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1 Abstract  

Incidental  capture  or  ‘bycatch’  of  non-targeted s pecies  is  a  global  fisheries  issue  that  threatens  
ocean  ecosystems  and t he  conservation a nd r ecovery  of  protected s pecies.  Many  protected  
species  are  at  a  high  risk o f  incidental  capture  and  mortality  in c ommercial  fisheries,  which  could  
have  an i mpact  on a lready  decreasing  populations.  From  1998-2017,  U.S.  federal  fisheries  
observers  aboard  fishing  vessels  in t he  U.S.  Southeast  Gillnet  Fishery  collected d ata  on  captures  
of  encountered p rotected  species.  Data  collected  by th e  observers  were  used t o d escribe  protected  
species  incidental  capture  within t his  fishery.  A  generalized l inear  zero-inflated n egative  
binomial  two-part  model  (GLM-ZINB)  was  applied t o d etermine  which e nvironmental  and  
fishing  characteristic  factors  influence  the  probability  of  incidental  capture  of  protected s pecies  
including  leatherback,  Dermochelys  coriacea,  and l oggerhead,  Caretta c aretta,  sea  turtles,  
bottlenose  dolphins,  Tursiops  truncatus,  and  giant  manta  ray,  Manta b irostris.  While  a  variety  of  
factors  were  considered i n o ur  models,  no o ne  single  factor  was  found to i  nfluence  all  protected  
species.  Incidental  capture  of  leatherback  turtles  was  influenced b y  season,  depth,  and  gillnet  
depth,  while  loggerhead t urtles  were  influenced b y  season,  sea  surface  temperature,  and t arget  
species  of  the  fishery.  Bottlenose  dolphin b ycatch  was  most  influenced b y  soak  duration,  gear  
type,  and s eason,  while  giant  manta  ray  captures  were  influenced b y  soak d uration,  gear  type,  
and d epth.  Environmental  and f ishing  characteristic  factors  associated  with i ncidental  capture  of  
protected s pecies  can b e  used to h  elp  guide  fishery  managers  as  to w hat  species-specific  
regulations  could b e  implemented to h  elp  mitigate  capture.   
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22 1.  Introduction  

Incidental  capture  and s ubsequent  discard o f  non-targeted s pecies  or  ‘bycatch’  is  a  global  
fisheries  issue  that  threatens  ocean  ecosystems  and t he  conservation a nd r ecovery  of  protected  
species  (NOAA,  2019).  Frequent  incidental  captures  of  non-targeted p rotected s pecies  can h ave  
detrimental  effects  on p opulations  and f ood w eb d ynamics,  which c ontribute  to c onservation  
concern  (Crowder  and  Murawski,  1998;  Tasker  et  al.,  2000;  Raby  et  al.,  2011).  Many  of  the  
species  that  are  at  high r isk  of  incidental  capture  and f ishing  mortality  are  protected u nder  the  
U.S.  Endangered  Species  Act  (ESA),  Marine  Mammal  Protection A ct  (MMPA),  and t he  
Migratory  Bird T reaty  Act,  though p rotections  and m anagement  across  these  taxonomic  groups  
are  not  universal.   

Gillnet  fishing  gear,  including  drift,  sink  (i.e.,  anchored),  and s trike  gillnets,  are  globally  
used f or  the  capture  of  targeted f ish s pecies  (Valdemarsen,  2001).  Gillnets  are  largely  an  
unbiased m ode  of  commercial  fishing,  meaning  that  both ta rget  and n on-target  species  can  
become  entangled i n t he  fishing  gear  (Northridge,  1991).  Gillnet  bycatch i s  a  major  source  of  
mortality  in m any  species  of  teleosts,  elasmobranchs,  seabirds,  sea  turtles,  and m arine  mammals.  
Many  of  these  species  caught  as  bycatch h ave  populations  that  have  historically  declined o r  are  
still  declining,  and m any  are  protected u nder  the  ESA  or  other  conservation  measures.  For  
example,  Zollet  (2009)  identified 4 1 p rotected s pecies  captured i n  gillnet  gear  in U .S.  east  coast  
commercial  fisheries.  Determining  factors  that  may  contribute  to th e  incidental  capture  of  
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41 protected s pecies  could h elp p revent  future  interactions  through f isheries  mitigation s trategies  
and a ssist  in d eveloping  recovery  actions  for  these  species.    

Population d eclines  of  many  sea  turtle  species  have  been  attributed t o i ncidental  capture  
in f isheries,  particularly  coastal  gillnet  fisheries,  oceanic  driftnets,  and b ottom  nets  (National  
Research C ouncil,  1990;  Lewison e t  al.,  2004;  Wallace  et  al.,  2010;  Fiedler  et  al.,  2012).  
Similarly,  many  marine  mammals,  sharks  and r ays,  and s eabirds  are  easily  entangled i n  gillnet  
gear  and o ften s uffer  fishing  mortality  that  can h ave  considerable  impacts  on s pecies  populations  
(Stevens  et  al.,  2000;  Tasker  et  al.,  2000;  Read  et  al.,  2006).  Air  breathing  species  that  require  
frequent  surface  intervals  (e.g.,  sea  turtles,  marine  mammals,  and b irds)  along  with s pecies  with  
a  low  intrinsic  rate  of  population  growth ( e.g.,  sharks  and r ays)  are  highly  vulnerable  to f ishing  
mortality  (Dulvy  et  al.,  2008;  Hall  et  al.,  2000;  Northridge  et  al.,  2017).  Many  studies  have  
investigated i ncidental  capture  of  protected s pecies  over  the  last  few  decades  although  a  few  
have  assessed th is  on a   multi-species  or  multi-taxa  level  (Sims  et  al.,  2008;  Northridge  et  al.,  
2017).   

The  U.S.  Southeast  Gillnet  Fishery  is  active  year  round f rom  North C arolina  and i nto th e  
Gulf  of  Mexico.  Many  states  have  banned  gillnet  fishing  in s tate  waters  over  the  last  decades  and  
most  gillnet  fishing  is  restricted t o  Federal  waters  (i.e.,  9 m iles  offshore  in t he  Gulf  of  Mexico  
and 3 m  iles  offshore  in t he  U.S.  south A tlantic).  Fishers  target  a  wide  variety  of  species  from  
sharks  such a s  dogfish ( Squalidae),  coastal  pelagic  species  (e.g.,  Spanish m ackerel,  
Scomberomorus  maculatus),  and s ome  groundfish  (e.g.,  Atlantic  croaker,  Micropogonias  

undulatus)  depending  on  time  of  the  year  and  market  conditions.  Observer  coverage  of  this  
fishery  was  initially  sporadic  with c overage  focused o n v essels  targeting k ing  mackerel,  
Scomberomorus  cavalla,  and s harks  with d rift  net  gear  (Schaeffer  et  al.,  1989;  Trent  et  al.,  1997,  
respectively).  Shark-targeted  gillnet  effort  of  large  coastal  sharks  began t o  decline  with  
Amendments  2 a nd 3 t  o t he  Consolidated A tlantic  HMS-FMP  (NMFS,  2010).  The  large  coastal  
shark  trip li mit  in t hese  amendments  essentially  ended th e  strike  net  fishery  and li mited t he  
number  of  fishers  targeting  sharks  with d rift  and s ink g illnet  gear.  This  in tu rn l ed to t  he  
subsequent  increased e ffort  targeting  teleosts  by  vessels  that  traditionally  targeted s harks  
(Mathers  et  al.,  2017 a nd  references  therein).  Consequently,  since  2006,  observer  coverage  has  
expanded to i  nclude  all  vessels  using  gillnet  gear  regardless  of  target  (Baremore  et  al.,  2007).  
Take  reduction p lans  in p lace  for  Atlantic  large  whales  such a s  right  (Eubalaena g lacialis),  
humpback  (Megaptera n ovaeangliae),  and  fin w hales  (Balaenoptera p hysalus)  as  well  as  for  
bottlenose  dolphins  (Tursiops  truncatus),  and h arbor  porpoise  (Phocoena p hocoena)  are  
currently  in p lace  and h ave  the  potential  to r educe  the  possible  interactions  with p rotected  
species  by  enforcing  time/area  closures  and  mesh  restrictions  (NMFS,  1997,  1998,  2006).  These  
fishery  regulations  reduce  the  amount  of  vessels  fishing  and t hereby  interacting  with p rotected  
species  at  certain ti mes  of  the  year.   

Estimates  of  protected s pecies  bycatch h ave  raised  concern t hat  this  fishery  may  be  
impeding  the  recovery  of  some  of  these  species.  For  example,  fishers  using g illnet  gear  and  
targeting  shark  incidentally  captured a n  estimated  36 ( 95%  confidence  limits  0-608)  loggerhead,  
Caretta c aretta,  and 1 2 ( 95%  confidence  limits  0-31)  Kemp’s  ridley,  Lepidochelys  kempii,  sea  
turtles  from  2007-2010,  respectively  (Carlson a nd  Richards,  2011).  Carlson  and M athers  (2017)  
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83 determined 2 4 ( 95%  confidence  limits  0-414)  giant  manta  ray,  Manta b irostris,  were  caught  by  
the  southeast  gillnet  fishery  targeting  sharks  in 2 012.  Herein,  we  describe  protected s pecies  
bycatch a nd  evaluate  environmental  variables  and  fishing  techniques  associated w ith t heir  
capture.  An u nderstanding  of  factors  related t o th e  capture  could a id in th  e  management  of  this  
fishery  and c ontribute  to t he  recovery  actions  for  several  protected s pecies.  

  
2.  Methods  

2.1.  Observer  Coverage  

 National  Marine  Fisheries  Service,  Panama  City  Laboratory,  FL  USA  currently  
administers  the  Southeast  Gillnet  Fishery  Observer  Program.  Scientific  observers  are  trained in   
the  collection o f  biological  and f ishery  data  and s pecies  identification.  Observers  are  required to   
record  catch  and e ffort  information f rom  each g illnet  set  on e very  trip.  Observers  recorded d ata  
associated w ith th ree  types  of  gillnet  gear:  drift,  sink  (anchored),  and s trike  nets.  Drift  gillnets  are  
not  anchored,  secured,  or  weighted t o t he  bottom  at  either  end o f  the  net  and  are  allowed to d  rift  
with c urrents.  Anchored  gillnets  or  sink  nets  can b e  set  anywhere  within t he  water  column a nd  
are  anchored,  secured,  or  weighted to t  he  bottom b y  a  weight  or  lead li ne.  Strike  nets  are  actively  
set  around a   school  of  a  target  species  and i mmediately r etrieved a nd c an e ither  fish f rom  the  
surface  to t he  bottom  or  function m ore  like  a  drift  net.  All  gillnet  types  are  typically  comprised o f  
monofilament  twine  and  stretch m esh c an  range  between 6 .4-30.5 c m  and r each l engths  of  46-
3,200 m .  Initially,  observer  coverage  focused o n v essels  targeting  sharks  using  drift  gillnet  gear  
with 1 00%  observer  coverage  (Trent  el  al.,  1997;  Baremore  et  al.  2007).   In 2 005,  observer  
coverage  was  expanded t o i nclude  all  vessels  that  have  an  active  directed s hark  permit  and f ish  
with s ink g illnet  gear.  These  vessels  were  not  previously  subject  to o bserver  coverage  because  
they  either  were  not  targeting  sharks  or  were  not  fishing  gillnets  in a   drift  or  strike  fashion.  In  
2006,  further  expansion o f  the  gillnet  observer  program  included a ll  vessels  fishing  gillnet  gear  
regardless  of  target,  and f or  coverage  to b e  extended t o c over  the  full  geographic  range  of  gillnet  
fishing  effort  in th e  southeast  United S tates.  Vessels  were  randomly  selected f or  observer  
coverage  on a   quarterly  basis  from a   pool  of  vessels  that  had r eported  fishing  with  gillnet  gear  
during  the  same  quarter  in t he  previous  year  for  the  Gulf  of  Mexico a nd  South A tlantic.  Observer  
coverage  has  ranged  from 5 -15%  depending  on t he  year  and a vailability  of  funding.    

2.2.  Data  treatment  and a nalysis  

 Observations  of  protected s pecies  interactions  in  the  gillnet  fishery  have  been r ecorded  
since  1993.  Observations  were  made  on a ll  species  as  the  gillnet  gear  was  hauled a board.  The  
observer  remained o n t he  deck  of  the  vessel  in a   position w ith a n u nobstructed v iew  and r ecorded  
species  and n umbers  of  individuals  caught.  When  species  identification w as  questionable,  the  
crew  stopped h auling  so t hat  the  observer  could e xamine  the  animal(s)  for  positive  identification.  
Status  (alive  or  dead  at-vessel  when b oated)  of  individuals  was  recorded.  Information o n a biotic  
data  (e.g.,  sea  surface  temperature  and d epth)  was  recorded a s  well  as  location,  time  of  day,  and  
fishing  gear  specifics  (e.g.,  net  length,  net  depth,  mesh s ize,  and s oak  duration)  for  each  gillnet  
set.  Due  to f ew  and s poradic  observations  in e arly  years,  we  restricted o ur  analysis  to d ata  
collected f rom  1998 to 2  017.  Data  were  further  refined b y  removing  all  undefined o r  missing  
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124 fields  (e.g.,  missing  latitude/longitude  fields,  date,  soak  time,  etc.).  For  each  month o f  every y ear,  
averages  were  taken o f  sea  surface  temperature  at  the  same  latitude  where  the  set  was  recorded  
and u sed to f  ill  in a ny  gaps  in d ata  on s ea  surface  temperature.  In e vents  that  protected s pecies  
were  encountered,  each i ndividual  was  counted a nd r ecorded w ithin a   fishing  trip.  As  many  
interactions  with p rotected s pecies  are  rare  events,  to r educe  the  number  of  zeros  in t he  models,  
frequency  distributions  were  applied t o d etermine  if  data  could b e  subset  based o n c umulative  
frequency  percent  (e.g.,  data  subset  by  target  species  or  by  gear  type).    

 Protected s pecies  identified w ithin th e  dataset  included lo ggerhead,  green,  Chelonia  

mydas,  leatherback,  Dermochelys  coriacea,  hawksbill,  Eretmochelys  imbricata,  and  Kemp’s  
ridley  sea  turtles,  giant  manta  rays,  smalltooth s awfish,  Pristis  pectinata,  common lo on,  Gavia  

immer,  brown p elican,  Pelecanus  occidentalis,  Atlantic  spotted d olphin,  Stenella fr ontalis,  
bottlenose  dolphins,  Tursiops  truncatus,  and A tlantic  sturgeon,  Acipenser  oxyrinchus  oxyrinchus,  
(Table  1).  Due  to t he  relatively  low  number  of  observations  within t he  data  (n  ≤  5)  for  some  
species  that  precluded a ny  model  convergence,  four  species  were  able  to b e  modeled:  ESA  
threatened l oggerhead s ea  turtle,  ESA  endangered  leatherback  sea  turtle,  MMPA  depleted  
bottlenose  dolphin,  and E SA  threatened  giant  manta  ray  (Table  1).   

Frequency  distributions  indicated t hat  the  datasets  for  each s pecies  was  highly  zero-
inflated,  thus  we  used a   two-component  mixture  generalized l inear  model  (GLM)  to d etermine  
which f actors  influence  the  probability  of  catching  a  protected s pecies.  Analyses  were  conducted  
considering  each s pecies  as  its  own  group.  Count  data  are  characterized b y  a  high p roportion o f  
zero v alues  (i.e.,  zero-inflated)  relative  to a n e vent  present  in h igh  counts  and w as  observed  
within o ur  dataset.  Thus,  we  used a   zero-inflated n egative  binomial  (ZINB)  model  since  it  can  
handle  the  excessive  number  of  zeros  and o verdispersion w ithin t he  data  (Zuur  et  al.,  2009).  
ZINB  models  account  for  two s ources  of  zeros:  ‘true’  zeros  and  zeros  generated f rom a   count  
component.  Within o ur  model,  the  negative  binomial  distribution m odeled t he  count  process,  
while  a  binary  model  with a   logit  link f unction w as  used to c  apture  the  probability  of  zero  
inflation ( Zuur  et  al.,  2009).  The  probability  functions  about  the  capture  probability  of  each  
protected s pecies  (Yi)  is:  

f  (yi  =  0)  =  πi  +  (1  −πi  )  ×  (k /μi  +  k)  k  

f  (yi  |yi  >0)  =  (1  −πi  )  ×  ( ) f y
NB  

 

Where  πi  is  the  probability  of  having  a  false  zero,  µ i  is  the  mean,  NB  is  the  negative  binomial  
distribution,  and  k  is  a  parameter  (i.e.,  factor).  We  applied t he  ‘zeroinfl’  function f rom t he  ‘pscl’  
package  (R  version 3 .5.0)  for  our  analyses.  
 

Several  factors  were  selected t hat  may  have  potentially  influenced t he  catch o f  protected  
species  based  on o ur  hypotheses  and a ssumed i mportance  in o ther  studies  (Table  2).  These  
factors  were  a  combination o f  continuous  and c ategorical  explanatory  variables  and in cluded  
region,  latitude,  season,  sea  surface  temperature,  depth,  net  depth,  net  length,  mesh s ize,  gear  
type,  target,  and s oak  time  (Table  2).  All  of  the  factors  were  evaluated f or  independence  by  a  
Kruskall-Wallace  test  and f or  collinearity  with a   Spearman r ank  test.  Initially,  a  null  model  was  
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run w ith n o f actors  included.  Each  factor  was  added to th  e  model  independently  in a   forward  
stepwise  manner  and r esults  were  ranked f rom  the  relative  least  to  greatest  change  in A kaike  
information c riterion ( ∆AIC)  when  compared to t  he  null  model  (McCracken,  2004;  Murray,  
2009;  Carlson e t  al.,  2016).  The  factor  with t he  lowest  ∆AIC  was  then i ncorporated in to t he  
model  and li kelihood r atio te sts  were  applied t o c ompare  the  models  for  significance  (e.g.,  chi-
square  values  and p -value  of  <0.05).  Factors  found to b  e  not  significant  and/or  if  the  model  
would n ot  converge  with a   particular  factor  were  dropped f rom  the  model  (Zuur  et  al.,  2009).  
Final  models  were  validated b y  plotting  Pearson r esiduals  against  the  fitted  values  from  the  
model  and p lotting  Pearson r esiduals  against  each  explanatory  variable  (Zuur  et  al.,  2009).   

3.  Results  

3.1.  Leatherback S ea  Turtle  

Between 1 998 a nd 2 017,  shark-targeted d rift  net  sets  contributed t o > 90%  of  leatherback  
gillnet  interactions  with o ne  interaction in a    mackerel-targeted s ink  net  (10%).  Thus,  data  were  
subset  to s hark-targeted  drift  net  sets  and c onsisted o f  268  gillnet  trips  and  310  gillnet  sets.  
Leatherback  interactions  occurred o n 1 3 t rips  resulting  in 1 6 i ndividual  leatherback  turtle  
interactions  that  included  two a t-vessel  mortalities  (Table  1).  All  leatherback  and  gillnet  
interactions  occurred i n t he  south A tlantic  on t he  east  coast  of  Florida  (Fig.  1).  All  leatherback  
turtles  were  caught  in t he  winter  between t he  months  of  October-March e xcept  for  one  
interaction i n t he  summer  months  of  April-September.  Observers  recorded i nteractions  in s ea  
surface  temperatures  between 2 0.5-24.4°C  (mean  22.4  °C)  and a t  depths  between 1 2-20m  (mean  
15m).  The  most  significant  independent  factor  influencing  capture  of  leatherback  turtles  was  
season ( 2 X   =  15.9,  df  =  1,  p =   <  0.001)  (Table  1)  whereas  a  combination o f  season,  bottom d epth,  
and n et  depth w ere  the  most  associated w ith l eatherback  capture  ( 2 X   =  23.7,  df  =  3,  p < 0.001)  
(Table  3).   

3.2.  Loggerhead S ea  Turtle   

A  total  of  1,071 t rips  consisting  of  3,401  gillnet  sets,  were  analyzed b etween 1 998 a nd  
2017.  Loggerhead in teractions  with t he  gillnet  fishery  occurred o n  16 t rips  resulting  in 1 7  
individual  animals  recorded i ncluding  four  animals  that  suffered  at-vessel  mortality  (Table  1).  
Loggerhead i nteractions  occurred i n t he  south A tlantic  in b oth w inter  and s ummer  months  with  
10 ( 62.5%)  interactions  in th e  winter  and s ix  (37.5%)  interactions  in t he  summer  (Fig.  1).  Fishery  
observers  recorded c aptured l oggerheads  in te mperatures  between 2 1.6-29.4 ° C  (mean 2 4.8 ° C)  
and d epths  between 1 .5-24.4 m eters  (mean 1 4.8  meters).  Loggerheads  were  captured in d  rift  
(56.2%),  sink  (18.8%),  and s trike  (25.0%)  nets  primarily  in t he  shark  (87.5%)  and  mackerel  
(12.5%)  targeted f isheries.  The  most  significant  independent  factor  influencing  the  capture  of  
loggerhead tu rtles  was  target  ( 2 X   =  33.5,  df  =  4,  p < 0.001)  (Table  4)  whereas  the  combination o f  
target,  season,  and s ea  surface  temperature  were  the  most  associated w ith lo ggerhead  capture  ( 2 X  

=  39.4,  df  =  6,  p < 0.001)  (Table  4).   
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204 3.3.  Bottlenose  Dolphin  

 A  total  of  1,276  gillnet  trips  and 3 ,479  gillnet  sets  were  analyzed b etween 1 998 a nd 2 017.  
During  this  period,  11  gillnet  trips  reported i nteractions  that  resulted i n 1 3 i ndividual  animals  
captured.  All  13 in dividuals  suffered a t-vessel  mortality  as  a  result  of  their  interaction w ith th e  
gillnet  fishery  (Table  1).  Dolphin in teractions  occurred p rimarily  in t he  south A tlantic  (>90%)  
with o ne  capture  in th e  Gulf  of  Mexico ( 10%)  in  water  temperatures  that  ranged b etween 2 1.1-
26.6°C  (mean 2 2.7°C)  and d epths  between 2 .4-18.6 m eters  (mean 1 3.9  meters)  (Fig.  1).  Dolphin  
interactions  occurred i n  all  seasons  (February-October),  primarily  in t he  winter  (80%)  compared  
to t he  summer  (20.0%).  Interactions  occurred i n t he  shark  (70%)  and  mackerel  (30%)  targeted  
fisheries  in d rift  (80%)  and s trike  (20%)  nets.  The  most  significant  independent  factor  
influencing  the  capture  of  bottlenose  dolphin w as  soak  duration ( 2 X   =  20.2,  df  =  1,  p <   0.001)  
(Table  5)  whereas  the  combination o f  soak  duration,  gear,  and s eason w ere  the  most  associated  
with d olphin c apture  ( 2 X   =  32.4,  df  =  4,  p <   0.001)  (Table  5).   

3.4.  Giant  Manta  Ray  

All  giant  manta  ray  interactions  occurred i n t he  south A tlantic  region  (100%)  between  
1998 a nd 2 017,  and t hus  data  were  subset  to t his  region  and c onsisted o f  1,075  gillnet  trips  with  
3,346  gillnet  sets.  There  were  six  gillnet  trips  that  interacted w ith  giant  manta  rays  resulting  in  
seven i ndividual  animals  being  captured,  including  one  at-vessel  mortality  (Fig.1,  Table  1).  Giant  
manta  rays  were  captured i n t he  summer  (60%)  and i n t he  winter  (40%).  Fishery  observers  
recorded c aptures  in t emperatures  between 2 1.7-29.0°C  (mean 2 4.2 ° C)  and d epths  10.3-29.9  
meters  (mean 1 7.5  meters).  Giant  manta  rays  were  captured i n d rift  (80%,  n=6)  and s trike  (20%,  
n=1)  nets  primarily  from th e  shark  (80%)  and  mackerel  (20%)  targeted f isheries.  The  most  
significant  independent  factor  influencing  the  capture  of  giant  manta  rays  was  gear  type  ( 2X  =  
16.4,  df  =  2,  p <   0.001)  (Table  6)  whereas  the  combination o f  gear  type,  soak  duration,  and  
bottom  depth w ere  the  most  associated w ith  giant  manta  ray  capture  ( 2X   =  22.0,  df  =  4,  p <   
0.001)  (Table  6).   

4.  Discussion  

4.1 G eneral  discussion  

 The  present  study  evaluated  protected s pecies  bycatch f rom m ultiple  taxa  in t he  U.S.  
Southeast  Gillnet  Fishery.  Gillnets  are  a  globally  ubiquitous  fishing  gear  that  is  highly  efficient  
yet  generally  non-selective  (Northridge,  1991).  Many  previous  studies  have  assessed b ycatch o f  
protected s pecies  on a   single  taxa  and t he  majority  of  these  studies  have  been c onducted o n  
marine  mammals  (Northridge  et  al.,  2017).  Although  take  reduction p lans  are  in p lace  for  several  
protected s pecies  (e.g.,  large  whales,  dolphins,  sea  turtles),  fishery  interactions  with p rotected  
species  still  occurs.  Coastal,  drift,  and s ink g illnet  fisheries  have  all  been d ocumented t o  
incidentally  capture  protected s pecies  including  marine  fishes,  mammals,  turtles,  and s eabirds  
(Lewison e t  al.,  2004;  Read e t  al.,  2006;  Murray,  2009;  Zollett,  2009;  Warden,  2010;  current  
study).  Identifying f actors  that  may  be  associated  with  gillnet  fisheries  on  a  species-specific  level  
can in form f isheries  managers  as  to w hat  mitigation s trategies  should b e  considered a nd  
implemented t o h elp r educe  incidental  capture  of  protected s pecies.   
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244 4.2  Leatherback S ea  Turtles  

Incidental  captures  of  sea  turtles  in  gillnet  fisheries  is  well  documented in th  e  literature  
though f ew  studies  have  investigated b ycatch  factors  in  gillnet  fisheries.  The  best  fitting  model  in  
our  study  indicated th at  incidental  capture  of  leatherback  turtles  was  associated w ith s eason,  
depth,  and n et  depth.  Leatherback  turtles  were  incidentally  captured t he  most  during  the  winter  
months  of  January-March a nd i n r elatively  deep n ets  fished in w  ater  depths  less  than 2 0m o ff  of  
the  east  coast  of  Florida.  Though p rimarily  a  pelagic  species,  leatherback  turtles  inhabit  coastal  
waters  off  the  east  coast  of  Florida  during  times  of  internesting,  typically  in c ooler  months  
(Eckert  et  al.,  2006;  Bailey  et  al.  2012).  This  region o ff  the  east  coast  of  Florida  had s ome  of  the  
highest  numbers  of  gillnet  sets  and,  thus,  a  combination o f  increased f ishing p ressure  in a reas  
where  turtles  may  be  in h igh n umbers  due  to m igrations  between f oraging s ites  likely  contributed  
to t he  increased in cidental  capture  of  leatherbacks.  Mitigation s trategies  in t he  form  of  ‘low-
profile’  gillnets,  (i.e.,  nets  without  tie  downs  and p anel  heights  <  2m)  have  shown t hat  turtle  
incidental  capture  can b e  reduced i n  a  demersal  gillnet  and s urface  gillnet  fishery  in P amlico  
Sound,  North C arolina  and in T  rinidad,  respectively  (Price  and  Van  Salisbury,  2007;  Eckert  et  
al.,  2008;  Gearhart  et  al.,  2009).  Similar  mitigation  strategies  could b e  put  in p lace  for  coastal  
areas  during  winter  months  where  only  the  use  of  low-profile  nets  along  with a   depth r estriction  
(e.g.,  gear  fishes  in  greater  than 2 0m  depth)  to h elp m itigate  incidental  capture.  In a ddition t o  
implementing  potential  net  depth a nd f ishing d epth  restrictions,  the  fact  that  shark-targeted d rift  
net  fishing  has  been r educed d ramatically  will  overall  reduce  leatherback  interactions  in th e  
gillnet  fishery  (Mathers  et  al.  2020).  

4.3  Loggerhead S ea  Turtles  

The  best  fitting  model  in  our  study  indicated th at  incidental  capture  of  loggerhead tu rtles  
was  associated w ith ta rget  species,  season,  and s ea  surface  temperature.  Loggerheads  were  
captured d uring  both w inter  and s ummer  months  in o ur  study,  primarily  in  shark-targeted s ets.  It  
has  been n oted th at  target  species  is  likely  an e ffect  of  gear  use  and d esign a nd n ot  specifically  
the  species  targeted it self  (Northridge  et  al.,  2017).  This  is  likely  true  in th e  instance  of  
loggerhead tu rtles  given t hat  they  do n ot  feed o n th e  targeted s pecies  within  this  study  (i.e.,  shark  
and m ackerel).  Loggerhead tu rtles  nest  from  Cape  Canaveral  southward to   Broward C ounty,  FL,  
typically  from A pril  to S eptember  making  this  an  area  with h igh c oncentrations  of  turtles  
(Meylan e t  al.,  1983).  The  majority  of  loggerhead  interactions  with t he  gillnet  fishery  occurred i n  
this  region a nd w ere  captured b oth w ithin a nd o utside  of  the  nesting  season.  The  region o f  
capture  was  also w here  the  highest  concentration  of  gillnet  sets  were  made.  Loggerheads  were  
also c aptured i n w arm  sea  surface  temperatures,  similar  to  Murray  (2009)  from  a  study  
characterizing  sea  turtle  incidental  catch i n t he  U.S.  mid-Atlantic  gillnet  fishery,  which o verlaps  
with o ur  study  in N orth  Carolina.  Implementing  fishing  restrictions  based  on s ea  surface  
temperature  would l ogistically  be  difficult  to d o a nd  given th at  target  species  is  likely  a  gear  
effect,  restrictions  on  gillnet  fishing  could b e  based o n s eason.   
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284 4.4 B ottlenose  Dolphins  

Marine  mammal  incidental  capture  with  gillnet  fisheries  has  been w ell  documented in t  he  
literature  (Northridge  et  al.,  2017).  A  variety  of  factors  have  been f ound to   associate  with  
incidental  capture  of  marine  mammals,  many  that  are  gear-specific.  In o ur  study,  bottlenose  
dolphin in teractions  were  found t o b e  associated  with s oak  duration,  gear  type,  and s eason.  
Seventy-three  percent  of  interactions  occurred d uring  the  winter  months  of  February-March,  
primarily  in d rift  nets  and in s  oak  durations  longer  than s ix  hours.  In t he  U.S.  Northwestern  
Atlantic  Gillnet  Fisheries,  porpoise  incidental  capture  was  also a ssociated  with s eason,  with m ore  
interactions  occurring  in  winter-spring m onths  (Orphanides,  2010).  Changes  in m igration  
patterns,  foraging  behavior,  or  animal  density  across  seasons  may  account  for  differences  among  
regions  studied  (Northridge  et  al.,  2017).  It  is  reasonable  to h ypothesize  that  drift  nets  left  in th e  
water  for  more  than s ix h ours  increases  the  chance  that  bottlenose  dolphins,  or  any  other  species,  
could b e  entangled  within t he  fishing  gear,  as  we  have  seen in t  his  study.  Currently,  the  coastal  
bottlenose  dolphin ta ke  reduction p lan h as  soak  time  restrictions  in p lace  for  gillnet  gear.  The  
limits  of  soak  times  were  implemented w ith th e  intent  to r educe  bycatch o f  bottlenose  dolphins,  
as  well  as  allow  closer  monitoring  of  the  net  to r educe  the  potential  for  serious  injury  and  
mortality  should a   dolphin b ecome  entangled ( NMFS  2006).  Shorter  soak  times  during  winter  
months  in c onjunction w ith a   restriction o n d rift  nets  could b e  an a dditional  way  forward w ith  
mitigating  incidental  capture  of  bottlenose  dolphins  and l ikely  other  marine  mammals.  

4.5 G iant  Manta  Ray  

While  there  is  an  abundance  of  literature  evaluating  environmental  and f isheries  
characteristics  that  may  influence  incidental  capture  of  marine  mammals,  sea  turtles,  and  
seabirds,  there  are  few  studies  that  focus  on m arine  fishes.  ESA  protected  marine  fishes  such  as  
smalltooth s awfish,  Atlantic  sturgeon,  and  giant  manta  ray  have  all  been r eported a s  bycatch i n  
commercial  fisheries  (Collins  et  al.,  2000;  NMFS,  2010;  Croll  et  al.,  2016).  Mortality  estimates  
of  some  of  these  species  may  be  large,  which p oses  a  threat  to t he  recovery  of  populations  (Stein  
et  al.,  2004;  Croll  et  al.,  2016).  Our  best  fit  model  indicated th at  gear  type,  soak  duration,  and  
depth w ere  associated  with th e  probability  of  giant  manta  ray  capture.  Drift  nets  were  responsible  
for  incidentally  capturing  the  most  giant  manta  rays  in c ombination w ith w ater  depths  between  
10-12m  and s oak  durations  that  lasted m ore  than e ight  hours.  Giant  manta  rays  exhibit  a  high  
degree  of  plasticity  in t erms  of  the  depths  that  they  frequent  in o ffshore  habitats  (Stewart  et  al.,  
2016).  When f eeding,  these  animals  can b e  found i n s urface  waters  down t o 1 0m  though d iving  
behavior  to d epths  greater  than 3 00m h as  been d ocumented ( Stewart  et  al.,  2016).  Drift  gillnets  
are  kept  afloat  at  the  proper  depth u sing  a  system o f  weights  and b uoys  and  in o ur  data,  these  
nets  typically  fished  from  the  surface  down t o 7 m,  well  within t he  depth  range  of  giant  manta  
rays.  Continued l ong  soak  durations  of  drift  nets  will  likely  increase  the  number  of  incidental  
captures  in th e  future,  as  indicated b y  our  model.  Mitigation s trategies  for  this  ESA  threatened  
species  could i nclude  a  restriction o f  the  use  of  drift  gillnets  as  well  as  a  reduction o f  soak  
duration t o a void i ncidental  capture  and p ossible  fishing  mortality.  The  limits  of  soak  times  
implemented w ith t he  intent  to r educe  bycatch o f  bottlenose  dolphins,  as  well  as  allow  closer  
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324 monitoring  of  the  net  (NMFS,  2006)  will  also r educe  the  potential  for  serious  injury  and  
mortality  of  giant  manta  ray.   

4.6 O ther  protected s pecies  

 Although l ow  numbers  within t he  data  precluded  model  convergence,  incidental  capture  
of  other  protected s pecies  of  fishes,  sea  turtles,  and s eabirds  occurred in th  e  U.S.  Southeast  
Gillnet  Fishery.  Hawksbill  and K emp’s  ridley  sea  turtles  along  with A tlantic  spotted d olphins,  
Atlantic  sturgeon,  and s malltooth s awfish w ere  incidentally  captured i n s hark-targeted d rift  nets.  
A  brown p elican,  common l oon,  and  green s ea  turtle  were  captured i n t eleost-targeted s ink  nets  
and m ost  Atlantic  sturgeon in teractions  also o ccurred i n t eleost-targeted s ink  nets.   

Factors  influencing  incidental  capture  of  protected  species  in  gillnet  fisheries  vary  among  
species  across  taxonomic  groups  and b y  location ( Northridge  et  al.,  2017).  For  example,  
mortality  rates  were  high  for  green tu rtles  that  were  incidentally  captured i n  gillnets  in s outhern  
Brazil  in c old s ea  surface  temperatures,  whereas  increased  mortality  for  loggerhead t urtles  was  
the  highest  in w armer  temperatures  in t he  Mediterranean S ea  (Alessandro  and A ntonello,  2009;  
López-Barrera  et  al.,  2012).  Water  depth a lso h as  varying  impacts  on p orpoise  bycatch r ates  with  
some  species  more  impacted in d  eeper  waters  compared t o o thers  in s hallower  waters  (NMFS,  
1998;  Orphanides,  2010).  Other  factors  such  as  large  mesh s ize  has  also b een s hown t o c orrelate  
with h igher  sea  turtle  and  porpoise  interactions  (NMFS,  1998;  Price  and V an S alisbury,  2007;  
Murray,  2009;  López-Barrera  et  al.,  2012).  For  example,  porpoise  bycatch  rates  in d ogfish a nd  
monkfish t argeted  gillnet  fisheries  in t he  U.S.  mid-Atlantic  are  high,  likely  due  to th e  large  mesh  
sizes  used in th  e  gillnets  of  each  fishery  (NMFS,  1998;  Orphanides,  2010).  Incidental  capture  of  
seabirds  in  gillnet  fisheries  have  been c orrelated  with s ea  surface  temperature  and w ater  depth  
(Northridge  et  al,  2017).  Common lo ons  were  noted to h  ave  higher  capture  rates  in U .S.  Atlantic  
coast  gillnet  fisheries  in lo w  sea  surface  temperatures  and i n  mid-water  depths  whereas  other  
species  of  seabird a re  often r eported a s  bycatch i n  shallow  water  areas  (ICES,  2008;  Warden,  
2010).  Additionally,  behaviorial  characteristics  such a s  feeding  behaviors  of  pursuit  diving  
piscivourous  seabirds  and a ggregations  of  birds  in  breeding  colonies  may  make  some  species  
more  susceptible  to in cidental  capture  (Norman,  2000;  Dagys  and Z ydelis,  2002;  Northridge  et  
al.,  2017).  Similarly,  bycatch o f  porpoises  have  been a ttributed t o f oraging n ear  or  out  of  gillnets  
(Northridge  et  al.,  2017).   

Consolidated i nformation o f  the  bycatch o f  protected s pecies  in th e  U.S.  east  coast  
commerical  fisheries  indicated th at  the  Mid-Atlantic  and N ortheast  gillnet  fisheries  had s ome  of  
the  largest  numbers  of  documented s pecies  that  were  incidentally  captured ( Zollet,  2009).  For  
example,  Atlantic  sturgeon h ave  been i ncidentally  captured in s  even o f  12  gillnet  fisheries  on t he  
U.S.  east  coast,  including s ink  nets,  drift  nets,  and  inshore  gillnets  (Zollet,  2009).  Sink g illnets  
have  been id entified a s  a  source  of  high  mortality  for  Atlantic  sturgeon ( Stein e t  al.,  2004),  and  
the  majority  of  incidental  captures  in o ur  study  occurred i n s ink g illnets.  Atlantic  sturgeon a re  
benthic  feeders  (ASMFC  2017)  and th us  makes  them h ighly  susceptible  to  capture  in s ink  
gillnets.  Out  of  the  12  gillnet  fisheries  analyzed i n  the  meta-analysis  by  Zollet  (2009),  smalltooth  
sawfish w ere  found to h  ave  been i ncidentally  captured o nly  in th e  southeastern U .S.  Atlantic  
shark g illnet  fishery.  Similarly,  one  smalltooth s awfish w as  captured i n s hark-targeted  gillnet  sets  
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within o ur  study.  Smalltooth s awfish a re  generally a   benthic,  shallow  water  (<10m)  species  
though th ey  have  been f ound t o o ccur  in a pproximately  100m d epth ( NMFS,  2009;  Dulvy  et  al.,  
2016;  Carlson e t  al.,  2014).  Though t hey  spend ti me  resting  on t he  benthos,  large  sawfish h ave  
been d ocumented to s  wim m id-water  column ( D.  Grubbs,  personal  communication),  which c an  
make  them m ore  susceptible  to c apture  in b oth s ink  and d rift  gillnets.  Identification o f  factors  
that  may  be  associated w ith th e  probability  of  incidental  capture  of  marine  fishes  is  scarce,  and i t  
is  largely  unknown w hich f actors  may  influence  smalltooth s awfish a nd A tlantic  sturgeon  
bycatch i n t he  U.S.  Both o f  these  species  are  listed a s  Critically  Endangered  on t he  International  
Union f or  Conservation  of  Nature  (IUCN)  Red  List  throughout  their  range  and t hus  bycatch  
potentially  leading  to  mortality  can h ave  large  impacts  on d windling  populations  of  threatened  
and e ndangered s pecies  (Zollet,  2009).    
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376 5.  Conclusion   

The  present  study  represents  a  broad-scale  evaluation o f  protected s pecies  incidentally  
captured in t  he  U.S.  Southeast  Gillnet  Fishery.  Information o n to tal  number  of  protected s pecies,  
magnitude  of  mortality,  and s pecies  composition h ave  been p rovided a nd h as  improved o ur  
understanding  of  protected s pecies-gillnet  fishery  interactions.  Comparative  to o ther  gillnet,  
entanglement,  and  artisanal  fisheries  across  the  globe  that  have  relatively  high n umbers  of  
interactions,  these  interactions  are  still  a  rare  event  in th e  U.S.  Southeast  Gillnet  Fishery.  Several  
environmental  and f ishing g ear  factors  were  considered i n o ur  models,  yet  no o ne  single  factor  
was  correlated w ith in cidental  capture  of  all  protected s pecies  analyzed i n o ur  study.  However,  a  
few  factors  were  found to h  ave  an i nfluence  on  more  than o ne  species  including  season,  soak  
duration,  and  gear  type.  Many  species  have  migratory  patterns  that  are  tied  to s eason,  
reproduction,  and  feeding  ecology  and t he  time  of  the  year,  type  of  gear  fished,  and t he  duration  
that  fishing  gear  is  in th e  water  can a ll  have  an i mpact  on in cidental  capture  of  protected s pecies.   
Actions  have  been t aken  to m itigate  fishery  interactions  with s ea  turtles  and m arine  mammals  
such a s  implementing  turtle  excluder  devices  in n et  gear  and  creating  time-area  closures  
(Northridge  et  al.,  2017 a nd r eferences  therein;  NOAA,  2004).  However,  mitigation a ctions  to  
reduce  species-specific  bycatch i s  lacking.  We  suggest  that  future  research  using  controlled  
experiments  (e.g.,  Jordan e t  al.,  2013)  investigating  potential  mitigation s trategies  for  marine  
fishes  be  examined  and a lthough t he  current  study  was  only  able  to m odel  one  elasmobranch,  our  
results  can b e  used a s  a  baseline  for  future  research.    
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569 Figure  1.  Distribution o f  observed  gillnet  fishing  effort  and  locations  of  protected s pecies  
interactions  (1998-2017).  

**note  Figure  1 s hould b e  used in c  olor 
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572 Tabl  e 1  . List  o  f protected  species  tha  t hav  e ha  d interactions  wit  h U.S  . Southeas  t Gillnet  Fisher  y fro  m 1998-2017  . Numbe  r of  
interactions  refers  t  o th  e numbe  r of  individua  l animals  documente  d an  d at-vesse  l mortalities  ar  e include  d withi  n th  e tota  l numbe  r o  f 
interactions  .  
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 Scientific name  
 

 Common name  
  Number of 

Interactions  

At-Vessel  

 Mortality  
 Conservation Status  

 Sea Turtles  

  Caretta caretta  Loggerhead turtle     n = 17    n = 4     ESA threatened; IUCN: vulnerable 

  Chelonia mydas  Green turtle     n = 1    n = 0    ESA threatened; IUCN: endangered  

 Dermochelys 

coriacea   
 Leatherback turtle     n = 16    n = 2    ESA endangered; IUCN: vulnerable  

 Eretmochelys 

 imbricata  
  Hawksbill turtle    n = 1    n = 1 

    ESA endangered; IUCN: critically 
endangered  

 Lepidochelys kempii  
 

  Kemp's ridley turtle     n = 1    n = 0 
    ESA endangered; IUCN: critically 

endangered  

  Marine Fishes 

  Manta birostris    Giant manta ray    n = 7    n = 1     ESA threatened; IUCN: vulnerable 

  Pristis pectinata 
 

  Smalltooth sawfish    n = 1 unknown  
    ESA endangered; IUCN critically 

endangered  

  Acipenser oxyrinchus 

oxyrinchus   
 Atlantic sturgeon     n = 5    n = 2 

    ESA endangered; IUCN critically 
endangered  

Seabirds  



 

 

 Scientific name  
 

 Common name  
  Number of 

Interactions  

At-Vessel  

 Mortality  
 Conservation Status  

 Gavia immer   Common loon     n = 2    n = 2      MBTA protected; IUCN: least concern 
 Pelecanus 

 occidentalis 
  Brown pelican 

 
   n = 1    n = 0      MBTA protected; IUCN: least concern 

  Marine Mammals 

  Stenella frontalis    Atlantic spotted dolphin   n =4    n = 1     MMPA protected; IUCN: least concern  

  Tursiops truncatus 
  Common bottlenose 

   n = 13    n = 13     MMPA protected; IUCN: least concern  
  

 

 

  

  

  

  

  

  

  

  

  

  

  

  

dolphin 
575 ESA=Endangered  Species  Act,  IUCN=International  Unio  n fo  r Conservatio  n of  Natur  e Red  List  , MBTA=  Migrator  y Bir  d Treat  y Act,  

MMPA=Marin  e Mamma  l Protectio  n Act.  576 
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Tabl  e 2  . Candidat  e factors  hypothesize  d t  o influenc  e th  e incidental  captur  e o  f protecte  d species  i  n th  e U  S southeastern  gillnet  fishery.  
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 Variable    Type  Description     Biological interpretation 

 Space           

      Region    Categorical       Gulf of Mexico, US south Atlantic          Some areas are more likely to have 

                encounters due to high animal density  

      Latitude    Categorical    24°N to 36°N      or unmeasured characteristics 

 Time           

      Season    Categorical    Summer = April-September        Seasonal migration patterns, distribution, or  

         Winter = October-March          behavior of species may differ over time  

              increasing susceptibility to capture 

 Environment           

        Sea Surface Temperature    Continuous     20.5 to 24.4 °C         Ocean characteristics may affect the dispersal 

      Depth    Continuous     1.2 to 110.0 meters       and movements of species 
          Mean depth of set   

 Fishery           

       Net Depth    Continuous     0.9 to 59.0 meters        Certain gear and/or fishery characteristics 
         Depth of gillnet           may make some species more susceptible to capture 
            

       Net Length    Continuous     14.0 to 3,246.0 meters     
         Length of gillnet     
            

       Mesh size    Categorical     3.2 to 38.0 cm     
        Stretch mesh     

      Gear    Categorical      Sink, drift, or strike gillnet     
            

      Target    Categorical      Shark, mackerel, dogfish, or teleost     
            
      Soak     Continuous     0.05 to 91.0 hours     

              Time net enters water until hauled from water 



 

 

 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

590 Table  3 Re sults  of  the  model  selection f or  the  zero-inflated n egative  binomial  for  Dermochelys  

coriacea.   591 

592 

Factor   df  AIC  ∆AIC    Likelihood ratio test 

 Null model   3  122.1       

 Mesh size   11  125  20.6   X2 =   13.1       (df = 1, p = 0.11) 

 Net depth   4  122.8  18.4  X2 =    1.3       (df = 1, p = 0.26) 

 Depth  4  122.2  17.8  X2 =    1.9       (df = 1, p = 0.16) 

 Region  4  120.7  16.3  X2 =    3.4       (df = 1, p = 0.07) 

Month   11  118.8  14.4   X2 =   19.3       (df = 8, p = 0.01) 

Latitude   8  118.2  13.8   X2 =   13.9       (df = 5, p = 0.02) 

 SST  4  114.8  10.4   X2 =   9.33       (df = 1, p = 0.002) 

 Season  4  108.3  3.9  
X2  =   15.9      (df = 1, p < 0.001)  

    Season + Net depth  5  106.4  2   X2 =   19.7      (df = 2, p <0.001) 

  Season + Depth   5  105.8  1.4   X2 =   20.3       (df = 2, p < 0.001) 

      Season + Depth + Net depth  6  104.4  0  
X2  =   23.7     (df = 3, p <0.001)  

SST=  Sea  surface  temperature  
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607 Table  4.  Results  of  the  model  selection f or  the  zero-inflated n egative  binomial  for  Caretta  

caretta.   608 

609 

 Factor  df AIC   ∆AIC    Likelihood ratio test 

  Null model  2  207.5       

  Mesh size  53  266.9  86.8  2X  =   42.6       (df = 51, p = 0.8) 

 Depth  4  211.3  31.2  2X  =   0.2       (df = 2, p = 0.9) 

 Season  4  210  29.9  2X  =   1.4       (df = 2, p = 0.5) 

 Region  4  209.9  29.8  2X  =   1.6       (df = 2, p = 0.4) 

 SST  4  206.2  26.1  2X  =   5.3       (df = 2, p = 0.07) 

 Soak  4  204  23.9  2X  =   7.5       (df = 2, p = 0.02) 

  Net depth  4  203.1  23  2X  =   8.4       (df = 2, p = 0.02) 

 Latitude  14  198.2  18.1  2 X  =   33.3       (df = 12, p < 0.001) 

 Gear  5  193.3  13.2  2 X  =   20.2       (df = 3, p < 0.001) 

 Target  6  182  1.9  
X

2  =   33.5      (df = 4, p <0.001) 

   Target + Season  7  182.6  2.5  2 X  =   34.9      (df = 5, p <0.001) 

   Target + Gear  8  182.8  2.7  2 X  =   36.7      (df = 6, p <0.001) 

     Target + Season + SST  8  180.1  0  
X

2  =   39.4      (df = 6, p <0.001) 

SST  =  Sea  surface  temperature  
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624 Table  5.  Results  of  the  model  selection f or  the  zero-inflated n egative  binomial  for  Tursiops  

truncatus.  625 

626 

Factor  df  AIC   ∆AIC    Likelihood ratio test 
 Null model   3  164.9       

Mesh   53  240  99.5  X2 =    24.9       (df = 50, p = 0.10) 

Latitude   14  171.9  31.4  X2 =    15.0       (df = 11, p = 0.18) 

 Depth  4  166.9  26.4  X2 =    0.02       (df = 1, p = 0.90) 

 SST  4  166.8  26.3  X2 =    0.11       (df = 1, p = 0.74) 

 Region  4  166.8  26.3  X2 =    0.12       (df = 1, p = 0.73) 

Month   14  162.5  22  X2 =    6.1       (df = 11, p = 0.01) 

 Season  4  160.8  20.3  X2 =    6.1       (df = 1, p = 0.01) 

 Net depth   4  159.9  19.4  X2 =    7.02       (df = 1, p = 0.008) 

Target   6  154.7  14.2  X2 =    16.2       (df = 3, p = 0.001) 

Gear   5  148.8  8.3  X2 =    20.1       (df = 2, p < 0.001) 

 Soak  4  146.7  6.2  
X2  =   20.2      (df = 1, p < 0.001)  

   Soak + Season  5  145.8  5.3  X2 =    23.1       (df = 2, p <0.001) 

  Soak + Target   7  143.9  3.4  X2 =    29.0        (df = 4, p < 0.001) 

  Soak + Gear   6  142.3  1.8  X2 =    28.6       (df = 3, p < 0.001) 

     Soak + Gear + Season  7  140.5  0  
X2  =   32.4      (df = 4, p < 0.001)  

SST=  Sea  surface  temperature  

627 

628 

629 

630 

631 

632 

633 

634 

635 

636 

637 

638 

22 



 

 

 

 

 

  

  

  

   

639 Table  6.  Results  of  the  model  selection f or  the  zero-inflated n egative  binomial  for  Manta  

birostris.   640 

641 

Factor   df  AIC ∆AIC     Likelihood ratio test 
 Null model   3  99.1       

 Mesh size   51  174.5  89   X2 =   20.6       (df = 48, p = 0.10) 

 Season  4  100.7  15.2   X2 =   0.41       (df = 1, p = 0.52) 

 SST  4  100.5  15   X2 =   0.57       (df = 1, p = 0.45) 

 Depth  4  100  14.5   X2 =   1.07       (df = 1, p = 0.30) 

 Net depth   4  97.4  11.9   X2 =   3.68       (df = 1, p = 0.06) 

 Net length   4  92.7  7.2   X2 =   8.40       (df = 1, p = 0.004) 

 Soak  4  91.1  5.6   X2 =   10.0       (df = 1, p = 0.002) 

Target   6  93  7.5   X2 =   12.1       (df = 3, p = 0.007) 

Gear   5  86.7  1.2  
X2  =   16.4      (df = 2, p = 0.0003)  

   Gear + Depth  6  86.7  1.2   X2 =   18.3       (df = 3, p = 0.0004) 

   Gear + Soak  6  85.5  0   X2 =   21.6       (df = 3, p < 0.001) 

    Gear + Soak + Depth   7  85.5  0  
X2  =   22.0      (df = 4, p = 0.0002)  

SST=  Sea  surface  temperature  
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