	   needs.	   	   Specifically,	   this	   study	   aims	   to	  

investigate	  whether	  wobbegongs	  are	  social	  by	  addressing	  four	  questions:	  	  	  

	  

1)	   What	   association	   patterns	   are	   evident,	   if	   any?	   	   For	   most	   species,	   interactions	  

between	   individuals	   occur	   at	   some	   point	   in	   their	   life	   history	   stages	   	   (Leu	   et	   al.,	  

2010a).	  The	  relationships	  that	  result	  from	  these	  interactions	  are	  a	  key	  characteristic	  

of	  the	  sociality	  of	  a	  species,	  as	  articulated	  in	  the	  conceptual	  framework	  developed	  by	  

Hinde	   (1976).	   	   	   In	   the	  absence	  of	  direct	  observations	  of	   the	   study	  population,	   this	  

analysis	   infers	   associations	   based	   on	   spatio-‐temporal	   proximity	   as	   a	   proxy	   for	  

interactions	  (Whitehead	  and	  Dufault,	  1999).	  	  

	  

2)	   Are	   these	   preferred	   (social)	   associations	   or	   random	   (non-‐social)	   aggregations?	  

Measuring	   these	   associations	   can	   be	   confounded	   by	   processes	   that	   concurrently	  

influence	   individual	   grouping	   behaviour,	   such	   as	   phenological	   synchrony,	   ranging	  

preferences	  and	  resource	  availability	  (Wey	  et	  al.,	  2008).	  	  	  Therefore,	  determining	  the	  

extent	   to	  which	   these	   interactions	   occur	   by	   chance,	   or	   are	   indeed	  non-‐random,	   is	  

key	  in	  establishing	  sociality.	  	  	  	  

	  

3)	  Are	  these	  patterns	  temporally	  persistent?	  	  	  Association	  patterns	  are	  likely	  to	  shift	  

in	  response	  to	  ontogenetic	  and	  demographic	  changes	  (Armitage,	  1981,	  Patriquin	  et	  

al.,	   2010,	   Schiml	   et	   al.,	   1996),	   fluctuating	   resources	   (Carr	   and	   Macdonald,	   1986,	  

Jarvis	   et	   al.,	   1998)	   and	   anthropogenic	   influences	   (Banks	   et	   al.,	   2007).	   As	   such,	  

accounting	   for	   temporal	   dynamics	   is	   essential	   for	   an	   adequately	   refined	  

understanding	  of	  a	  social	  system	  (Hinde,	  1976,	  Hobson	  et	  al.,	  2013).	  
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4)	  How	   can	   the	   emergent	   social	   organisation	  be	   characterised?	   	   By	   examining	   the	  

associations	   that	   exist	   in	   this	   wobbegong	   population,	   a	   picture	   of	   the	   social	  

organisation	  can	  be	  abstracted	  (Hinde,	  1976).	   	  A	  deeper	  understanding	  of	  this	  may	  

assist	  in	  effective	  management	  of	  the	  species	  as	  well	  as	  shed	  light	  on	  the	  evolution	  

of	  sociality.	  
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2 METHODS	  

2.1 OVERVIEW	  

2.1.1 Study	  area	  
This	  study	  was	  conducted	  in	  Cabbage	  Tree	  Bay	  Aquatic	  Reserve	  (CTBAR,	  33°47’57”S,	  

151°17’44”E),	   located	   in	   Sydney,	   Australia.	   	   	   CTBAR	   is	   a	   small	   (~0.2km2)	   “no-‐take”	  

marine	  reserve	  that	  was	  declared	  a	  marine	  protected	  area	  in	  2002	  in	  recognition	  of	  

its	   high	   species	   diversity.	   	   The	   reserve	   comprises	   a	   heterogeneous	   mosaic	   of	  

habitats,	  typical	  of	  subtidal	  inshore	  rocky	  reefs	  of	  temperate,	  south-‐eastern	  Australia	  

(Underwood	  et	   al.,	   1991).	   These	   include	  barren	  boulders,	   areas	  of	   dense	   common	  

kelp	   (Ecklonia	   radiata)	   and	   rocky	   reefs	   with	   high	   volumes	   of	   macroalgae	   and	  

sponges.	  	  Two	  distinct	  reefs	  are	  separated	  by	  120	  metres	  of	  sand.	  	  The	  wobbegong	  

population	   is	  estimated	  at	  up	  to	  150	  sharks	  during	  the	  summer	  months	  (Lee	  et	  al.,	  

2014)	  and	  primarily	  occupies	  areas	  of	  high	  crevice	  volume	  (per.	  comms,	  KA	  Lee).	  

	  

2.1.2 Data	  Collection	  
The	  study	  population	  was	  monitored	  from	  October	  2009	  to	  December	  2010.	  	  Twenty	  

three	   wild	   and	   captive-‐bred	   wobbegongs	   were	   tagged	   with	   V13-‐1L	   acoustic	  

transmitters	   (nominal	   interval	   of	   150-‐250	   seconds),	   which	   produce	   a	   uniquely	  

identifiable	   transmission	   at	   69	   KHz.	   	   	   	   Wild	   sharks	   were	   randomly	   captured	   for	  

tagging	  by	  two	  SCUBA	  divers	  using	  hand-‐held	  nets	  (diameter	  1	  m;	  mesh	  size	  3	  cm).	  	  

Anaesthesia	  was	   induced	  aboard	  the	  research	  vessel	  by	  placing	  the	  sharks	   in	  a	  200	  

litre	  tub	  containing	  an	  oxygen-‐enriched	  solution	  of	  30	  ppm	  eugenol	  (AQUI-‐S,	  AQUI-‐S	  

NZ,	   Wellington,	   New	   Zealand).	   	   After	   full	   anaesthesia	   was	   induced,	   the	   V13-‐1L	  

acoustic	  transmitter	  (battery	  life	  ~	  1,623	  days)	  was	  inserted	  into	  the	  coelemic	  cavity	  

using	  standard	  surgery	  practice	  (see	  Lee	  et	  al.,	  2014).	  	  A	  uniquely	  numbered	  external	  

identification	  tag	  was	  also	  placed	  in	  the	  musculature	  below	  the	  first	  dorsal	  fin	  (Lee	  et	  

al.,	   2014).	   	   Captive-‐bred	   sharks	   were	   tagged	   before	   being	   released	   into	   CTBAR.	  

Individual	  attributes	  were	  recorded	  for	  all	  sharks,	   including	  sex,	  determined	  by	  the	  

presence	  of	  claspers	  (Last	  and	  Stevens,	  2009)	  and	  size,	  which	  was	  recorded	  as	  total	  
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length	  and	  measured	  using	  a	  tape	  measure.	  Sharks	  with	  a	  total	   length	  of	   less	   than	  

115	  cm	  were	  classed	  as	  juveniles	  (Huveneers	  et	  al.,	  2007).	  	  

	  

Shark	   locations	  were	  gathered	  using	   the	  VR2W	  Positioning	  System	  (VPS),	  a	  passive	  

acoustic	   telemetry	   system	   that	   uses	   ultrasonic	   signalling	   to	   calculate	   near-‐

continuous,	  fine-‐scale	  animal	  locations.	  This	  level	  of	  spatio-‐temporal	  detail	  allows	  for	  

behavioural	   studies	   such	   as	   social	   analysis.	   	   The	   receiver	   array	   was	   designed	   to	  

sample	  a	  representative	  proportion	  of	  each	  habitat	  available	  within	  the	  reserve	  and	  

to	  ensure	  detection	  coverage	  in	  areas	  with	  high	  and	  low	  densities	  of	  wobbegongs.	  It	  

comprised	   eight	   fixed,	   autonomous,	   omni-‐directional	   receivers	   (VR2W-‐69KHz;	  

Vemco	  Ltd,	  Nova	  Scotia,	  Canada),	  positioned	  in	  an	  overlapping	  arrangement	  (Figure	  

1).	  Receivers	  were	  deployed	  at	  6	   -‐	   12	  m	  depths,	  on	  1.35	  m	   long	   steel	  poles	   set	   in	  

concrete	  filled	  tyres,	  in	  areas	  with	  sandy	  substrate.	  	  Local	  testing	  was	  conducted	  to	  

determine	  the	  effective	  detection	  range	  of	  the	  receivers	  (Heupel	  et	  al.,	  2006),	  which	  

was	   estimated	   at	   a	   minimum	   of	   200	   m	   in	   poor	   conditions	   (Lee	   et	   al.,	   2014).	  	  	  	  

Additionally,	  eight	  V16-‐4L	  synchronization	  tags	  (nominal	  transmission	  interval	  of	  275	  

seconds)	  were	  deployed	   to	   correct	   for	   clock	  drift	   between	   receivers	   and	   to	   assess	  

the	   efficacy	   of	   the	   positioning	   algorithm.	   	   	   The	   VPS	   system	   uses	   hyperbolic	  

positioning	   to	   calculate	   a	   location,	   using	   the	   time	   difference	   of	   arrival	   (TDOA)	   of	  

transmissions	   between	   three	   or	   more	   receivers.	   The	   synchronization	   tags	   ensure	  

that	  the	  difference	  in	  clock	  drift	  between	  the	  receivers	  can	  be	  calculated	  so	  that	  the	  

TDOA	  can	  be	  measured	  accurately.	  Downloaded	  data	  was	  post-‐processed	  by	  Vemco	  

using	  proprietary	  software.	  The	  data	  returned	  includes	  the	  latitude	  and	  longitude	  of	  

each	   location,	   projected	   Cartesian	   coordinates	   derived	   from	   these	   (x,y;	   in	  metres)	  

and	  an	  estimate	  of	   the	  positional	  error	  of	  each	   location.	   	  This	  error,	  known	  as	   the	  

Horizontal	   Position	   Error	   (HPE),	   was	   used	   to	   filter	   the	   locations	   for	   positional	  

accuracy,	  the	  process	  for	  which	  is	  detailed	  Section	  6.1.	  	  	  

	  

In	   addition	   to	   variation	   in	   positional	   accuracy,	   overall	   detectability	   will	   vary	  	  

depending	  on	  individual	  habitat	  preferences,	  proximity	  to	  receivers	  and	  presence	  in	  

the	  array,	  and	  this	  may	  result	  in	  an	  uneven	  distribution	  of	  locations	  across	  all	  sharks.	  	  	  	  	  

Data	   truncation	   based	   on	   a	   detection	   threshold	   is	   common	   in	   social	   studies	   to	  
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increase	   accuracy	   and	   reduce	   bias	   from	   sampling	  methods	   (Baird	   and	  Whitehead,	  

2000,	   Bejder	   et	   al.,	   1998),	   with	   a	   lower	   threshold	   often	   determined	   using	   the	  

average	  frequency	  and	  spread	  of	  sightings	  (Baird	  and	  Whitehead,	  2000,	  Chilvers	  and	  

Corkeron,	  2002,	  Lusseau	  et	  al.,	  2006,	  Mourier	  et	  al.,	  2012,	  Wisniewski	  et	  al.,	  2009).	  	  

In	   this	   analysis,	   sharks	   with	   a	   number	   of	   locations	   below	   the	   lower	   quartile	   (100	  

locations	  over	  the	  entire	  study	  period)	  were	  removed,	  to	  strike	  a	  balance	  between	  

maximising	  precision	  and	  preserving	  data	  with	  a	  low	  sample	  size	  (Wasserman,	  1994).	  

	  

2.1.3 Ethics	  
Data	  collection	  protocols	  involving	  the	  handling	  of	  live	  animals	  were	  approved	  by	  the	  

NSW	   Fisheries	   Animal	   Care	   and	   Ethics	   Committee	   (ACEC	   ref:	   07/08)	   and	   NSW	  

Scientific	  Collection	  permit	  (P08/0039).	  

	  

	  

	  
Figure	  1:	  	   Map	  of	   the	  passive	   acoustic	   telemetry	   array	   in	  Cabbage	  Tree	  Bay	  Marine	  Reserve	  
(33°47’57”S,	  151°17’44”E)	  from	  October	  2009	  to	  December	  2010.	   	  Yellow	  dots	  show	  the	  position	  of	  
eight	  VR2W	  receivers	  and	  white	  squares	  represent	  synchronisation	  tags.	  	  	  
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2.2 WHAT	  ASSOCIATION	  PATTERNS	  ARE	  EVIDENT,	  IF	  ANY?	  

Unless	   otherwise	   indicated,	   all	   social	   analyses	   were	   carried	   out	   using	   SOCPROG	  

version	   2.5	   (uncompiled;	   Whitehead,	   2009)	   run	   in	   a	   Matlab	   (version	   8.2.0.29)	  

computing	  environment	  (The	  Mathswork	  Inc.,	  Natick,	  MS,	  U.S.A).	  	  	  

	  

2.2.1 Defining	  Associations	  
To	   infer	   social	   associations	   from	   spatio-‐temporal	   proximity	   with	   any	   confidence,	  

three	   parameters	   require	   careful	   consideration:	   association	   distance,	   association	  

time	  and	  sampling	  periods.	  	  	  

	  

The	   maximum	   distance	   within	   which	   a	   species	   is	   likely	   to	   associate	   can	   vary	  

significantly	   depending	   on	   the	   behaviour	   and	   sensory	   range	   of	   the	   species	   in	  

question	  (Bode	  et	  al.,	  2011,	  Parsons	  et	  al.,	  2009).	  	  There	  is	  a	  clear	  paucity	  of	  research	  

on	  the	  behaviour	  of	  spotted	  wobbegongs	  and	  so	  determining	  a	  biologically	  relevant	  

distance	   was	   challenging.	   	   This	   study	   considered	   a	   combined	   value	   of	   one	   body	  

length	  (defined	  by	  the	  maximum	  total	  length	  of	  observed	  sharks	  in	  this	  study	  group)	  

and	   the	   median	   error	   rate	   (HPEm;	   see	   Section	   6.1)	   to	   be	   within	   the	   potential	  

perceptual	   range	   of	   wobbegongs,	   and	   therefore	   enough	   for	   a	   shark	   to	   impact	   on	  

another	   and	   potentially	   share	   information	   socially	   (Bradbury	   and	   Vehrencamp,	  

1998).	  	  	  

	  

A	  maximum	  time	   interval	   in	  which	  an	  association	  may	  occur	  must	  also	  be	  defined.	  	  	  	  

Average	   activity	   bouts	   were	   investigated	   to	   determine	   the	   periods	   in	   which	  

wobbegongs	  can	  be	  expected	  to	  change	  position	  and	  mix	  with	  other	  conspecifics.	  	  To	  

do	   this,	   the	  displacement	  between	  consecutive	   locations	  per	   shark	  was	  calculated.	  	  	  

Any	   intervals	  between	  locations	  of	  more	  than	  72	  hours	  were	  removed,	  as	  previous	  

research	  has	  shown	  these	  may	  represent	  excursions	  out	  of	  the	  array	  (Huveneers	  et	  

al.,	   2006).	   	   	   The	   median	   speed	   of	   shark	   movements	   was	   derived	   from	   the	  

synchronisation	  tag	  locations,	  which	  therefore	  represented	  measurement	  error	  from	  
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the	  acoustic	  system.	  	  	  This	  speed	  was	  used	  to	  delineate	  “inactive”	  or	  “active”	  states,	  

and	   unique	   activity	   bouts	   were	   identified	   for	   both	   states.	   	   Inactive	   bouts	   were	  

defined	  as	   intervals	  between	  consecutive	   locations	   in	  which	  the	  median	  speed	  was	  

less	  than	  three	  metres	  per	  hour,	  and	  where	  the	  speed	  was	  greater	  than	  or	  equal	  to	  

three	  metres	   per	   hour,	   the	   bout	   was	   categorised	   as	   active.	   	   The	   sum	   of	   the	   90th	  

percentile	  values	  for	  active	  and	  inactive	  bouts	  was	  used	  as	  the	  maximum	  interval	  in	  

which	  an	  association	  could	  occur.	  	  Movement	  analyses	  were	  run	  in	  R	  Studio	  version	  

0.98.1028	  (RStudio	  Inc.)	  and	  Excel	  2013	  Data	  Analysis	  extension.	  

	  

Calculating	  association	  indices	  requires	  sampling	  periods	  to	  be	  set.	  	  Previous	  studies	  

have	  determined	  these	  based	  on	  the	  behaviour	  of	  the	  species,	  natural	  cycles	  evident	  

in	   the	   dataset	   or	   data	   collection	   methods	   and	   rates	   (Whitehead,	   2008a).	   	   An	  

inaccurate	   sampling	   period	   can	   propagate	   throughout	   the	   analysis	   and	   inferences	  

drawn	   from	   these	   analyses	   can	   contain	   significant	   error.	   	   For	   example,	   sampling	  

periods	   set	   too	   short	   can	   result	   in	   little	   power	   when	   testing	   for	   preferred	  

associations,	  and	  result	  in	  false	  significance	  being	  assigned	  to	  associations	  if	  set	  too	  

large	  (Whitehead,	  2009).	  	  	  

	  

Due	   to	   the	   near-‐continuous	   nature	   of	   VPS	   data,	   no	   clear	   sampling	   period	   was	  

evident.	   	   Therefore	   four	   candidate	   sampling	   periods	  were	   tested	   for	   accuracy	   and	  

selected	  as	  follows:	  	  

	  

Sensitivity	  Analysis	  

A	   sensitivity	   analysis	   was	   conducted	   to	   test	   the	   effects	   of	   variation	   in	   sampling	  

period	   on	   resulting	   associations.	   	   	   Twelve	   dyads	   (approximately	   10	   percent	   of	   the	  

total	   potential	   dyads	   from	   the	   filtered	   dataset)	   that	   displayed	   relatively	   strong	  

associations	  were	  selected,	  based	  on	  a	  24	  hour	  sampling	  period.	  	  For	  each	  of	  these,	  

an	   association	   index	   was	   calculated	   using	   multiple	   sampling	   periods,	   whilst	  

maintaining	   all	   other	   parameters	   constant.	   	   These	  were	   plotted	   and	  based	  on	   the	  

observed	  projections	  a	  sampling	  period	  of	  10	  days	  was	  selected	   for	   further	   testing	  

(see	  Section	  3.1.1	  for	  details	  on	  how	  this	  was	  determined).	  	  	  
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Demographic	  effects	  

Consideration	   was	   given	   to	   a	   sampling	   period	   that	   may	   exclude	   the	   impacts	   of	  

demographic	   effects	   such	   as	   emigration	   and	   immigration	   (Whitehead	   and	  Dufault,	  

1999).	  	  	  Previous	  acoustic	  telemetry	  research	  has	  indicated	  that	  a	  sympatric	  species	  

of	   wobbegongs,	  O.	   halei,	   make	   excursions	   out	   of	   the	   array	   at	   around	   three	   days	  

(Huveneers	  et	  al.,	  2006),	  and	  therefore	  a	  three	  day	  sampling	  period	  was	  tested.	  

	  

Diel	  periodicity	  

Previous	  studies	  have	  indicated	  that	  wobbegongs	  show	  a	  24	  hour	  periodicity	  in	  their	  

movements	  (Huveneers	  et	  al.,	  2006).	  	  This	  was	  considered	  as	  a	  sampling	  period	  and	  

is	   commonly	   used	   in	   analyses	   involving	   surveying	   methods	   for	   data	   collection	  

(Stehfast	  et	  al.,	  2013)	  

	  

Nyquist	  Rate	  

Sampling	   theorem	   suggests	   that	   in	   order	   to	   gain	   sufficient	   information	   about	   a	  

signal,	  the	  minimum	  rate	  at	  which	  to	  sample	  it	  is	  twice	  the	  highest	  frequency	  of	  that	  

signal	   (Nyquist,	   1924;	   Platt	   &	   Denman,	   1975).	   	   The	   24	   hour	   cycle	   observed	   by	  

Huveneers	  et	  al.	  (2006)	  was	  calculated	  using	  a	  version	  of	  the	  Fourier	  transformation	  

and	  was	  considered	  an	  adequate	  proxy	  for	  an	  association	  cycle.	  	  	  	  	  A	  sampling	  period	  

of	  12	  hours	  was	  therefore	  also	  incorporated.	  	  

	  

Association	  matrices	  were	  generated	  for	  each	  of	  the	  four	  candidate	  sampling	  periods	  

(10	  days,	  three	  days,	  24	  hours	  and	  12	  hours),	  using	  the	  half-‐weight	  association	  index	  

outlined	   in	   Section	   2.2.2.	   These	   were	   tested	   for	   correlation	   using	   Mantel	   tests	  

(Schnell	  et	  al.	  1985),	   to	  draw	  out	  whether	   large	  differences	  were	  evident.	   	   If	   these	  

differences	  were	  notable,	  it	  would	  indicate	  that	  the	  selection	  of	  the	  sampling	  period	  

required	  a	  more	  detailed	  analysis.	   	   	  As	  a	   final	   check,	   the	   correlation	   coefficient	   (r)	  

between	  the	  true	  and	  calculated	  association	   indices	  was	  calculated	  for	  each	  of	   the	  

sampling	   periods.	   	   	   	   This	   indicated	   the	   power	   of	   the	   analysis	   to	   detect	   the	   actual	  

social	   system	   (values	   near	   1	   indicate	   a	   good	   representation)	   and	  was	   determined	  

post	   hoc	   using	   the	   likelihood	   approximation	   as	   outlined	   by	   Whitehead	   (2008a).	  	  

Based	   on	   this	   result,	   a	   sampling	   period	   was	   selected	   for	   the	   subsequent	   social	  
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analyses	   and	   a	   temporal	   buffer	   was	   coded	   into	   the	   primary	   dataset	   to	   ensure	  

independence	  between	  sampling	  periods	  (an	  assumption	  underlying	  areas	  of	  further	  

analyses).	  	  

	  

2.2.2 Association	  Calculations	  
Having	   defined	   the	   parameters	   for	   an	   association,	   the	   strength	   of	   association	   of	  

pairs	   of	   sharks	   was	   determined	   using	   the	   Half-‐Weight	   Index	   (HWI;	   Cairns	   and	  

Schwager,	  1987).	  	  	  	  The	  HWI	  provides	  a	  value	  for	  each	  dyad	  on	  a	  scale	  from	  0	  (never	  

observed	  together)	  to	  1	  (always	  observed	  together;	  Bejder	  et	  al.,	  1998).	  	  The	  HWI	  is	  

calculated	  as:	  	  	  

	  

HWI	  =	   	  

	  

where	   x	   is	   the	   number	   of	   sampling	   periods	   in	  which	   both	   sharks	   ‘a’	   and	   ‘b’	  were	  

associated,	   yab	   is	   the	   number	   of	   sampling	   periods	   in	   which	   both	   a	   and	   b	   were	  

detected	  but	  not	  associated,	  ya	  and	  yb	  are	  the	  number	  of	  sampling	  periods	  in	  which	  

only	  a	  and	  b	  respectively	  are	  identified	  (Ginsberg	  and	  Young,	  1992).	  	  	  The	  HWI	  is	  an	  

appropriate	  measure	  for	  this	  study	  relative	  to	  other	  indices,	  as	  it	  accounts	  for	  some	  

biases	   in	   sampling	   technique	   (Whitehead,	   2008a).	   	   It	   is	   commonly	   used	   in	   free-‐

ranging	  marine	   species	   studies	   (Mourier	   et	   al.,	   2012;	   Foster	   et	   al.,	   2012)	   and	  may	  

therefore	  facilitate	  comparisons	  across	  studies.	   	   It	  may	  however	  underestimate	  the	  

level	  of	  association	  derived	  from	  acoustic	  telemetry	  locations	  (Whitehead	  2008a).	  	  In	  

light	  of	  this,	  association	  matrices	  were	  also	  generated	  using	  a	  less	  complex	  index,	  the	  

Simple	   Ratio	   Index	   (Cairns	   and	   Schwager,	   1987;	  Ginsberg	   and	   Young,	   1992).	   	   	   The	  

Simple	  Ratio	  Index	  is	  defined	  as	  (using	  x,	  yab,	  ya	  and	  yb	  described	  above):	  

	  

SRI	  =	   	  
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Whitehead	  (2008a)	  discusses	  the	  importance	  of	  index	  selection	  for	  cross-‐population	  

analysis	  and	  states	  that	  for	  within-‐population	  studies,	  such	  as	  this,	  index	  selection	  is	  

not	  critical.	  	  To	  test	  this,	  association	  matrices	  were	  generated	  using	  both	  indexes	  and	  

tested	  for	  correlation	  using	  Mantel	  tests	  in	  SOCPROG.	  	  

	  

The	   HWI	   for	   each	   dyad	  were	   compiled	   into	   symmetric,	   weighted,	   and	   undirected	  

matrices	  of	  association,	  which	   formed	  the	  basis	  of	   the	  social	  analysis.	   	  These	  were	  

derived	   for	   the	   overall	   study	   period,	   and	   for	   each	   month	   to	   determine	   how	   the	  

dynamics	  of	  the	  associations	  varied	  over	  the	  study	  period.	   	   	   	   	  Standard	  errors	  were	  

calculated	   using	   bootstrapping	   methods	   in	   SOCPROG.	   	   Mean	   and	   maximum	  

association	   strengths	  were	  calculated,	  as	  well	   as	   the	  mean	  number	  of	  associations	  

per	  dyad	  and	  individual.	  	  Dyads	  were	  compiled	  into	  a	  network	  sociogram	  in	  Netdraw	  

(Borgatti	  et	  al.,	  2002)	  using	  the	  spring	  embedding	  algorithm.	  	  Individual	  sharks	  were	  

depicted	  as	  nodes	  and	  the	  strength	  of	  association	  (HWI)	  as	  the	  weight	  of	  the	  edges	  

of	  connected	  pairs.	   	   	  Reference	  to	  two	  networks	   is	  made.	   	  The	  first	  comprises	  only	  

those	   associations	   with	   a	   strength	   greater	   than	   approximately	   twice	   the	   mean	  

association	  index	  (HWI	  >=0.1;	  Durrell	  et	  al.,	  2004;	  Gero	  et	  al.,	  2005).	  	  This	  selection	  

of	  dyads	  was	  scrutinized	  for	  assortative	  mixing	  in	  Section	  2.3.2.	  	  The	  second	  network	  

consists	  of	  all	  non-‐zero	  associations,	   recognising	   that	  weak	   links	  can	  be	  potentially	  

important	   network	   elements	   (Granovetter,	   1983,	   James	   et	   al.,	   2009)	   and	   these	  

associations	  were	  used	  as	  the	  basis	  for	  the	  rest	  of	  the	  analysis.	  	  
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2.3 ARE	   THESE	   PREFERRED	   ASSOCIATIONS	   OR	   RANDOM	  
AGGREGATIONS?	  

As	   discussed	   in	   Section	   One,	   observed	   associations	   may	   be	   explained	   by	   factors	  

other	  than	  active	  social	  behaviour.	   	  Disentangling	  random	  aggregations	   from	  social	  

affiliations	  requires	  consideration	  of	  these	  factors.	  	  

2.3.1 Preferred	  Associations	  
For	   association	   index	   values	   to	   be	   meaningful	   indicators	   of	   relationships,	   it	   is	  

important	   to	   assess	   whether	   these	   are	   more	   than	   simply	   random	   (Bejder	   et	   al.,	  

1998).	   	   	   To	   determine	   whether	   sharks	   displayed	   preferred	   companionships,	  

permutations	  were	  conducted	  testing	  the	  null	  hypothesis	  that	  sharks	  associated	  with	  

all	  other	  individuals	  with	  the	  same	  probability	  (Croft	  et	  al.,	  2011,	  Whitehead,	  2008a).	  	  

A	   modified	   version	   of	   Monte	   Carlo	   randomisation	   methods	   were	   used,	   originally	  

described	   by	   Manly	   (1997)	   and	   Bejder	   et	   al.	   (1998),	   and	   further	   developed	   by	  

Whitehead	   et	   al.,	   (1999)	   to	   control	   for	   gregariousness,	   demographic	   effects	   and	  

sampling	   effort.	   	   	   The	   standard	   deviation	   and	   the	   coefficient	   of	   variation	   of	   the	  

association	  indices	  of	  the	  observed	  network	  are	  measured	  against	  the	  mean	  of	  those	  

generated	  randomly,	  to	  determine	  whether	  these	  test	  statistics	  could	  have	  arisen	  by	  

chance	  (Whitehead	  et	  al.,	  1999).	  	  	  A	  one-‐tailed	  test	  was	  used	  to	  determine	  whether	  

the	  actual	  HWI	  was	  greater	  than	  95%	  of	  the	  permuted	  means,	  which	  would	  indicate	  

that	   non-‐random	   associations	   exist.	   	   As	   permuted	   matrices	   display	   only	   marginal	  

variation	  from	  the	  original,	  the	  generated	  datasets	  are	  not	  independent	  (Whitehead,	  

2009)	  and	  biased	  p	  values	  can	  be	  generated	  with	  a	  small	  numbers	  of	  permutations	  

(Whitehead,	   2009,	   Manly,	   1995).	   	   Therefore,	   permutations	   were	   incrementally	  

increased	   from	   1	   000	   to	   10	   000	   (with	   1	   000	   trials)	   at	   which	   point	   the	   p	   values	  

stabilized	   (Bejder	   et	   al.,	   1998).	   	   Permutations	   were	   run	   within	   sampling	   periods,	  

providing	  an	  indication	  of	  long-‐term	  associations	  (Whitehead	  2008a).	  	  	  
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2.3.2 Assortative	  Mixing	  

To	  assess	  whether	  wobbegongs	  associate	  due	  to	  non-‐social	  intrinsic	  factors,	  such	  as	  

phenotype,	  life	  history	  stage	  and	  familiarity,	  dyadic	  and	  community	  composition	  was	  

investigated	   by	   attributes	   of	   the	   individual	   members.	   	   For	   this,	   sharks	   were	  

categorised	  into	  sex,	  age	  class	  and	  source	  (wild	  or	  captive-‐bred	  sharks	  from	  the	  same	  

release	  cohort).	  

	  

Dyadic	  Composition	  

The	  attributes	  of	  individuals	  in	  dyads	  with	  HWI	  >=	  0.1	  (as	  identified	  in	  Section	  2.2.2)	  

were	   assessed.	   	   Further,	   highly	   significant	   dyads	   (those	   displaying	   strong	  

preferentiality	   or	   avoidance)	   were	   identified	   using	   the	   permutation	   methods	  

described	  in	  Section	  2.3.1,	  with	  two-‐sided	  significance	  level	  set	  at	  0.05.	  	  Dyads	  with	  p	  

>	   0.975	   were	   considered	   to	   show	   significant	   preference	   in	   their	   association,	   and	  

those	   with	   p	   <	   0.025	   were	   considered	   to	   actively	   avoid	   each	   other.	   	   	   The	   pairs	  

showing	   highly	   preferential	   association	   were	   used	   as	   focal	   dyads	   in	   the	   spatial	  

analysis	  in	  Section	  2.3.3.	  	  	  

	  

Community	  Composition	  

The	   presence	   of	   communities	   (substructures	   comprised	   of	   highly	   associated	  

individuals)	  was	   investigated	  using	  two	  techniques,	  and	  the	  communities	   inspected	  

for	   patterns	   in	   the	   attributes	   of	   members,	   including	   sex,	   age	   class	   and	   release	  

cohort.	  	  	  First,	  an	  eigenvector-‐based	  modularity	  method	  (Newman,	  2006)	  was	  used,	  

which	   identifies	   statistically	   significant	   divisions	   in	   the	   network	   based	   on	   the	  

measured	  HWIs.	  It	  provides	  an	  estimate	  of	  the	  optimal	  division	  modularity	  value	  (Q).	  	  

Where	  Q	  is	  greater	  than	  0.3,	  the	  generated	  community	  division	  is	  considered	  a	  valid	  

representation	  of	  potential	  subgroups	  within	  the	  population	  (Newman,	  2004).	  

	  

An	   ordination	   of	   the	   association	   indices	   was	   then	   generated	   using	   nonmetric	  

multidimensional	  scaling,	  which	  plots	  highly	  associated	  individuals	  more	  closely	  than	  

those	  less	  associated.	  	  As	  this	  method	  works	  with	  iterations	  of	  arrangements	  based	  

on	  a	  predetermined	  start	  point,	  rather	  than	  computing	  the	  optimal	  arrangement	  as	  
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part	   of	   the	   process,	  multiple	   arrangements	  were	   generated	  with	   differing	   starting	  

parameters.	  	  The	  arrangement	  with	  the	  lowest	  stress	  is	  reported	  here.	  	  Stress	  values	  

below	  0.1	  are	  considered	  to	   indicate	  a	   representative	  arrangement	   (Morgan	  et	  al.,	  

1976;	  Whitehead,	  2008a).	  

	  

2.3.3 Ranging	  Patterns	  
High	   associations,	   inferred	   from	   persistent	   spatial	   proximity,	  may	   be	   the	   result	   of	  

passive	   habitat	   preference	   or	   site	   fidelity	   rather	   than	   genuine	   social	   affiliations	  

(Lusseau	  et	  al.,	  2006,	  Wey	  et	  al.,	  2008).	  	  	  Animals	  that	  are	  in	  close	  physical	  proximity	  

may	   be	  more	   likely	   to	   socialize	   and	   equally	   those	   that	   socialize	   are	   likely	   to	   have	  

overlapping	   ranges	   (Sih	   et	   al.,	   2009).	   To	   separate	   the	   influence	   of	   dyadic	   range	  

overlap	   from	   social	   associations,	   a	   correlation	   analysis	   was	   conducted.	   	   	   To	  

determine	  individual	  home	  ranges,	  the	  fixed	  kernel	  density	  method	  (Worton,	  1989)	  

was	  used,	  defining	  the	  range	  (95%	  contour	  line)	  and	  core	  range	  (50%	  contour	  line)	  of	  

individual	   sharks.	   	   The	   utilization	   distribution	   overlap	   index	   (UDOI;	   Fieberg	   and	  

Kochanny,	   2005)	   was	   calculated	   to	   estimate	   the	   monthly	   overlap	   between	   the	  

ranges	   for	   significant	   dyads	   identified	   in	   Section	   2.3.1.	   	   A	   UDOI	   value	   of	   zero	  

indicates	  no	  dyadic	  overlap	  and	  a	  value	  of	  one	  indicates	  high	  overlap,	  with	  uniformly	  

distributed	   ranges.	   	  Values	   greater	   than	  one	   suggest	  high	   range	  overlap	  with	  non-‐

uniform	  space	  use.	  	  Median	  UDOIs	  for	  each	  dyad	  were	  compiled	  into	  a	  matrix,	  which	  

was	   compared	   with	   the	   overall	   association	   matrix	   using	   Mantel	   Z-‐tests.	   UDOI	  

analysis	  was	  performed	  in	  R	  Studio	  using	  the	  adehabitatHR	  package	  (Calenge,	  2006)	  

and	   the	  correlation	  analysis	   in	  SOCPROG	  2.5	  using	   the	  Multiple	  Measures	  module.	  	  	  

Maps	  of	  home	  ranges	  were	  generated	  in	  ArcGIS	  version	  10.2	  (ESRI,	  California).	  
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2.4 ARE	  THESE	  ASSOCIATIONS	  PERSISTENT?	  

2.4.1 Lagged	  Association	  Rates	  
Permutation	   tests	   indicated	   possible	   long-‐term	   (between	   sampling	   period)	  

relationships.	   	   	  To	  further	  assess	  the	  stability	  of	  these	  relationships,	  the	  population	  

standardised	   lagged	   association	   rates	   was	   determined	   (Whitehead,	   1995)	   for	   the	  

entire	   study	   period.	   	   	   The	   lagged	   association	   rate	   (g)	   estimates	   the	   average	  

probability	  that	  previously	  associated	  dyads	  are	  found	  to	  associate	  after	  a	  specified	  

time	   lag	   (τ)	   (Whitehead,	   1995).	   	   Expressed	   as	   a	   ratio,	   it	   is	   calculated	   by	   dividing	  

observed	   associations	   repeated	   (τ)	   time	   units	   apart,	   by	   the	   potential	   number	   of	  

these	   associations,	   when	   each	   individual	   was	   identified	   (Whitehead,	   2008a).	   	   	   To	  

account	   for	   false	   absences	   of	   associations	   and	   variation	   in	   identification	   rates	   of	  

individuals	   and	   dyads	   (Whitehead,	   2008a),	   the	   lagged	   association	   rate	   was	  

standardised	  (SLAR)	  by	   incorporating	  the	  number	  of	  associations	  recorded	  for	  each	  

occasion	  (Gowans	  et	  al.,	  2001).	  	  The	  SLAR	  g’(τ)	  was	  plotted	  against	  time	  lag	  (τ)	  based	  

on	  a	   sampling	  period	  of	  10	  days.	   The	  null	   SLAR	   (NSLAR)	  was	  also	  estimated	  which	  

indicates	   the	   lagged	   association	   rate	   that	   would	   be	   expected	   if	   only	   random	  

associations	  occurred	  within	  the	  population	   (Whitehead,	  1995).	   	  A	  moving	  average	  

of	  4	  000	  was	  used	  to	  provide	  some	   level	  of	  smoothing	  but	  maintain	  an	  acceptable	  

level	   of	   precision	   for	   both	   g’(τ)	   (y-‐axis)	   and	   τ	   (x-‐axis).	   	   Standard	   errors	   were	  

estimated	  using	  jackknifing	  methods	  (Whitehead,	  2009).	  	  	  

	  

Various	   candidate	  mathematical	  models	   were	   fitted	   to	   the	   distribution	   of	   g’(τ)	   to	  

characterise	   the	   primary	   relationships	   in	   the	   population	   and	   to	   quantify	   how	  

relationships	   changed	   over	   time	   (Whitehead	   et	   al.	   1991,	  Whitehead,	   1995).	   	   	   The	  

most	  parsimonious	  model	  was	  considered	  the	  best	  fit,	  taking	  into	  account	  the	  lowest	  

quasi-‐Aikake’s	  information	  criterion	  (QAIC)	  value	  (Whitehead,	  2008a).	  	  All	  individuals	  

in	  the	  filtered	  dataset	  were	   included	   in	  the	  temporal	  analysis	   to	  prevent	  a	  positive	  

bias	  in	  results	  (Whitehead,	  2008a).	  	  	  	  
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2.5 HOW	   CAN	   THE	   EMERGING	   SOCIAL	   ORGANISATION	   BE	  
CHARACTERISED?	  

To	   describe	   the	   overall	   structure	   of	   the	   association	   patterns	   identified,	   several	  

metrics	  were	  calculated,	  including	  the	  overall	  social	  differentiation	  of	  the	  population	  

and	   three	   ego-‐centric	   network	   metrics:	   strength,	   eigenvector	   centrality	   and	  

clustering	  coefficient.	  	  	  	  

	  

Social	   differentiation	   (or	   the	   variation	   in	   sociality	   within	   the	   population)	   was	  

estimated	  by	   the	  coefficient	  of	   variation	   (CV)	  of	   the	   true	  association	   indices,	  using	  

the	  likelihood	  methods	  as	  detailed	  by	  Whitehead	  (2008b).	  	  Values	  above	  0.5	  suggest	  

a	  highly	  differentiated	  society	  and	  indicate	  that	  the	  association	  strength	  is	  not	  evenly	  

distributed	   across	   the	   population	   (Edenbrow	   et	   al.,	   2011).	   	   	   Standard	   errors	  were	  

calculated	  using	  100	  bootstrap	  replications	  and	  the	  resolution	  of	  integration	  for	  the	  

CV	  of	  true	  associations	  set	  at	  0.001	  to	  balance	  precision	  with	  computational	  time.	  	  	  

	  

Individual	  strength	  (s)	  is	  a	  network	  metric	  that	  measures	  the	  level	  of	  connection	  an	  

individual	   has	   to	   others	   in	   the	   network	   and	   indicates	   general	   sociability	   and	  

gregariousness.	  	  It	  is	  calculated	  as	  the	  sum	  of	  an	  individual’s	  association	  indices	  (Wey	  

et	  al.,	  2013).	   	  High	  strengths	   indicate	  either	  strong	  or	  many	  associations	  and	  more	  

persistent	  relationships	  (Dungan	  et	  al.,	  2012).	  

	  

Eigenvector	  centrality	  values	  (e)	  are	  a	  measure	  of	  how	  well	  connected	  an	  individual	  

may	  be,	   in	   terms	  of	  both	  number	  and	  strength	  of	  associations	   (Whitehead	  2008a).	  	  

Centrality	  measures	  provide	  an	   idea	  of	  the	  position	  of	  an	   individual	   in	  the	  network	  

and	   hence	   their	   structural	   importance	   (Wey	   et	   al.,	   2013,	   Bonacich,	   1987).	   	   It	   is	  

determined	   from	   the	   first	   eigenvector	   of	   the	   association	  matrix	   (Newman,	   2004).	  	  

High	   values	   indicate	   that	   an	   individual’s	   close	   associates	   have	   strong	   associations	  

with	  others	  (Dey	  et	  al.	  2013,	  Bonacich,	  1987,	  Newman,	  2004).	  	  	  

	  

The	   clustering	   coefficient	   (c)	   is	   a	  measure	   the	   cliquishness	   of	   an	   individual,	   or	   the	  

density	  of	   relationships	  amongst	   its	   associates,	   and	   is	   calculated	  as	   the	  number	  of	  
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ties	  that	  exist	  between	  neighbours	  divided	  by	  the	  maximum	  possible	  number	  of	  such	  

ties	   (Barthelemy	  et	   al.,	   2005,	  Newman,	  2003,	  Wey	  et	   al.,	   2008).	   	  Values	  near	   zero	  

indicate	  a	   low	  density,	  near	  one	   indicate	  all	   associates	  are	  equally	   connected,	   and	  

are	  not	  defined	  for	  isolated	  individuals.	  	  

	  

An	  average	  of	  each	  of	   the	  network	  metrics	  were	  calculated	  to	  provide	  a	  picture	  of	  

the	   overall	   network	   (mean:	   Strength	   =	   S,	   Eigenvector	   Centrality	   =	   E,	   Clustering	  

Coefficient	   =	  C).	   	   Standard	   errors	  were	   estimated	  using	   bootstrap	  methods	  with	   5	  

000	  replicates	  (outlined	  in	  Whitehead,	  2008a).	  	  	  To	  test	  the	  statistical	  value	  of	  these	  

metrics	   (James	   et	   al.,	   2009),	   and	   set	   a	   baseline	   for	   comparison	   of	   the	   values,	   the	  

same	  metrics	  were	  compared	  to	  those	  of	  randomized	  networks	  using	  the	  procedure	  

described	   in	   Section	   2.3.1.	   	   This	   process	   was	   run	   three	   times,	   using	   5	   000	  

permutations	   from	   sampling	   periods	   with	   replacement.	   	   The	   metrics	   were	   also	  

calculated	  per	  month	  to	  provide	  a	  deeper	  insight	  into	  the	  dynamics	  of	  the	  network	  

over	  the	  study	  period.	  	  	  	  
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3 RESULTS	  

After	   filtering	   for	   positioning	   error	   and	   low	  numbers	  of	   locations,	   the	   study	   group	  

consisted	  of	  15	  acoustically	  tagged	  sharks,	  which	  is	  approximately	  10	  per	  cent	  of	  the	  

expected	  population	  during	  periods	  of	  peak	  abundance	  (Lee	  et	  al.,	  2014).	   	   	  A	  male-‐

biased	   sex	   ratio	   was	   evident	   and	   detections	   between	   classes	   (sex,	   age	   class	   and	  

source)	  varied	  significantly	  (Figure	  2).	  	   	  The	  number	  of	  sharks	  observed	  in	  the	  array	  

varied	  by	  month	   (range	  3-‐13).	   	   At	   least	   two-‐thirds	  of	   the	   group	  was	  present	   in	   all	  

months,	   except	   in	   the	   austral	   autumn	   (March	   –	  May;	   range:	   3-‐5	   sharks)	   and	  early	  

winter	  (June;	  5	  sharks)	  of	  2010.	  	  	  There	  were	  no	  months	  in	  which	  all	  15	  sharks	  were	  

present	  concurrently.	  	  	  
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Figure	  2:	   	  Acoustically	   tagged	  Orectolobus	  maculatus	   in	  Cabbage	  Tree	  Bay	  Aquatic	  Reserve	   from	  October	  2009	  to	  December	  
2010.	  	  Sex	  is	  indicated	  by	  F	  (female)	  and	  M	  (male).	  	  	  The	  group	  consisted	  of	  four	  females	  (26.6%)	  and	  11	  males	  (73.3%).	  	  Age	  
class	  shows	  A	  (adults,	   total	   length	  >=115	  cm)	  and	  J	   (juvenile,	   total	   length	  <115	  cm).	   	   	  The	  median	  total	   length	  was	  115.9	  cm	  	  
(range:	  60	  –	  148	  cm).	  	  Ten	  (66.6%)	  sharks	  were	  classed	  as	  adults	  and	  five	  (33.3%)	  as	  juveniles.	  	  	  	  Source	  refers	  to	  W	  (wild)	  and	  C	  
(captive).	  	  Release	  cohort	  refers	  to	  the	  month	  in	  which	  captive-‐bred	  sharks	  were	  released	  into	  the	  reserve.	  	  	  	  A	  total	  of	  seven	  
captive-‐bred	   sharks	   were	   released	   in	   four	   cohorts.	   	   All	   wild	   sharks	   were	   tagged	   before	   the	   commencement	   of	   the	   study.	  	  
Sampling	  effort	  is	  shown	  with	  the	  number	  of	  months	  sharks	  were	  located	  in	  the	  array,	  total	  number	  of	  locations	  per	  shark	  and	  
a	   time	   series	   showing	   the	   monthly	   presence	   (indicated	   by	   a	   black	   box)	   in	   the	   array	   for	   the	   entire	   study	   period.
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3.1	  WHAT	  ASSOCIATION	  PATTERNS	  ARE	  EVIDENT,	  IF	  ANY?	  

3.1.1 Defining	  Associations	  
The	  maximum	  body	   length	  observed	  was	  148	  cm	  and	  the	  median	  positioning	  error	  

was	  280	  cm	  (HPEm;	  see	  Section	  6.1).	  Shark	  inactive	  bouts	  were	  approximately	  14.69	  

hours	  (90th	  percentile)	  and	  active	  bouts	  approximately	  9.98	  hours	  (90th	  percentile).	  

An	  association	  was	  therefore	  considered	  to	  occur	  when	  two	  sharks	  were	  within	  a	  4	  

m	  radius	  within	  a	  24	  hr	  timeframe.	  	  	  	  	  	  

	  

The	   sensitivity	   analysis	   of	   sampling	   period	   effects	   showed	   consistent	   patterns	   in	  

dyadic	  associations,	  with	  index	  strength	  increasing	  rapidly	  between	  12	  hours	  and	  10	  

days	  (Figure	  3),	  after	  which	  the	  values	  oscillated	  around	  the	  same	  point.	  	  Thus	  a	  10	  

day	  sampling	  period	  was	  included	  in	  further	  analysis	  of	  sampling	  period	  effects.	  	  	  

	  

	  
Figure	  3:	   Sensitivity	   analysis	   plot	   of	   association	   strengths	   (HWI;	   y-‐axis)	   as	   a	   function	   of	   increasing	   sampling	  
period	  time	  (x-‐axis),	  for	  twelve	  dyads.	  	   	  Values	  increase	  rapidly	  between	  12	  hr	  and	  approximately	  10	  days	  after	  
which	  they	  oscillate	  around	  a	  central	  value.	  	  	  

	  

All	   four	   association	   matrices	   generated	   for	   each	   candidate	   sampling	   period	   were	  

strongly	  and	  significantly	  correlated	  (all	  Mantel	  Z-‐test,	  range:	  Z	  =	  0.87995	  –	  0.98284,	  

all	  p-‐values	  	  =	  1.00e-‐13,	  10	  000	  permutations).	  	  Of	  these,	  the	  value	  that	  provided	  the	  

highest	  power	  to	  represent	  the	  true	  social	  system	  was	  10	  days	  (Table	  1).	   	  This	  was	  

used	   as	   the	   sampling	   period	   throughout	   the	   rest	   of	   the	   analysis.	   	   A	   buffer	   of	   two	  

days	  was	   coded	   into	   the	   primary	   dataset	   to	   ensure	   independence	   in	   observations	  

between	  sampling	  periods.	  	  
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Table	  1:	   	   Power	  analysis	  across	  four	  candidate	  sampling	  periods	  

Associations	   defined	   by	   spatio-‐temporal	   proximity	   and	   set	   at	   24	   hours,	   4	   metres.	   	   	   The	   power	   of	  
analysis	   is	   indicated	   by	   r	   and	   is	   calculated	   as	   the	   correlation	   coefficient	   between	   the	   true	   and	  
calculated	  association	   indices.	   	  Values	  near	  one	   indicate	  a	  higher	  strength	  and	  the	  highest	  power	   (r	  
value)	  is	  shown	  in	  bold.	  	  	  

	  

3.1.2 Patterns	  in	  Associations	  
With	   a	   sampling	   period	   of	   10	   (out	   of	   12)	   days,	   the	   number	   of	   locations	   was	  

truncated	  to	  85,129.	   	  By	  incorporating	  the	  two	  day	  buffer,	  the	  number	  of	  sampling	  

periods	  was	   reduced	   from	  43	   (Table	  1)	   to	   42.	   	   	   Each	   sampling	  period	   consisted	  of	  

2026.9	  (mean)	  identifications,	  and	  approximately	  one	  third	  of	  the	  sharks	  (mean	  =	  5)	  	  

were	   identified	   per	   sampling	   period.	   	   A	   high	   correlation	  was	   evident	   between	   the	  

HWI	  and	  SRI	  association	  matrices	  (Mantel	  Z-‐test,	  0.98931,	  p	  =	  9.9998e-‐13),	  therefore	  

the	  results	  of	  the	  HWI	  analysis	  only	  are	  reported.	  	  

	  

The	  association	  analysis	  revealed	  35	  associating	  dyads	  (out	  of	  a	  possible	  105)	  and	  a	  

complete	  but	  sparse	  network	  emerged	  (Figure	  4),	  in	  which	  all	  sharks	  were	  associated	  

at	  least	  once.	  	  Individuals	  had	  on	  average	  17.2	  associations,	  and	  dyads	  an	  average	  of	  

1.23	  associations.	  	  The	  filtered	  network	  (with	  edge	  weights	  of	  HWI	  >=	  0.1)	  contained	  

16	  edges	  connecting	  10	  nodes.	   	  The	  overall	  mean	  edge	  weight	   (including	  all	  dyads	  

with	  HWI	  >=	  0)	  was	  HWI	  =	  0.06	   (+/-‐	   0.06)	   and	  0.17	   (+/-‐	   0.17)	  network	   filtered	   for	  

HWI	   >=0.1.	   The	   standard	   errors	   indicate	   a	   high	   variation	   in	   the	   values	   across	  

individuals.	  	  	  

	  

Candidate	  
Sampling	  Period	  

Number	  of	  
Sampling	  Periods	  

Identifications	  per	  
Sampling	  Period	  

Power	  of	  Analysis	  
r	  (SE)	  

12-‐hours	   655	   155.55	   -‐0.025	  (0.165)	  

1-‐day	   354	   287.61s	   0.403(0.021)	  

3-‐days	   131	   777.2	   0.478(0.021)	  

10-‐days	   43	   2367.74	   0.541(0.030)	  
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Figure	  4:	  	   Sociogram	  depicting	  the	  network	  of	  all	  associating	  dyads	  (HWI	  >	  0).	  	  Nodes	  indicate	  
individual	   sharks	   and	   lines	   (weighted	   edges)	   represent	   the	   strength	   of	   the	   association	   between	  
connected	  nodes.	   	   Adults	   are	   shown	  as	   inverted	   triangles	   and	   juveniles	   as	   circles.	   	  Wild	   sharks	   are	  
shown	   in	   yellow	  and	   captive-‐bred	   in	  blue.	   	   Sex	   is	   shown	   in	   label	  brackets.	   	   The	   relative	  position	  of	  
individuals	   indicates	   their	   social	   proximity,	   using	   the	   spring-‐embedding	   algorithm	   in	   Netdraw	  
(Borgatti,	  2002).	  	  	  
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The	   HWI	   values,	   as	   well	   as	   the	   number	   of	   associations,	   fluctuated	   significantly	  

depending	  on	  the	  time	  of	  year	  (Figure	  5).	  	  	  	  The	  mean	  HWI	  was	  above	  0.1	  for	  most	  of	  

the	  austral	  spring	  and	  summer	  months	  (when	  N	  >	  5)	  and	  the	  number	  of	  associations	  

(both	  per	   individual	  and	  dyad)	  remained	  relatively	  stable	  over	   the	  same	  period.	  Of	  

the	  three	  sharks	  present	  in	  the	  array	  from	  March	  to	  May	  2010,	  no	  associations	  were	  

evident	  and	  all	  mean	  values	  dropped	  at	  the	  end	  of	  summer	  (February)	  and	  did	  not	  

increase	  until	  mid	  winter	  (June).	  	  	  

	  

	  
Figure	  5:	  	  Number	   of	   associations	   per	   individual	   and	   the	   percentage	   of	   time	   spent	   together	   (HWI	   x	   100)	   as	   a	  
function	   of	   time.	   	  Mean	   values	   are	   shown	   for	   all	   dyads	  with	   HWI	   >	   0.	   	   Columns	   show	   the	   number	   of	   sharks	  
present	  and	  the	  proportion	  of	  total	  locations	  per	  month.	  	  	  
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3.2 ARE	   THESE	   PREFERRED	   ASSOCIATIONS	   OR	   RANDOM	  
AGGREGATIONS?	  

3.2.1 Preferred	  Associations	  
Monte	  Carlo	  permutations	  found	  both	  the	  standard	  deviation	  (one-‐tailed,	  0.12818,	  

mean	  of	  random	  =	  0.11552,	  p	  =	  0.00000)	  and	  the	  coefficient	  of	  variation	  (one-‐tailed,	  

2.24160,	  mean	  of	   random	  =	  2.02915,	  p	   =	  0.0001)	  of	   the	  association	   indices	  of	   the	  

observed	   network	   were	   both	   significantly	   higher	   than	   random.	   	   This	   test	   detects	  

companionships	  over	  multiple	  sampling	  periods	  (not	  only	  within	  a	  sampling	  period)	  

and	   these	   results	   indicate	   that	   some	   dyads	   maintain	   preferences	   that	   persist	   for	  

more	  than	  a	  10	  day	  period.	   	  The	  proportion	  of	  non-‐zero	  elements	  was	  significantly	  

lower	  than	  random	  (one-‐tailed,	  p	  =	  0.0099)	  suggesting	  that	  some	  individuals	  actively	  

avoid	  others.	  	  

	  

3.2.2 Assortative	  Mixing	  

Dyadic	  Composition	  

No	  clear	  pattern	  was	  evident	  in	  the	  individual	  attributes	  of	  dyads.	  	  Of	  the	  16	  dyads	  

identified	   with	   HWI	   >=	   0.1,	   the	   majority	   consisted	   of	   either	   all-‐male	   (9)	   or	   male-‐

female	  mixes	  (7).	  	  No	  all-‐female	  pairs	  were	  observed.	  	  Almost	  two	  thirds	  (10)	  of	  the	  

dyads	  were	  adult	  pairs,	  with	  only	  one	  juvenile	  pair	  evident	  (a	  62	  cm	  male	  and	  60	  cm	  

female,	  the	  smallest	  of	  each	  in	  the	  study	  group).	  	  The	  remaining	  were	  adult-‐juvenile	  

pairs	  (5),	  although	  three	  of	  these	  involved	  one	  juvenile	  female	  associating	  with	  three	  

different	  males,	  and	  two	  pairs	  were	  male	  adults	  with	  male	  juveniles.	  	  Fifty	  percent	  of	  

dyads	  (8)	  were	  comprised	  of	  all	  wild	  sharks,	  two	  with	  all	  captive	  and	  six	  wild-‐captive	  

mixes.	  	  	  	  	  	  

	  

Dyadic	   significance	   tests	   identified	   three	   pairs	   with	   significantly	   high	   association	  

preferences	   and	   two	   dyads	   with	   low	   preferences,	   indicating	   avoidance	   (Table	   2).	  	  

The	   largest	  shark	   in	   the	  study	  group	   (W262)	  was	   identified	   in	   two	  preferred	  dyads	  

(with	  W263,	   a	  wild	   adult	   female	   and	  with	  W737,	   a	   captive	  male	   and	   the	   smallest	  

male	  in	  the	  study	  group).	  	  Both	  W262	  and	  W737	  were	  found	  to	  avoid	  another	  wild	  
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male	   adult	   (W345).	   	   Dyad	  membership	   was	   not	   exclusive	   but	   no	   clear	   pattern	   in	  

partner	  choice	  based	  on	  identified	  attributes	  was	  observed.	  	  

	  

Table	  2:	   Focal	   dyads	   (highly	   significantly	   preferred	   and	   avoided)	   from	   two-‐sided	   Monte	   Carlo	  
permutation	  tests	  for	  dyadic	  significance.	  

Dyads	   Status	   P	   Index	   Composition	  
	  

W263	  	  -‐	  W262	  	  	  	   Preferred	   0.9956	   0.32	   Wild	  adult	  female	  
	  
Wild	  adult	  male	  	  
(148	  cm	  –	  largest	  male)	  

W737	  	  -‐	  W262	  	  	  	   Preferred	   0.9784	  	   0.17	   Captive	  juvenile	  male	  	  
(62	  cm	  –	  smallest	  male)	  	  
	  
Wild	  adult	  	  male	  	  
(148	  cm	  –	  largest	  male)	  

W345	  	  -‐	  W344	  	  	  	   Preferred	   0.9831	  	   0.80	   Wild	  adult	  males	  
W345	  	  -‐	  W262	  	  	  	   Avoided	   0.0018	   0.09	   Wild	  adult	  male	  	  

	  
Wild	  adult	  male	  	  
(148	  cm	  –	  largest	  male)	  

W737	  	  -‐	  W345	  	  	  	   Avoided	   0.0074	   0.00	   Captive	  juvenile	  male	  	  
(62	  cm	  –	  smallest	  male)	  
	  
Wild	  adult	  male	  	  

(P	  >	  0.975	  indicate	  highly	  preferred	  associations;	  P<0.025	  indicate	  avoidance).	   	  Status	  is	  estimated	  by	  
SOCPROG.	  	  	  

	  

Group	  Composition	  

Three	   heterogeneous	   clusters	   were	   evident	   from	   the	   community	   division	   analysis	  

(Table	  3).	  	  	  The	  overall	  modularity	  was	  0.332	  (Q,	  Modularity	  1:	  from	  gregariousness),	  

which	   suggests	   that	   this	   is	   a	   valid	  analysis	   in	  detecting	  divisions	   in	   the	  population,	  

however	  the	  composition	  of	  the	  clusters	  was	  highly	  varied,	  with	  no	  clear	  pattern	  of	  

attributes	   amongst	   the	   sharks.	   	   	   Several	   of	   the	   individuals	   had	   values	   near	   0,	  

indicating	  uncertainty	   in	  their	  assignment	  to	  that	  cluster.	   	   	   	   	   	  Furthermore,	  plotting	  

associations	  using	  non-‐metric	  multidimensional	  scaling	  (random	  start;	  2	  dimensions;	  

stress:	   0.063227)	   showed	   ambiguous,	   sparsely	   distributed	   groups	   except	   for	   one	  

dyad	   (W344-‐W345).	   	   	   This,	   along	   with	   the	   results	   of	   the	   community	   division	   by	  

modularity,	  suggests	  that	  grouping	  is	  not	  explained	  by	  individual	  shark	  attributes.	  	  
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Table	  3:	   	   Community	  division	  by	  modularity,	  Q	  =	  0.332	  

Community	  
(N)	  

Sex	  
Ratio	  

	  
M:F	  

Age	  Class	  
Ratio	  

	  
A:J	  

Source	  Ratio	  	  
(Release	  cohort)	  

	  
W:C	  

Shark	  Identification	  	  
(Assignment	  certainty***)	  

1	  (5	  sharks)	   5:0	   3:2	   3:2	  (2	  cohorts)	   W265	  (-‐0.5946)	  
W273	  (-‐0.103)	  
W344	  (-‐0.0513)	  
W345	  (-‐0.0096)	  
W346	  (-‐0.3918)	  

2	  (7	  sharks)	   3:4	   5:3	   5:2	  (2	  cohorts)	   W257	  (0.0871)	  
W260	  (0.0492)	  
W262	  (0.5079)	  
W263	  (0.4114)	  
W264	  (0.293)	  
W732	  (0.0132)	  

3	  (3	  sharks)	   1:2	   2:1	   0:3	  (2	  cohorts)	   W731	  (0.2232)	  
W734	  (0.4634)	  
W736	  (0.4638)	  

M:	  Male,	  F:	  Female,	  A:	  Adult,	  J:	  Juvenile,	  W:Wild,	  C:	  Captive-‐bred	  
	  
***	  	  Level	  of	  certainty	  of	  the	  assignment	  of	  a	  shark	  to	  a	  community	  is	  determined	  from	  the	  eigenvector	  
corresponding	  to	  the	  final	  bifurcation	  of	  the	  association	  matrix.	  	  Values	  near	  0	  indicate	  low	  certainty.	  	  	  

	  

3.2.3 Space	  Use	  Patterns	  
Home	   and	   core	   ranges	   were	   calculated	   for	   all	   sharks	   (see	   Section	   6.2)	   to	   show	  

individual	   positions	   in	   the	   array.	   	   	   The	   dyadic	   overlap	   indices	   (UDOI)	   were	  

determined	   for	   the	  16	  dyads	  with	  HWI	  >	  0.1.	   	   The	  overall	  means	   for	   the	  HWI	  and	  

UDOI	  per	  dyad	  (with	  HWI	  >=	  0.1)	  are	  shown	  in	  Figure	  6.	  	  The	  spatial	  distribution	  of	  

sharks	   was	   not	   highly	   correlated	   with	   association	   strength	   (Mantel	   z-‐test,	   10	   000	  

permutations:	   z	   =	   0.25124,	   p	   =	   1.0003e13),	   however	   a	   high	   level	   of	   variation	   is	  

evident.	  	  Some	  dyads,	  such	  as	  W345	  –	  W344,	  show	  a	  high	  association	  and	  relatively	  

low	   spatial	   overlap,	   indicating	   that	   shared	   space	  use	  does	   not	   entirely	   explain	   the	  

level	   of	   association.	   	   Similarly,	  W263-‐W264	   show	   a	   low	   association	   and	   relatively	  

high	  range	  overlap,	  suggesting	  that	  their	  social	  behaviour	  is	  not	  highly	  influenced	  by	  

their	   spatial	   proximity	   or	   that	   the	   sharks	   may	   in	   fact	   avoid	   one	   another.	  	  	  	  

Furthermore,	   the	   significant	   dyads	   were	   found	   to	   be	   associating	   despite	   shifts	   in	  

their	  home	  ranges	  when	  they	  returned	  to	  the	  array	  (Figure	  7).	  	  Some	  dyads	  showed	  

associations	   across	   different	   locations	   over	   a	   period	   of	   days	   (Figure	   8),	   suggesting	  

that	  site	  fidelity	  does	  not	  necessarily	  explain	  HWI	  values.	  	  	  
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Figure	  6:	   Comparison	  of	  means	  of	  association	   index	  (HWI)	  with	  spatial	  overlap	   index	  (UDOI)	  for	  dyads	  with	  

HWI	  >=	  0.1.	  	  	  	  

	  

	  

	  
Figure	  7:	  	  95%	  and	  50%	  kernel	  densities	  for	  significantly	  preferred	  dyads.	  	  	  

A:	  W344	  –	  W345	  in	  October	  2009	  
B:	  W344	  –	  W345	  in	  October	  2010	  	  
C:	  W262	  –	  W263	  in	  October	  2009	  	  
D:	  W262	  –	  W263	  and	  W262	  –	  W737	  in	  October	  2010	  	  
(W737	  was	  not	  released	  into	  the	  array	  until	  May	  2010).	  	  	  
	  
Maps	  generated	  in	  ArcGIS	  version	  10.2.	  

	  

	  

LEGEND	  
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W737	   	   	  
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Figure	  8:	  Examples	  of	  daily	  plots	  of	  locations	  (projected	  x,	  y	  coordinates,	  in	  metres)	  for	  W344	  (red)	  and	  W345	  (blue).	  	  
Plots	  show	  an	  overlap	  in	  space	  use	  in	  differing	  locations	  over	  days	  in	  November	  2009.	  	  	  	  
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3.3 ARE	  THESE	  ASSOCIATIONS	  PERSISTENT?	  

3.3.1 Lagged	  Association	  Rates	  
Plotting	  the	  standardised	  lagged	  association	  rates	  (Figure	  9)	  showed	  a	  rapid	  decline	  

in	  association	   rates	   from	  time	  zero	   (October	  2009)	   to	  approximately	  240	  days	   into	  

the	   study	  period	   (June	  2010).	   	   This	   increased	   for	  around	  50	  days	   (to	  August	  2010)	  

and	   then	  declined	   slowly	   in	   the	   latter	  quarter	  of	   the	   study.	   	   	   The	  values	   remained	  

significantly	  above	  the	  null	  association	  rates	  throughout	  the	  study,	  further	  indicating	  

the	  existence	  of	  preferred	  (non-‐random)	  associations.	  	  	  

	  

The	  most	  parsimonious	  model	  to	  describe	  these	  temporal	  relationships	  was	  that	  of	  

preferred	  companionship	  and	  casual	  acquaintances	  (PC	  +	  CA).	   	  Of	  the	  four	  models,	  

PC	   +	   CA	   displayed	   the	   lowest	   QAIC	   (4920.7944;	   preferred	   companions	   ∆QAIC	   =	  

61.5353;	   casual	   acquaintances	  ∆QAIC	  =	  4.5279;	   two	   levels	  of	   casual	   acquaintances	  

∆QAIC	  =	  0.8848).	   	   	  The	  model	  was	  structured	  as	  g’(τ)	  =	  a	  +	  c	  x	  e-‐bτ	   	  where	  a	  is	  the	  

proportion	   of	   preferred	   companionships	   (0.15906),	   c	   is	   the	   proportion	   of	   casual	  

companionships	   (0.15546),	   b	   is	   the	   disassociation	   factor	   (-‐0.10624).	   	   This	   suggests	  

that	  at	  any	  one	  time,	  approximately	  16	  percent	  of	  a	  shark’s	  associations	  were	  long-‐

term,	   consistent	   companions,	  and	  about	  16	  percent	  of	  associations	  are	   short-‐term	  

acquaintances	  that	  decayed	  after	  about	  100	  days.	  	  	  
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Figure	  9:	  	   Standardised	  lagged	  association	  rate	  	  	  

The	  SLAR	  (solid	  line)	  shows	  the	  probability	  that	  previously	  associated	  dyads	  are	  associating	  after	  the	  
indicated	  time	  lag	  (x-‐axis;	  10	  day	  sampling	  periods).	  	  Dashed	  line	  shows	  the	  null	  standardised	  lagged	  
association	  rate	  (NSLAR),	  or	  the	  probability	  expected	  if	  sharks	  were	  associating	  randomly.	  	  Dotted	  line	  
shows	   the	   best	   fitted	   model	   to	   describe	   relationships	   (preferred	   companionships	   and	   casual	  
acquaintances).	  Bootstrapped	  standard	  errors	  shown	  by	  vertical	  lines.	  	  
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3.4 HOW	   CAN	   THE	   EMERGENT	   SOCIAL	   ORGANISATION	   BE	  
CHARACTERISED?	  

The	   estimated	   coefficient	   of	   variation	   of	   the	   true	   association	   indices,	   using	   the	  

likelihood	  method,	  was	  1.176	  (SE	  +/-‐	  0.038)	  indicating	  a	  highly	  differentiated	  society.	  	  

For	   all	   network	   measures	   (strength,	   eigenvector	   centrality	   and	   coefficient	   of	  

variation),	  the	  mean	  value	  of	  observed	  data	  was	  equal	  to	  or	   less	  than	  the	  mean	  of	  

the	   randomly	   generated	   network	   measures	   (Table	   4).	   	   This	   indicates	   that	   these	  

values	   are	   less	   than	   those	   that	   would	   be	   expected	   in	   the	   absence	   of	   preferential	  

associations.	   	   Variation	   was	   evident	   in	   network	   metrics	   across	   individuals,	   as	  

demonstrated	  by	  the	  high	  values	  of	  the	  standard	  deviation	   in	  relation	  to	  the	  mean	  

metric	   values,	   although	   this	   may	   be	   the	   result	   of	   detection	   variability	   between	  

individuals.	   	   	   Network	   measures	   were	   highest	   in	   the	   austral	   spring	   and	   summer	  

months.	  	  A	  rapid	  decrease	  was	  evident	  from	  February	  to	  June	  2010,	  where	  strength	  

values	  were	  near	   zero	  and	   the	   clustering	   coefficient	   could	  not	  be	   calculated.	   	   This	  

may	  indicate	  that	  sharks	  maintained	  only	   limited	  or	  weak	  contacts,	  or	  be	  reflective	  

of	  the	  absence	  of	  the	  tagged	  sharks	  during	  the	  autumn	  and	  early	  winter	  months.	  	  In	  

the	  first	  and	  last	  month	  of	  the	  study	  period,	  the	  clustering	  coefficient	  was	  zero.	  	  

	  

Table	  4:	   Mean	  network	  measures	  for	  all	  individuals	  (based	  on	  HWIs)	  and	  mean	  measures	  for	  5	  000	  
random	  networks	  (permuted	  within	  samples).	  

	   Strength	  
	  

S	  (sd)	  

Eigenvector	  
centrality	  
E(sd)	  

Clustering	  coefficient	  
	  

C	  (sd)	  
Mean	  of	  	  

observed	  data	  
	  

0.80	  (0.80)	  
[SE	  =	  0.08]	  

0.18	  (0.19)	  
[SE=0.01]	  

0.37	  (0.26)	  
[SE	  =	  0.17]	  

Mean	  of	  	  
random	  data	  

	  
0.80	  (0.82)	   0.19	  (0.18)	   0.44	  (0.25)	  

	  
P	  

	  
0.82	  (0.01)	  

	  
0.00	  (1.00)	  

	  

	  
0.08	  (0.53)	  

Standard	   deviation	   in	   round	   parentheses,	   bootstrapped	   standard	   errors	   (5	   000	   permutations)	   in	  
square	  parentheses.	  P	  is	  the	  proportion	  of	  permuted	  values	  that	  are	  less	  than	  the	  observed.	  	  	  
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4 DISCUSSION	  

Social	  network	  theory	  has	  become	  a	  useful	  tool	  in	  studying	  the	  social	  structure	  and	  

behaviour	  of	  wild	  animals.	  Passive	  monitoring,	  when	  able	  to	  provide	  high	  resolution	  

spatio-‐temporal	  data	  on	   the	  movement	  of	  animals,	  may	  aid	   in	  assessing	   the	   social	  

behaviour	   of	   free-‐ranging	  marine	   animals,	   such	   as	   the	   spotted	   wobbegong	   shark,	  

where	  long-‐term	  direct	  observation	  is	  otherwise	  difficult.	   	   	  The	  application	  of	  these	  

techniques	  in	  this	  study	  showed	  that	  some	  spotted	  wobbegongs	  do	  form	  preferred	  

associations	  with	  particular	   conspecifics	   and	   that	   these	   can	  be	  either	   long-‐term	  or	  

casual	   associations.	   	   A	   complete	   network	   was	   evident,	   within	   which	   all	   sharks	  

associated	  at	  least	  once.	  	  However	  associations	  were	  sparse,	  with	  only	  one	  third	  of	  

the	   potential	   pairings	   being	   filled.	   	   Although	   associations	   were	   non-‐exclusive,	   the	  

low	  number	  of	  associates	  per	  shark	  suggests	  that	  this	  population	  is	  not	  gregarious.	  	  	  

At	   the	   dyadic	   level	   some	   patterns	   of	   association	   emerged	   between	   certain	  

individuals,	  however	  structure	  at	  the	  community	  and	  network	  level	  was	  ambiguous.	  	  

This	   may	   suggest	   that	   wobbegongs	   have	   a	   loose	   social	   system,	   in	   which	   some	  

individuals	   are	   social,	   or	   may	   be	   reflective	   of	   methodological	   constraints	   detailed	  

further	  below.	  	  	  

	  

This	   study	   investigated	   the	   composition	   of	   dyads	   and	   communities	   to	   disentangle	  	  

non-‐social	   aggregation	   behaviour	   from	   the	   patterns	   of	   associations	   observed.	  	  	  

Despite	   the	   presence	   of	   phenotypically	   similar	   dyads,	   many	   mixed	   pairs	   were	  

evident	  and	  thus	  assortative	  mixing	  was	  not	  an	  apparently	  characteristic	  feature	  of	  

associations.	   	   	  This	  suggests	  that	  typical	  aggregation	  behaviours	  may	  not	  strictly	  be	  

driving	  association	  levels.	  	  	  Half	  of	  the	  dyads	  in	  this	  study	  (with	  HWI	  >=	  0.1)	  consisted	  

of	   same-‐sex	  pairs	   and	  half	  were	  of	  mixed	   sex.	   	   	   	   Sexual	   segregation	   is	   common	   in	  

elasmobranchs	   (Carrier	   et	   al.,	   1994,	   Sims,	   2000,	   Springer,	   1976)	   and	   is	   thought	   to	  

provide	   protection	   from	  male	   harassment	   during	   breeding	   (Wearmouth	   and	   Sims,	  

2008)	  or	   reflect	  habitat	  preferences	   to	  enhance	  gestation	   (Hight	   and	   Lowe,	   2007).	  	  

On	   the	   other	   hand,	   mixed-‐sex	   groups	   have	   been	   observed	   in	   a	   demersal	   shark	  

species,	   the	   bull	   huss	   (Scyliorhinus	   stellaris;	   Scott	   et	   al.,	   1997),	   where	   a	   captive	  

population	  showed	  a	  preference	  for	  proximity	  to	  other	  conspecifics	  but	  maintained	  
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fluid	  groups.	   	   In	  a	   free-‐ranging,	  mid-‐water	  shark	  Mourier	  et	  al.	   (2012)	   found	  stable	  

mixed-‐sex	   communities,	   although	   at	   the	   dyadic	   level	   some	   same-‐sex	   preferences	  

were	   noted.	   	   The	   authors	   suggest	   that	   although	   sexual	   segregation	   was	   not	   a	  

dominant	   feature	   of	   the	   social	   organisation,	   preferential	   associations	   between	  

individuals	   of	   the	   same	   sex	   may	   reflect	   mating	   strategies,	   and	   dominance	  

hierarchies,	  as	  well	  as	  level	  of	  familiarity.	  	  	  	  

	  

It	  is	  important	  to	  note	  that	  the	  observed	  composition	  may	  be	  indicative	  of	  the	  male-‐

biased	   sex	   ratio	   observed	   in	   this	   study.	   	   The	   absence	   of	   female-‐only	   dyads	   may	  

suggest	   that	   localised	   behavioural	   segregation	   (Backus	   et	   al.,	   1956)	   may	   not	   be	  

occurring	   or	   that	   females	   are	   simply	   not	   being	   detected.	   	   	   This	   may	   be	   due	   to	  

behavioural	   differences	   that	   influence	   the	   detectability	   of	   the	   sexes	   (Croft	   et	   al.,	  

2006,	   Sano,	   1993)	   or	   can	   indicate	   a	   level	   of	   wider	   geographical	   segregation	  

(Wearmouth	  and	  Sims,	  2008).	   	   	   	  The	  breeding	  season	  of	  the	  spotted	  wobbegong	   is	  

thought	   to	   occur	   from	   December	   to	   January	   and	   parturition	   from	   September	   to	  

October	   (Huveneers	   et	   al.	   2007b),	   and	   as	  wobbegongs	   are	   ovoviviparous,	   the	   low	  

number	  of	  detected	  females	  (as	  well	  as	  neonates)	  may	  suggest	  that	  areas	  outside	  of	  

reserve	  may	  be	  used	  as	  birthing	  and	  nursery	  grounds.	  	  Huveneers	  et	  al.	  (2007b)	  also	  

observed	  that	  gravid	  females	  were	  generally	  not	  located	  as	  far	  south	  as	  Sydney.	  	  The	  

presence	   of	   some	   adult	   females,	   however,	  may	   reflect	   the	   triennial	   oestrus	   cycle.	  	  	  	  

To	  determine	  the	  extent	  to	  which	  the	  observed	  sociality	   is	  reflective	  of	  mating	  and	  

reproductive	  strategies,	  a	  study	  period	  that	   incorporates	   the	  triennial	   reproductive	  

cycle	  of	  the	  females	  would	  be	  beneficial.	  	  	  

	  

Age	  segregation	  was	  also	  not	  clearly	  established.	  	  Despite	  the	  majority	  of	  pairs	  being	  

comprised	  of	  either	  adults	  or	  juveniles	  only,	  at	  least	  one	  third	  contained	  mixed	  age	  

classes.	  	  	  Of	  the	  significant	  dyads	  identified,	  the	  largest	  male	  had	  regular	  associations	  

with	  the	  smallest	  male.	  	  	  	  These	  results	  are	  surprising,	  as	  juvenile	  aggregations	  are	  a	  

common	  strategy	  amongst	  shark	  species	  to	  gain	  protection	  from	  predators	  (Heupel	  

and	  Simpfendorfer,	  2005)	  and	  this	  behaviour	  would	  be	  likely	  in	  wobbegong	  species	  

as	  they	  exhibit	  intraspecific	  predation	  (Huveneers	  et	  al.,	  2007a).	  	  	  On	  the	  other	  hand,	  

juveniles	  can	  benefit	  from	  associating	  with	  adults	  through	  guided	  learning,	  in	  which	  
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inexperienced	   individuals	   shadow	   older	   conspecifics	   to	   gain	   experience	   and	  

information	  on,	  for	  example,	  migration	  routes	  (reviewed	  in	  Brown	  and	  Laland,	  2003).	  

Although	   this	   has	   been	   less	   commonly	   observed	   in	   sharks,	   Guttridge	   et	   al.	   (2011)	  

found	   that	   in	   groups	   of	   lemon	   sharks	   (N.brevirostris),	   leading	   individuals	   were	  

usually	   larger	   than	   other	   group	   members.	   	   	   In	   this	   wobbegong	   population,	  

ontogenetic	  changes	  may	  underlie	  some	  of	  the	  observations	  of	  age	  mixing,	  as	  sharks	  

tagged	  before	  the	  commencement	  of	  the	  study	  period	  may	  have	  shifted	  age	  classes	  

over	  this	  time.	  	  Additionally,	  age	  class	  definitions	  may	  have	  imposed	  an	  unnecessary	  

constraint.	   	   	   Total	   length	   did	   not	   vary	   significantly	   around	   the	   value	   used	   to	  

determine	   age	   class	   (115	   cm).	   	   Although	   age	   class	   was	   determined	   by	   sexual	  

maturity	  observed	  from	  wobbegongs	  along	  the	  NSW	  coast,	  size	  at	  sexual	  maturity	  is	  

acknowledged	   to	   be	   geographically	   dependent	   (Huveneers	   et	   al.,	   2007b)	   and	  

therefore	  these	  classes	  may	  be	  misleading	  within	  the	  local	  context.	  	  This	  can	  have	  a	  

significant	   influence	   on	   the	   expected	   behaviours	   of	   the	   age	   classes	   (Gero	   et	   al.,	  

2005).	  	  	  

	  

Familiarity	   has	   also	   been	   identified	   as	   a	   driver	   of	   associative	   behaviours	   in	   some	  

sharks	   (Jacoby	  et	  al.,	  2012a)	  and	  teleost	   fishes	   (Stehfast	  et	  al.,	  2013).	   	  However,	   in	  

this	   study	   captive-‐bred	   sharks	   from	   the	   same	   release	   cohorts	   (raised	   in	   the	   same	  

facility)	  were	  only	   found	   in	   two	  of	   the	  main	  dyads.	   	   	  The	   reasons	   for	   this	  could	  be	  

similar	   to	   those	  of	   juvenile-‐adult	  mixing,	   in	   that	   several	  of	   the	   captive-‐bred	   sharks	  

were	  new	  to	  the	  location	  during	  the	  period	  of	  this	  study.	  	  These	  sharks	  in	  particular	  

may	  benefit	  from	  associating	  with	  unfamiliar	  sharks.	  	  	  

	  

A	   sympatric	   species	  of	  wobbegong	   shows	   short-‐term	  site	   fidelity	   (O.	  halei,	  Carraro	  

and	  Gladstone,	  2006)	  and	  the	  potential	  for	  this	  to	  underlie	  association	  levels	  must	  be	  

considered.	   The	   results	   of	   the	   Mantel	   tests	   however	   suggest	   that	   only	   a	   weak	  

connection	  exists	  between	  shared	  space	  use	  (UDOI)	  and	  associations	  (HWI).	  	  	  Some	  

correlation	   would	   be	   expected,	   as	   associating	   individuals	   are	   inherently	   sharing	  

space.	   However,	   some	   dyads	   formed	   preferentially	   despite	   a	   limited	   overlap	   in	  

range.	  	  Others	  appeared	  to	  limit	  their	  association	  despite	  a	  low	  overlap	  index.	  	  This	  

may	   be	   the	   result	   of	   temporally	   asynchronous	   use	   of	   the	   overlapping	   space	   or	  
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alternatively,	  it	  may	  be	  explained	  by	  active	  avoidance	  behaviour,	  which	  is	  indicative	  

of	  social	  preferences,	  as	  observed	  by	  Mourier	  et	  al.	  (2012)	  in	  a	  reef	  shark.	  	  The	  use	  of	  

home	  range	  analysis	  however,	  does	  not	  entirely	  disentangle	  passive	  space	  use	  from	  

active	   social	   preferences.	   Inferring	   associations	   from	   location	   data	   may	   be	  

confounded	  by	  site	  preferences	  of	  individuals.	  	  It	  is	  therefore	  a	  significant	  indication	  

of	   a	   level	   of	   sociality	   if	   the	   same	   pairs	   are	   found	   to	   be	   associating	   in	   multiple	  

locations	  within	  the	  array,	  particularly	  in	  a	  small	  marine	  reserve,	  as	  was	  found	  with	  

some	  dyads	  in	  this	  study.	  	  Although	  a	  level	  of	  philopatry	  was	  evident,	  as	  the	  sharks	  

returned	  to	  similar	   locations	  across	  seasons,	  fine-‐scale	  site	  fidelity	  does	  not	  appear	  

to	  be	  the	  primary	  underlying	  mechanism	  for	  high	  association	  levels.	  	  	  

	  

Lee	  et	  al.	  (2014)	  used	  acoustic	  telemetry	  and	  underwater	  visual	  surveys	  to	  estimate	  

abundance	  of	  this	  population	  over	  the	  same	  study	  period.	  The	  decline	  in	  the	  number	  

of	  associations	  from	  March	  –	  May	  2010	  is	  consistent	  with	   low	  abundance	  and	  high	  

emigration	   rates	   during	   this	   period.	   	   The	   overall	   decline	   in	   HWIs	   and	   network	  

measures	   may,	   therefore,	   be	   partially	   explained	   by	   animals	   leaving	   the	   array.	  	  	  

Sharks	   associating	   prior	   to	   this	   period	   were	   found	   to	   be	   associating	   again	   in	   late	  

winter	  when	   the	   probability	   of	   emigration	  was	   lowest	   (Lee	   et	   al.,	   2014).	   	   	   Of	   the	  

sharks	   remaining	   in	   the	   array	   over	   autumn	   and	   early	   winter,	   limited	   associations	  

were	   evident.	   	   These	   sharks	   were	   predominantly	   captive-‐bred	   that	   were	   recently	  

released	  into	  the	  reserve	  (January	  2010	  and	  May	  2010	  cohorts)	  and	  had,	  therefore,	  

possibly	   not	   established	   home	   ranges	   and	   migratory	   paths.	   During	   the	   period	   of	  

lowest	  abundance	  (shark	  abundance	  =	  13-‐29,	  July	  2010;	  Lee	  et	  al.,	  2014)	  the	  mean	  

association	  (HWI	  =	  0.15,	  N	  =	  7)	  was	  higher	  than	  the	  overall	  mean	  (0.05,	  N=15).	  	  Also,	  

the	  month	  with	  highest	  estimated	  abundance	  (shark	  abundance	  =	  96-‐112,	  October	  

2010;	  Lee	  et	  al.,	  2014),	  showed	  dyads	  maintained	  associations,	  despite	  the	  presence	  

of	  many	  other	   (untagged)	   sharks.	  This	  provides	   some	  confirmation	  of	   the	  seasonal	  

persistence	   of	   many	   of	   the	   associations,	   and	   potentially	   shows	   that	   habitat	  

saturation	  does	  not	  necessarily	  drive	  associations.	  	  

	  

The	  social	  model	  that	  was	  found	  to	  best	  fit	  the	  lagged	  association	  rate	  describes	  the	  

structure	   of	   associations	   as	   a	   combination	   of	   long-‐term	  preferred	   companionships	  
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and	   casual	   acquaintances.	   	   The	   existence	   of	   long-‐term	   associations	   has	   been	  

observed	   previously	   in	   elasmobranch	   populations	   and	   is	   thought	   to	   be	   a	   common	  

strategy	   for	   long-‐lived	   species	   (Mourier	   et	   al.,	   2012).	   	   In	   studying	   the	   social	  

organisation	   of	   sleepy	   lizards,	   Leu	   et	   al.	   (2010)	   suggested	   that	   maintaining	   pair	  

bonds	   during	   inactive	   periods	   may	   be	   less	   costly	   than	   re-‐establishing	   them.	  

Maintaining	  long-‐term	  associations	  may	  also	  facilitate	  communication	  in	  relation	  to	  

migration	  and	   resource	  availability	   (Lusseau,	  2003,	  Whitehead	  and	  Weilgart,	  2000)	  

and	   a	   breakdown	   in	   this	   can	  have	   important	   consequences	   for	   the	   viability	   of	   the	  

population	  by	   reducing	  knowledge	  of	   intra-‐seasonal	  habitat	  and	   resource	  hotspots	  

(Lusseau,	  2003).	  	  	  	  

	  

Social	  fidelity	  amongst	   individuals,	  rather	  than	  large	  groups,	   is	  evident	   in	  this	  study	  

group.	   	   Although	   some	   clear	   dyads	   emerged,	   sharks	   did	   not	   form	   exclusive	   pairs.	  	  	  

The	   community	   divisions	   were	   ambiguous,	   both	   in	   form	   and	   composition.	   	   This	  

contrasts	   with	   other	   recent	   quantitative	   studies	   that	   have	   found	   strong	   stable	  

communities	   in	   sharks	   (Mourier	   et	   al.,	   2012,	  Guttridge	  et	   al.,	   2011).	   	   The	  network	  

values	  were	  consistently	  less	  than	  those	  randomly	  generated.	  	  A	  low	  strength	  value	  

suggests	   that	   the	   population	   is	   not	   gregarious,	   although	   some	   variation	   between	  

individuals	  was	  observed.	  	  The	  low	  centrality	  may	  reflect	  a	  strategy	  for	  maintaining	  

the	   population	   within	   a	   variable	   environment.	   	   Networks	   that	   consist	   of	   several	  

highly	   centralised	   individuals	   contain	   less	   redundancy	   than	   more	   distributed	  

systems,	  and	  may	  be	  more	  vulnerable	  to	  perturbations	  (Lusseau	  et	  al.,	  2004).	  	  These	  

measures,	  coupled	  with	  high	  social	  differentiation,	  suggest	  a	  diversely	  connected	  but	  

weak	  network.	  	  Interestingly,	  however,	  despite	  an	  overall	  clustering	  coefficient	  value	  

that	  was	  less	  than	  the	  random,	  wobbegongs	  appeared	  to	  be	  more	  cliquish	  in	  spring	  

and	  summer	  months,	  suggesting	  that	  that	  social	  cohesion	  may	  be	  relatively	  high	   in	  

the	  pre-‐breeding	  and	  breeding	  seasons.	  	  	  Further	  analysis	  into	  triadic	  motifs	  (Croft	  et	  

al.,	  2008,	  Pinter-‐Wollman	  et	  al.,	  2013)	  may	  shed	   light	  on	  more	  complex	  underlying	  

patterns	  in	  association	  that	  are	  not	  explained	  by	  dyadic	  or	  community	  level	  analysis.	  	  

	  

The	  organisation	  of	  semi-‐solitary	  species	  has	  been	  studied	  in	  various	  contexts,	  and	  is	  

not	  uncommon	  in	  predators	  (Bekoff	  et	  al.,	  1984).	  	  Lurs	  and	  Kappeler	  (2013)	  describe	  
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facultative	   male	   sociality	   of	   fossa	   (Cryptoprocta	   ferox),	   in	   which	   some	   males	  

remained	   solitary	   while	   others	   formed	   stable	   partnerships	   with	   varying	   levels	   of	  

cohesion.	  	  Croft	  et	  al.	  (2006)	  reported	  that	  persistent	  associations	  between	  pairs	  of	  

guppies	   indicate	   a	   level	   of	   cooperation	   in	   dealing	   with	   predators.	   	   	   A	   level	   of	  

familiarity	  can	  also	  result	  in	  decreased	  aggression	  among	  neighbours	  (Mourier	  et	  al.,	  

2012)	   and	  may	  enhance	   the	   flow	  of	   information	   about	   resource	   availability	  within	  

the	  area	  and	  during	  migration	  periods.	  	  	  

	  

Maintaining	   few	  associations	  may	  also	  be	  reflective	  of	   the	  crypsis	  strategies	  of	   the	  

species.	   	  Wobbegong	  sharks	  are	  ambush	  predators	  and	  group	   living	  may	  therefore	  

disrupt	  foraging,	  as	  observed	  in	  other	  solitary	  ambush	  predators	  (McDonald,	  1983).	  

Some	  other	  benthic	   sharks	  are	   regularly	  observed	   in	   large	  groups	  and	   this	  may	  be	  

explained	  by	  the	  differences	   in	  their	  foraging	  strategies.	  For	  example,	  S.	  canicula	   is	  

an	   opportunistic	   forager,	   and	   prey	  mostly	   upon	   crabs	   and	  molluscs	   (Jacoby	   et	   al.,	  

2012a).	   	   	  Maintaining	  small	  group	  sizes	  may	  also	  aid	   in	  avoiding	  predators,	  or	  may	  

suggest	   that	   predation	   is	   not	   a	   primary	   concern	   the	   species	   in	   the	   study	   area.	  	  

Overall,	   the	   social	   structure	   of	   the	   observed	   wobbegong	   population	   may	   be	   the	  

results	   of	   both	   social	   affinity	   (cooperation	   and	   information	   sharing)	   and	   aversion	  

(avoidance	  of	  aggression;	  Wearmouth	  and	  Sims,	  2008)	  strategies	  and	  this	  may	  allow	  

for	  many	  sharks	  to	  coexist	  in	  the	  small	  reserve.	  	  	  	  	  

	  

Despite	   some	   patterns	   of	   sociality	   emerging	   from	   this	   study,	   the	   methodological	  

context	   of	   these	   results	   is	  worth	   consideration.	   	   Inferring	   social	   relationships,	   and	  

the	  structure	  of	  entire	  networks,	  from	  spatial	  proximity	  comes	  with	  a	  great	  deal	  of	  

uncertainty	  (Castles	  et	  al.,	  2014).	  	  The	  use	  of	  passive	  acoustic	  telemetry	  such	  as	  VPS,	  

allows	  for	  relatively	  precise,	  fine-‐scale	  information	  on	  animal	  locations	  (Espinoza	  et	  

al.,	  2011)	  however,	  as	  the	  probability	  of	  getting	  a	  VPS	  location	  depends	  on	  a	  number	  

of	   variables	   (detailed	   in	   Section	   2.1.2),	   there	   is	   a	   high	   degree	   of	   variation	   in	   the	  

number	  of	  locations	  across	  sharks.	  	  This	  can	  have	  a	  number	  of	  implications	  on	  focal	  

measures	   that	   are	   commonly	   used	   in	   social	   network	   analyses,	   such	   as	  means	   and	  

standard	  deviations.	  	  	  The	  analysis	  here	  controlled	  for	  this	  in	  several	  ways,	  including	  

the	  use	  of	  an	  association	  index	  that	  accounts	  for	  temporal	  autocorrelation	  resulting	  



Are	  Wobbegongs	  Social?	   40	  

from	  this	  variation	  and	  by	  excluding	   individuals	  with	  an	  excessively	   low	  number	  of	  

locations.	   	   	   However,	   the	   use	   of	   arbitrary	   thresholds	   may	   enhance	   other	   biases	  

(James	   et	   al.,	   2009)	   through	   for	   example,	   a	   reduced	   sample	   size.	   	   	   	   The	   sampled	  

sharks	  represented	  approximately	  10	  percent	  of	  the	  estimated	  population	  in	  periods	  

of	   peak	   abundance,	   however	   the	   relatively	   low	   sample	   size	   (N	   =	   15;	   Whitehead,	  

2008a)	   was	   nevertheless	   addressed	   by	   a	   post	   hoc	   power	   analysis	   (revealing	  

adequate	   representation	   of	   the	   true	   social	   system)	   and	   through	   the	   use	   of	  

contemporary	  iterations	  of	  permutation	  methods	  (James	  et	  al.,	  2009,	  Whitehead	  et	  

al.,	  2005).	  	  

	  

Another	  area	  of	  uncertainty	  is	  the	  selection	  of	  biologically	  meaningful	  parameters	  to	  

define	   an	   association.	   	   With	   near-‐continuous	   locations,	   and	   limited	   reference	   to	  

behavioural	   literature	   of	   the	   species,	   selecting	   association	   criteria	   and	   sampling	  

periods	  was	  challenging.	   	   	   	  Although	  the	  combined	  average	  movement	  cycles	  were	  

calculated	   at	   24	   hours,	   which	   concurs	   with	   the	   diel	   periodicity	   observed	   by	  

Huveneers	   et	   al.	   (2006),	   the	   frequency	   of	   association	   cycles	   are	   unknown	   and	  

established	   theories	   such	   as	   the	   Nyquist	   rate	   therefore	   have	   troublesome	  

application.	  	  	  	  	  There	  are	  no	  clear	  universal	  guidelines	  for	  determining	  a	  biologically	  

appropriate	  spatio-‐temporal	  scale.	  	  Other	  studies	  of	  shark	  sociality	  have	  used	  varied	  

approaches	  to	  setting	  these	  parameters.	   	  For	  example,	   	  Mourier	  et	  al.	   (2012)	  set	  a	  

sampling	   period	   of	   15	   days	   to	   account	   for	   data	   collection	   rates,	   and	   many	   have	  

simply	   not	   reported	   it.	   	   	   	   In	   this	   context,	   association	   indexes	   may	   be	   better	  

interpreted	   as	   a	   relative	   measure	   useful	   for	   highlighting	   patterns,	   rather	   than	   an	  

actual	   measure	   of	   the	   time	   a	   dyad	   spends	   together.	   	   	   	   	   Other	   studies	   have	  

incorporated	   parameter	   testing	   (Haddadi	   et	   al.,	   2011,	   Stehfast	   et	   al.,	   2013;	  

Whitehead,	   1991)	   and	   this	   study	   attempted	   to	   quantitatively	   assess	   association	  

parameters	  in	  a	  similar	  vein.	  	  	  	  
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5 CONCLUSIONS	  

This	   study	   aimed	   to	   provide	   a	   comprehensive	   and	   replicable	   example	   of	   how	  

statistically	  robust	  social	  network	  analysis,	  combined	  with	  fine-‐scale	  spatio-‐temporal	  

data,	  can	  be	  used	  to	  investigate	  social	  behaviours	  of	  a	  demersal	  predator.	  	  But	  is	  this	  

enough	  to	  conclude	  sociality?	  Following	  Hinde’s	   (1976)	  conceptual	   framework,	   this	  

study	   addresses	   some	   of	   the	   fundamental	   building	   blocks	   of	   social	   organisation.	  	  	  	  

Clear	   patterns	   emerged,	  with	   some	   sharks	   displaying	   preferred,	   yet	   non-‐exclusive,	  

associations	   with	   conspecifics	   of	   different	   sex,	   size	   and	   origin,	   many	   of	   which	  

persisted	  over	  space	  and	  time.	  	  	  	  	  	  	  No	  doubt	  there	  is	  a	  complex	  interplay	  of	  factors	  

beneath	   the	   surface	   of	   these	   observations,	   shaping	   the	   patterns	   of	   association.	  	  

Further	   research	   should	  address	   these	  possible	  explanatory	  variables,	   such	  as	  how	  

the	   timing	   and	   nature	   of	   breeding	   patterns	   and	   resources	   shifts	   influence	   social	  

behaviours.	  	  Given	  their	  vulnerability	  to	  fishing,	  shedding	  further	  light	  on	  the	  nature	  

and	   composition	   of	   wobbegong	   social	   structures	   will	   not	   only	   enhance	   our	  

understanding	   of	   the	   evolution	   of	   sociality	   across	   diverse	   phyla,	   but	   may	   help	   in	  

ensuring	  a	  sustained	  wobbegong	  population	  into	  the	  future.	  	  

	  

	  



Are	  Wobbegongs	  Social?	   42	  

6 SUPPLEMENTARY	  MATERIAL	  

6.1 Incorporating	  positioning	  error	  into	  data	  screening	  

The	   VPS	   system	   assumes	   ideal	   propagation	   of	   signals	   from	   transmitters,	   however	  

interference	   is	   generally	   encountered	   from	   signal	   collisions,	   position	   of	   animals	  

within	   (or	   distance	   from)	   the	   array,	   and	   attenuation	   from	   habitat	   preference	   and	  

environmental	  influences	  (Espinoza	  et	  al.,	  2011).	  	  Accordingly	  the	  system	  provides	  an	  

estimate	  of	  positioning	  error	  for	  each	  location	  known	  as	  Horizontal	  Positioning	  Error	  

(HPE).	  Animals	  within	   the	  core	  area	  of	   the	  array	  have	  higher	  precision	   (lower	  HPE)	  

than	   those	   in	  areas	  of	  poorer	  coverage	  and	   this	  can	   lead	   to	  significant	  variation	   in	  

detectability.	   	   Large	   areas	   of	   preferred	   habitat,	   as	   observed	   during	   underwater	  

surveys	  within	   the	   area	   (Lee	   et	   al.,	   2014)	   and	   from	  anecdotal	   evidence	   from	   local	  

divers,	  were	   located	   around	   the	   edges	   of	   the	   array.	   Thus,	   selecting	   an	  HPE	   cutoff	  

that	  was	   too	   low	  would	   decrease	   the	   sampling	   area	   and	  may	   result	   in	   the	   loss	   of	  

important	   information.	   Such	   spatial	   biases	   can	   result	   in	   significant	   over	   or	  

underestimation	  of	   social	   associations	   and	   therefore	   incorporating	  positional	   error	  

into	  the	  analysis	  at	  an	  early	  stage	  of	  the	  analysis	  is	  important.	  	  	  	  

	  

The	  HPE	  provided	  for	  animal	  tags	  is	  a	  unit-‐less,	  relative	  measure	  of	  the	  precision	  of	  a	  

location	  and	  can	  only	  be	  used	  as	  a	  quality	  audit	  for	  all	  locations.	  	  	  However,	  since	  the	  

fixed	   location	   of	   sync-‐tags	   is	   known,	   an	   HPE	   and	   a	   measured	   error	   estimate	   in	  

metres	   (HPEm)	   were	   estimated	   for	   each	   sync-‐tag	   location.	   	   	   	   No	   correlation	   was	  

found	   between	   the	   HPE	   and	   HPEm	   (Spearman’s	   Rank,	   S	   =	   3.09,	   p	   =	   2.2e-‐16,	   rho	  

0.650404291),	  therefore	  the	  HPE	  values	  provided	  for	  the	  animal	  tags	  (in	  which	  fixed	  

positions	  are	  not	  known)	  could	  not	  reliably	  be	  used	  in	  direct	  calculations.	  	  	  The	  HPE	  

value	   that	  would	  preserve	  90	  percent	  of	   the	  data	  was	   therefore	   calculated	   (HPE	  =	  

13.4).	  	  	  	  	  	  This	  was	  used	  as	  a	  threshold	  above	  which	  locations	  were	  excluded.	  	  To	  gain	  

a	  general	   idea	  of	  the	  meter	  value	  of	  the	  relative	  error,	  HPE	  values	  of	  the	  sync-‐tags	  

were	   binned	   and	   corresponding	   HPEm	   values	   for	   the	   median,	   90th	   and	   95th	  

percentiles	  for	  the	  sync-‐tags	  (Coates	  et	  al.,	  2013)	  were	  determined.	  	  The	  median	  of	  

the	  filtered	  dataset	  (HPE	  =	  4.6)	  was	  calculated	  and	  the	  associated	  HPEm	  equated	  to	  



Are	  Wobbegongs	  Social?	   43	  

approximately	   2.8	   m	   (CI	   =	   0.07,	   range	   0-‐13.1),	   which	   was	   deemed	   an	   acceptable	  

range	  for	  this	  analysis.	   	   	   	  As	  the	  sync-‐tags	  are	  stationery	  and	  well-‐positioned	  within	  

the	   array,	   locations	   may	   not	   be	   subject	   to	   the	   same	   positioning	   error	   as	   tags	   on	  

animals,	   however	   the	   error	   was	   calculated	   by	   Vemco	   in	   similar	   way	   for	   both	  

stationery	  and	  moving	   tags,	  and	   therefore	  may	  contain	  similar	  accuracy	   (Coates	  et	  

al.,	  2013).	   	  This	   filtering	  process	  aimed	  to	  both	  maximize	  positional	  precision	  while	  

maintaining	   sufficient	   data	   and	   the	   resulting	   filtered	   locations	   were	   used	   in	  

subsequent	  analyses.	  
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6.2 Home	  Range	  Estimates	  from	  Kernel	  Density	  Analysis	  
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6.3	  	  Animal	  Behaviour	  Journal	  Guide	  for	  Authors
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