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Abstract

Polyploidy	  in	  animals	  is	  rare	  and	  oKen	  associated	  with	  asexual	  reproducMon	  in	  all-‐

female	  lineages.	  Although	  some	  authors	  believe	  these	  lineages	  to	  be	  evoluMonary	  dead	  

ends	  there	  is	  increasing	  evidence	  that	  some	  species	  can	  adapt	  efficiently	  and	  ulMmately	  

evolve	  into	  a	  new	  sexually	  reproducing	  species.	  The	  hybrid	  fish	  complex	  Squalius	  

alburnoides,	  endemic	  to	  the	  Iberian	  Peninsula,	  is	  one	  such	  complex,	  that	  is	  composed	  

of	  several	  groups	  with	  varying	  genomic	  composiMons	  of	  the	  maternal	  and	  paternal	  

ancestral	  genome.	  This,	  coupled	  with	  novel	  reproducMve	  tacMcs	  has	  lead	  to	  the	  

presence	  of	  diploid,	  triploid	  and	  tetraploid	  individuals	  in	  a	  number	  of	  populaMons	  

around	  the	  peninsula.	  

One	  of	  the	  objecMves	  aimed	  to	  idenMfy	  if	  morphological	  differences	  could	  be	  found	  

with	  the	  species	  and	  whether	  it	  would	  be	  possible	  to	  idenMfy	  the	  ploidy	  of	  an	  

individual	  using	  morphological	  features	  alone.	  Differences	  between	  two	  ploidy	  groups,	  

diploid	  males	  and	  triploids,	  were	  demonstrated	  using	  morphology	  of	  scales,	  head	  and	  

body	  from	  fish	  collected	  from	  the	  Guadiana	  river	  basin	  in	  Portugal,	  using	  geometric	  

morphometric	  methods.	  The	  morphological	  differences	  found	  using	  scale	  shape	  

allowed	  the	  creaMon	  of	  a	  predicMon	  funcMon,	  capable	  of	  idenMfying	  the	  ploidy	  group	  of	  

individuals	  of	  unknown	  ploidy	  using	  scale	  morphology	  alone,	  with	  a	  confidence	  rate	  of	  

75%	  and	  92%	  respecMvely	  for	  diploid	  males	  and	  triploids.	  Diploid	  females	  were	  

accurately	  classified	  6.3%	  of	  the	  Mme,	  due	  to	  morphological	  similariMes	  with	  triploids,	  

with	  which	  they	  were	  oKen	  mistaken	  for.	  Ecological	  analyses	  on	  dietary	  and	  habitat	  

selecMon	  were	  coupled	  with	  age	  and	  growth	  data	  to	  further	  discover	  if	  differences	  

between	  ploidy	  levels	  existed.	  Results	  showed	  that	  there	  were	  differences	  found,	  and	  
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that	  dietary	  composiMon	  could	  be	  linked	  to	  habitat	  selecMon	  and	  morphological	  

adaptaMon.	  

This	  thesis	  has	  expanded	  the	  available	  knowledge	  of	  the	  species,	  specifically	  with	  

relaMon	  to	  morphological	  differences.	  It	  has	  also	  provided	  a	  framework	  for	  future	  

idenMficaMon	  of	  S.	  alburnoides	  individuals	  without	  the	  need	  for	  invasive	  and	  expensive	  

methodologies.
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basin.
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Figure	  3.16 Average	  shape	  of	  all	  ploidy	  levels	  from	  the	  Sado	  river	  basin,	  

superimposed.	  A)	  Superimposed	  average	  shape	  of	  triploids	  (grey	  

lines)	  and	  diploids	  (black	  lines)	  B)	  Superimposed	  average	  shape	  

of	  triploids	  (grey	  lines)	  and	  tetraploids	  (black	  lines)	  C)	  

Superimposed	  average	  shape	  of	  tetraploids	  (grey	  lines)	  and	  

diploids	  (black	  lines).
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Figure	  3.17 PCA	  plot	  of	  individuals	  from	  the	  Guadiana,	  Tejo	  and	  Sado	  river	  

basins,	  grouped	  by	  ploidy,	  showing	  the	  within-‐group	  shape	  

variaMon.
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Figure	  3.18 Differences	  in	  average	  scale	  shape	  of	  diploid	  female	  individuals	  

from	  the	  Guadiana,	  Tejo	  and	  Sado	  river	  basins.	  A)	  Guadiana	  is	  in	  

black,	  Tejo	  in	  grey	  B)	  Guadiana	  is	  in	  grey,	  Sado	  in	  black	  C)	  Tejo	  is	  

in	  grey,	  Sado	  in	  black.
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Figure	  3.19 Differences	  in	  average	  scale	  shape	  of	  triploid	  individuals	  from	  the	  

Guadiana,	  Tejo	  and	  Sado	  river	  basins.	  A)	  Guadiana	  is	  in	  black,	  

Tejo	  in	  grey	  B)	  Guadiana	  is	  in	  black,	  Sado	  in	  grey	  C)	  Tejo	  is	  in	  

black,	  Sado	  in	  grey.
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Figure	  3.20 Difference	  in	  average	  scale	  shape	  of	  tetraploid	  individuals	  from	  

the	  Tejo	  and	  Sado	  river	  basins.	  Tejo	  is	  represented	  by	  black	  lines,	  

Sado	  by	  grey	  lines.
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Figure	  3.21 CVA	  plot	  of	  male	  diploid,	  female	  diploid	  and	  triploid	  individuals	  

from	  the	  Guadiana,	  Tejo	  and	  Sado	  river	  basins	  combined,	  

showing	  between-‐group	  shape	  variaMon.
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Figure	  3.22 A)	  ProporMons	  of	  ploidy	  levels	  used	  for	  creaMon	  of	  predicMon	  

LDA.	  B)	  ProporMons	  of	  ploidy	  levels	  predicted	  by	  LDA	  (predicMon	  

probabiliMes	  over	  60%	  only).	  C)	  ProporMons	  of	  ploidy	  levels	  as	  in	  

Ribeiro	  et	  al.	  (2003).	  D)	  ProporMons	  of	  ploidy	  levels	  as	  in	  MarMns	  

et	  al.	  (1998).
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Chapter	  4:	  Body	  shape	  discriminaMon	  using	  geometric	  morphometricsChapter	  4:	  Body	  shape	  discriminaMon	  using	  geometric	  morphometricsChapter	  4:	  Body	  shape	  discriminaMon	  using	  geometric	  morphometrics

Figure	  4.1 A)	  PosiMon	  of	  landmarks	  on	  individuals	  of	  S.	  alburnoides	  to	  

describe	  body	  morphology.	  B)	  PosiMon	  of	  landmarks	  to	  describe	  

head	  morphology	  of	  S.	  alburnoides	  individuals.	  Size	  of	  landmarks	  

have	  been	  increased	  on	  both	  images	  for	  clarity.
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Figure	  4.2 PCA	  plot	  of	  individuals	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  

collected	  in	  April,	  grouped	  by	  ploidy,	  showing	  within-‐group	  shape	  

variaMon.	  Triploids	  appear	  to	  have	  higher	  PC2	  scores	  in	  general.
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Figure	  4.3 CVA	  plot	  of	  fish	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  

collected	  in	  April,	  showing	  variaMon	  in	  shape	  present	  between	  

diploid	  male	  and	  triploid	  individuals.

89

13



Figure	  4.4 Comparison	  of	  average	  shape	  of	  diploid	  males	  and	  triploids	  

collected	  in	  April,	  represented	  by	  a	  transformaMon	  grid,	  

displaying	  the	  shape	  deformaMon	  of	  triploids,	  when	  applied	  to	  

diploid	  males.	  Numbers	  correspond	  to	  landmarks,	  the	  lines	  show	  

the	  direcMon	  of	  the	  shape	  deformaMon.
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Figure	  4.5 PCA	  plot	  of	  individuals	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  

collected	  in	  October,	  grouped	  by	  ploidy,	  showing	  the	  within-‐

group	  shape	  variaMon.	  As	  with	  the	  April	  sample,	  triploids	  appear	  

to	  show	  higher	  values	  on	  the	  second	  PC	  axis.
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Figure	  4.6 CVA	  plot	  of	  fish	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  

collected	  in	  October,	  showing	  variaMon	  in	  shape	  present	  between	  

diploid	  male	  and	  triploid	  individuals.
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Figure	  4.7 Comparison	  of	  average	  shape	  of	  diploid	  males	  and	  triploids	  

collected	  in	  October,	  represented	  by	  a	  transformaMon	  grid,	  

displaying	  the	  shape	  deformaMon	  of	  triploids,	  when	  applied	  to	  

diploid	  males.
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Figure	  4.8 PCA	  plot	  of	  individuals	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  

collected	  in	  April,	  grouped	  by	  ploidy,	  showing	  the	  within-‐group	  

shape	  variaMon.
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Figure	  4.9 CVA	  plot	  of	  fish	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  

collected	  in	  April,	  showing	  variaMon	  in	  shape	  present	  between	  

diploid	  male	  and	  triploid	  individuals.
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Figure	  4.10 Comparison	  of	  average	  shape	  of	  diploid	  males	  and	  triploids	  

collected	  in	  April,	  represented	  by	  a	  transformaMon	  grid,	  

displaying	  the	  shape	  deformaMon	  of	  triploids,	  when	  applied	  to	  

diploid	  males.
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Figure	  4.11 PCA	  plot	  of	  individuals	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  

collected	  in	  October,	  grouped	  by	  ploidy,	  showing	  the	  within-‐

group	  shape	  variaMon.
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Figure	  4.12 A)	  CVA	  plot	  of	  fish	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  

collected	  in	  October,	  showing	  variaMon	  in	  shape	  present	  between	  

diploid	  male	  and	  triploid	  individuals.	  B)	  Comparison	  of	  average	  

shape	  of	  diploid	  males	  and	  triploids	  collected	  in	  October,	  

represented	  by	  a	  transformaMon	  grid,	  displaying	  the	  shape	  

deformaMon	  of	  triploids,	  when	  applied	  to	  diploid	  males.
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Figure	  5.1 Example	  scale	  from	  a	  S.	  alburnoides	  individual	  aged	  4+.	  All	  four	  

checks	  are	  shown,	  however	  for	  clarity	  only	  the	  first	  two	  are	  

measured,	  as	  well	  as	  the	  total	  scale	  radius,	  between	  landmarks	  2	  

and	  1.

108

Figure	  5.2 Standard	  length	  of	  individuals	  at	  capture	  against	  scale	  radius	  at	  

capture.	  Regression	  lines	  are	  calculated	  according	  to	  ploidy	  and	  

sampling	  period,	  and	  all	  R2	  values	  have	  p	  <	  0.05.
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Figure	  5.3 Length	  frequency	  histogram	  of	  fish	  collected	  from	  Ribeira	  da	  

Murtega	  in	  April	  (top)	  and	  October	  (bo<om).	  Each	  break	  

corresponds	  to	  a	  length	  class	  difference	  of	  2	  mm.
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Figure	  5.4 Von	  Bertalanffy	  growth	  curves	  for	  diploid	  males	  and	  triploids,	  

calculated	  using	  Dahl-‐Lea	  back-‐calculated	  values,	  superimposed	  

on	  measured	  length-‐at-‐age	  values	  from	  fish	  collected	  in	  April	  and	  

October	  in	  Ribeira	  da	  Murtega.	  Fish	  collected	  in	  October	  were	  

offset	  by	  0.5	  years	  to	  account	  for	  plus	  growth.

117

Figure	  5.5 Von	  Bertalanffy	  growth	  curves	  for	  diploid	  males	  and	  triploids,	  

calculated	  using	  linear	  regression	  back-‐calculated	  values,	  

superimposed	  on	  measured	  length-‐at-‐age	  values	  from	  fish	  

collected	  in	  April	  and	  October	  in	  Ribeira	  da	  Murtega.	  Fish	  

collected	  in	  October	  were	  offset	  by	  0.5	  years	  to	  account	  for	  plus	  

growth.
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Figure	  5.6 Length	  at	  age	  of	  Murtega	  populaMons	  calculated	  using	  Dahl-‐Lea	  

(A)	  and	  regression	  methods	  (B).
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Figure	  5.7 Dietary	  composiMon	  of	  S.	  alburnoides	  diploid	  males	  and	  triploids	  

from	  two	  sampling	  seasons,	  April	  and	  October.	   	  Simuliidae	  

larvae	   	  Hydropsyche	  larvae	   	  Chironomidae	  larvae	   	  

BaeMdae	  larvae	   	  Corixidae	   	  Simuliidae	  adult	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  

Formicidae	   	  benthic	  algae	   Diptera	  adult	   	  Culicidae	  adult	  

	  Coleoptera	  adult	   	  Elmidae	  larvae	   	  Chydoridae	   	  

Ostracoda	   	  Ephemerellidae	  nymphs	   	  Caenidae	  nymph	   	  

Ephemeroptera	  nymph	   	  Eggs	   	  HarpacMcoida	   	  Fish	   	  

Dixidae	  adult	   	  Other.	  Percentage	  occurrence	  only	  indicated	  on	  

items	  over	  2.5%,	  for	  clarity.
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Figure	  5.8 RepresentaMon	  of	  the	  CCA	  performed	  on	  the	  diet	  of	  S.	  

alburnoides,	  using	  ploidy,	  length,	  age	  and	  season	  as	  factors	  to	  

explain	  the	  variaMon	  in	  the	  sample.	  Diet	  items	  represented	  by	  

numbers	  are:	  1.	  Simuliidae	  larvae	  2.	  Hydropsyche	  larvae	  3.	  

Chironomidae	  larvae	  4.	  BaeMdae	  larvae	  5.	  Corixidae	  6.	  Simuliidae	  

adult	  7.	  Formicidae	  8.	  Benthic	  algae	  9.	  Diptera	  adult	  10.	  Culicidae	  

adult	  11.	  Coleoptera	  adult	  12.	  Elmidae	  larvae	  13.	  Chydoridae	  14.	  

Ostracoda	  15.	  Ephemerellidae	  nymph	  16.	  Caenidae	  nymph	  17.	  

Ephemeroptera	  nymph	  18.	  Eggs	  19.	  HarpacMcoida	  20.	  Fish	  21.	  

Dixidae	  adult	  22.	  Other.
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Figure	  5.9 RepresentaMon	  of	  the	  CCA	  showing	  influence	  of	  habitat	  variables	  

on	  the	  presence	  of	  species.	  
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Figure	  5.10 RepresentaMon	  of	  the	  CCA	  performed	  on	  the	  diet	  of	  S.	  

alburnoides,	  using	  habitat	  factors	  to	  explain	  the	  variaMon	  in	  the	  

sample.	  Veg1	  is	  emergent	  vegetaMon,	  Veg2	  represents	  floaMng	  

vegetaMon	  and	  Veg3	  represents	  submerged	  vegetaMon.
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Chapter	  1:	  Introduc=on

1.1	  Hybridisa4on	  and	  polyploidy

SpeciaMon,	  the	  evoluMon	  of	  a	  new	  species	  from	  an	  exisMng	  one,	  is	  a	  very	  complex	  

process.	  Understanding	  speciaMon	  and	  the	  processes	  involved	  can	  allow	  us	  to	  infer	  

how	  species	  in	  existence	  today	  developed.	  Conversely,	  by	  observing	  species	  present	  in	  

a	  system,	  and	  monitoring	  and	  predicMng	  how	  they	  may	  evolve,	  we	  can	  enhance	  the	  

exisMng	  knowledge	  of	  speciaMon	  mechanisms.	  There	  are	  many	  ways	  in	  which	  

speciaMon	  can	  arise	  such	  as	  parapatric	  speciaMon,	  where	  a	  small	  subsecMon	  of	  a	  

populaMon	  becomes	  isolated	  from	  the	  main	  populaMon	  and	  evolves	  in	  its	  new	  

environment,	  ulMmately	  forming	  a	  new	  species	  that	  is	  reproducMvely	  isolated	  from	  the	  

ancestral	  species	  (Thanukos,	  2008).	  Sympatric	  speciaMon	  is	  also	  a	  common	  mode	  of	  

speciaMon	  (Gavrilets,	  2003),	  whereby	  reproducMon	  isolaMon	  occurs	  in	  a	  species	  

without	  the	  influence	  of	  geographical	  barrier,	  and	  it	  is	  dependent	  on	  factors	  including	  

habitat	  differenMaMon	  and	  sexual	  selecMon	  (Coyne	  and	  Orr,	  2004).	  A	  wide	  range	  of	  

literature	  exists	  on	  speciaMon	  (Sousa-‐Santos,	  Collares-‐Pereira,	  and	  Almada,	  2006b;	  

Sobel	  et	  al.,	  2010;	  Mallet,	  2007;	  Ungerer	  et	  al.,	  1998;	  Carroll	  et	  al.,	  2007),	  oKen	  

regarding	  species	  or	  family	  specific	  speciaMon	  mechanisms	  (Zardoya	  and	  Doadrio,	  

1999).	  HybridisaMon	  is	  one	  mechanism	  driving	  sympatric	  speciaMon	  and	  arises	  from	  

interbreeding	  of	  two	  exisMng	  species	  (Schaefer	  et	  al.,	  2009).	  The	  occurrence	  of	  

hybridisaMon	  is	  less	  than	  many	  other	  speciaMon	  processes	  due	  to	  a	  reduced	  sterility	  of	  

the	  hybrids	  resulMng	  (Schlupp,	  2005)	  from	  disrupMons	  to	  the	  normal	  meioMc	  process	  

(Sobel	  et	  al.,	  2010).	  However,	  mechanisms	  have	  evolved	  in	  a	  number	  of	  species	  to	  

overcome	  this	  difficulty.	  In	  fact,	  certain	  species	  may	  even	  benefit	  from	  the	  disrupMon,	  

leading	  to	  the	  creaMon	  of	  new	  species	  that	  can	  be	  well	  adapted	  to	  their	  habitat	  (Joly	  
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and	  Bruneau,	  2004).	  SpeciaMon	  by	  hybridisaMon	  can	  occur	  in	  two	  forms:	  polyploid	  

speciaMon	  and	  recombinaMonal	  speciaMon	  (Coyne	  and	  Orr,	  2004).	  RecombinaMonal	  

speciaMon	  is	  generally	  perceived	  to	  be	  due	  to	  the	  hybridisaMon	  of	  two	  species,	  where	  

unequal	  amounts	  of	  chromosomal	  material	  are	  provided	  by	  each	  ancestor	  (Mallet,	  

2007;	  Ungerer	  et	  al.,	  1998).	  The	  focus	  of	  this	  thesis	  will	  be	  on	  polyploidy,	  in	  which	  

species	  have	  more	  than	  two	  copies	  of	  the	  parental	  genome.	  Not	  all	  polyploid	  species	  

have	  arisen	  through	  hybridisaMon	  but	  knowledge	  of	  their	  biology	  and	  adaptaMons	  for	  

survival	  can	  provide	  an	  insight	  into	  how	  polyploidy	  may	  lead	  to	  advantages	  for	  hybrid	  

individuals.	  An	  example	  of	  a	  polyploid	  species	  is	  the	  treefrog	  Hyla	  versicolor,	  that	  

shows	  individuals	  with	  two,	  three	  and	  four	  copies	  of	  the	  genome	  within	  the	  species	  

(Ptacek	  et	  al.,	  1994).	  The	  loach	  Misgurnus	  anguillicaudatus	  has	  shown	  evidence	  of	  the	  

existence	  of	  hexaploid	  individuals,	  with	  six	  copies	  of	  the	  genome	  present	  within	  cells	  of	  

individuals	  samples	  (Abbas	  et	  al.,	  2009).	  The	  majority	  of	  evidence	  for	  polyploid	  species	  

is	  found	  in	  examples	  from	  the	  plant	  world,	  where	  polyploidy	  is	  extensive	  (Joly	  and	  

Bruneau,	  2004;	  Sobel	  et	  al.,	  2010),	  however	  examples	  such	  as	  those	  menMoned	  above	  

display	  that	  the	  process	  is	  not	  exclusive	  to	  flora.

Due	  to	  disrupMon	  in	  the	  normal	  meioMc	  process,	  where	  chromosomes	  are	  unable	  to	  

pair	  up,	  many	  hybrids	  are	  sterile	  (Vrijenhoek,	  1989).	  On	  the	  other	  hand,	  this	  disrupMon	  

is	  associated	  with	  the	  origin	  of	  asexually	  reproducing	  all	  female	  hybrid	  lineages	  of	  

which	  around	  90	  are	  known	  in	  vertebrates	  (Lampert,	  2009;	  Vrijenhoek	  and	  Dawley,	  

1989;	  Cunha	  et	  al.,	  2011;	  Janko	  et	  al.,	  2007).	  In	  these	  groups,	  reproducMon	  occurs	  

without	  geneMc	  recombinaMon	  using	  one	  of	  three	  main	  reproducMve	  pathways;	  

parthenogenesis,	  gynogenesis	  and	  hybridogenesis	  (Dawley,	  1989).	  In	  parthenogenesis,	  

no	  sperm	  is	  required	  to	  sMmulate	  embryogenesis	  of	  a	  clonal	  egg.	  Gynogenesis	  is	  a	  
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similar	  process	  in	  which	  only	  the	  female	  genome	  is	  contributed	  to	  the	  offspring	  but	  

sperm	  from	  a	  related	  species	  is	  required	  to	  iniMate	  embryogenesis.	  Hybridogenesis	  is	  

the	  mechanism	  by	  which	  the	  genome	  derived	  from	  one	  parental	  species	  is	  transmi<ed	  

to	  the	  egg	  without	  recombinaMon,	  while	  the	  genome	  from	  the	  other	  is	  discarded	  and	  

replaced	  by	  ferMlisaMon.	  As	  such,	  all	  offspring	  are	  produced	  clonally	  and	  the	  lineages	  

are	  unisexual.	  From	  an	  ecological	  point	  of	  view,	  hybrid	  unisexual	  lineages	  are	  oKen	  very	  

successful,	  outnumbering	  the	  parental	  species	  in	  their	  naMve	  habitat	  (Doeringsfeld	  et	  

al.,	  2004).	  They	  may	  also	  be	  able	  to	  occupy	  intermediate	  niches	  as	  they	  can	  show	  

characterisMcs	  from	  both	  parental	  species	  (Schultz,	  1971;	  1977;	  Vrijenhoek,	  1989).	  The	  

evoluMonary	  impact	  of	  these	  species	  is	  however	  controversial.	  One	  view	  is	  that	  they	  

face	  many	  constraints	  due	  to	  the	  lack	  of	  geneMc	  recombinaMon	  and	  a	  dependency	  on	  a	  

bisexual	  species	  to	  conMnue	  clonal	  reproducMon	  (ChrisMansen	  and	  Reyer,	  2009).	  It	  has	  

also	  been	  suggested	  that	  the	  unisexual	  lineage	  is	  a	  temporary	  vehicle	  in	  a	  process	  

where	  normal	  meiosis	  and	  sexual	  reproducMon	  can	  be	  restored	  by	  tetraploidizaMon	  

(Schultz,	  1977).	  Once	  this	  is	  achieved,	  normal	  reproducMve	  processes	  will	  be	  resumed	  

and	  the	  resulMng	  polyploids	  may	  rapidly	  outcompete	  the	  unisexual	  and	  parental	  

lineages.	  A	  small	  number	  of	  species	  of	  cyprinid	  and	  salmonid	  fish	  as	  well	  as	  some	  frogs	  

are	  all	  successful	  sexually	  reproducing	  polyploids	  although	  their	  evoluMonary	  history	  is	  

too	  ancient	  to	  determine	  whether	  they	  arose	  from	  hybrid	  crosses	  (Schultz,	  1977;	  

Lampert,	  2009;	  Morozov-‐Leonov	  et	  al.,	  2009).	  

Although	  a	  number	  of	  polyploid	  hybrid	  species	  have	  been	  idenMfied,	  especially	  in	  fish,	  

and	  it	  is	  theorised	  that	  many	  of	  these	  species	  can	  provide	  explanaMons	  as	  to	  how	  

speciaMon	  mechanisms	  occur,	  very	  few	  of	  these	  species	  are	  the	  target	  of	  research.	  This	  

is	  oKen	  due	  to	  the	  difficulty	  of	  idenMfying	  the	  species	  in	  the	  field,	  where	  all	  ploidy	  
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levels	  may	  look	  outwardly	  similar	  (e.g.	  Alves	  et	  al.,	  2002),	  or	  where	  the	  polyploid/

hybrid	  individuals	  may	  share	  many	  morphological	  and	  ecological	  characterisMcs	  with	  

their	  ancestors	  (Schlosser	  et	  al.,	  1998).	  In	  many	  cases,	  the	  lack	  of	  basic	  ecological	  

informaMon	  about	  a	  species,	  and	  how	  individuals	  within	  the	  species	  occupy	  potenMally	  

different	  ecological	  niches,	  hinders	  research	  regarding	  speciaMon	  mechanisms	  and	  how	  

polyploid	  asexual	  lineages	  eventually	  establish	  a	  successful	  sexually	  reproducing	  

populaMons.	  In	  total,	  there	  are	  over	  160	  species	  of	  polyploid	  fish.	  Many	  of	  these	  

species	  are	  well	  established	  polyploids,	  such	  as	  sturgeon,	  all	  members	  of	  the	  

Acipenseridae	  family,	  which	  have	  normal	  reproducMon	  processes	  despite	  the	  tetraploid	  

genotype.	  Poecilia	  formosa	  and	  Phoxinus	  eos-‐neogaeus	  are	  two	  polyploid	  species,	  both	  

displaying	  diploid	  and	  triploid	  genotypes	  that	  are	  the	  focus	  of	  research	  for	  some	  

aspects	  of	  evoluMonary	  mechanisms	  for	  polyploids.	  P.	  formosa,	  also	  known	  as	  the	  

Amazon	  molly,	  was	  the	  first	  vertebrate	  discovered	  to	  reproduce	  clonally.	  Like	  some	  

ploidy	  levels	  of	  S.	  alburnoides,	  they	  reproduce	  gynogeneMcally.	  P.	  eos-‐neogaeus	  is	  a	  

polyploid	  hybrid	  species	  that	  regularly	  reproduces	  with	  its	  parental	  ancestors,	  P.	  eos	  

and	  P.	  neogaeus.	  In	  polyploid	  fish	  species	  with	  several	  ploidy	  levels	  present	  within	  the	  

species,	  it	  has	  been	  established	  that	  the	  hybrid	  lineages	  oKen	  have	  higher	  levels	  of	  

geneMc	  diversity	  than	  the	  parental	  species	  (Doeringsfeld,	  2004).	  It	  is	  not	  clear	  however	  

whether	  different	  ploidy	  levels	  within	  a	  species	  show	  high	  levels	  of	  geneMc	  diversity.	  In	  

P.	  eos-‐neogaeus,	  geneMc	  diversity	  in	  diploids	  is	  low,	  contrasMng	  with	  high	  geneMc	  

diversity	  within	  triploids	  (Lampert,	  2009).	  In	  S.	  alburnoides,	  the	  unique	  reproducMve	  

modes	  allow	  for	  high	  geneMc	  diversity	  within	  the	  species.	  Research	  has	  shown	  that	  the	  

non-‐hybrid	  diploid	  males	  exhibit	  a	  lower	  level	  of	  geneMc	  diversity	  than	  all	  other	  ploidy	  

levels	  and	  that	  all	  S.	  alburnoides	  ploidy	  levels	  have	  a	  higher	  geneMc	  diversity	  than	  the	  

parental	  species	  S.	  pyrenaicus.
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What	  research	  has	  been	  carried	  out	  on	  these	  and	  other	  polyploid	  species	  involves	  

expensive	  geneMc	  tesMng	  which	  can	  also	  be	  Mme	  consuming.	  There	  is	  a	  need	  for	  a	  

cheaper	  and	  quicker	  alternaMve	  methodology	  to	  be	  developed,	  that	  can	  be	  used	  to	  

be<er	  understand	  the	  ecological	  choices	  and	  preferences	  made	  by	  polyploid	  species.

1.2	  Aims	  and	  objec4ves

Using	  the	  cyprinid	  Squalius	  alburnoides	  complex	  from	  the	  Iberian	  peninsula	  as	  an	  

example	  of	  a	  polyploid	  species,	  this	  thesis	  will	  focus	  on	  how	  individuals	  in	  a	  polyploid	  

complex	  can	  be	  discriminated,	  on	  a	  variety	  of	  levels,	  including	  detailed	  morphological	  

and	  ecological	  segregaMon.	  The	  aim	  of	  the	  study	  is	  to	  be<er	  understand	  the	  biology	  of	  

a	  polyploid	  species,	  so	  that	  it	  can	  be	  used	  in	  future	  to	  further	  knowledge	  on	  polyploid	  

speciaMon.	  The	  study	  of	  the	  ecology	  of	  S.	  alburnoides	  may	  also	  provide	  valuable	  

informaMon	  should	  extensive	  conservaMon	  acMon	  become	  necessary	  for	  the	  species.	  S.	  

alburnoides	  is	  currently	  classed	  as	  Vulnerable	  on	  both	  the	  Portuguese	  and	  Spanish	  Red	  

Lists	  (Cabral	  et	  al.,	  2005;	  Doadrio,	  2002)	  and	  the	  IUCN	  Red	  List	  (Crivelli,	  2011).	  It	  is	  

predicted	  that	  environments	  that	  the	  species	  currently	  inhabit	  will	  be	  subjected	  to	  a	  

great	  deal	  of	  change	  over	  the	  coming	  years,	  due	  to	  the	  introducMon	  of	  exoMc	  species	  

and	  the	  increase	  of	  water	  abstracMon	  faciliMes	  and	  dams	  for	  human	  consumpMon	  and	  

the	  exploitaMon	  of	  water	  resources	  for	  recreaMonal	  and	  tourism	  purposes	  (Collares-‐

Pereira	  et	  al.,	  2000;	  Morais	  et	  al.,	  2009;	  Chícharo	  et	  al.,	  2006).	  Management	  measures	  

on	  how	  to	  cope	  with	  such	  changes	  whilst	  helping	  to	  further	  conservaMon	  of	  

endangered	  species	  have	  been	  laid	  out	  in	  Collares-‐Pereira	  et	  al.	  (2000).	  It	  has	  been	  

recognised	  that	  to	  achieve	  these	  aims,	  it	  is	  necessary	  to	  understand	  the	  ecological	  

requirements	  of	  species	  in	  the	  system	  under	  threat.
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The	  objecMves	  of	  this	  thesis,	  on	  how	  further	  knowledge	  on	  S.	  alburnoides	  will	  

contribute	  to	  the	  field	  of	  polyploid	  idenMficaMon	  are:

-‐ To	  develop	  a	  method	  of	  ploidy	  idenMficaMon	  that	  does	  not	  involve	  tradiMonal	  analysis	  

of	  genomic	  composiMon	  and	  that	  can	  be	  used	  for	  a	  number	  of	  species	  of	  polyploidy	  

fish	  in	  mulMple	  river	  basins.

-‐ To	  confirm	  that	  the	  method	  of	  idenMficaMon	  developed	  is	  valid	  by	  using	  it	  to	  look	  at	  

differences	  in	  ecological	  preferences	  within	  a	  species,	  specifically	  the	  S.	  alburnoides	  

complex.

-‐ To	  invesMgate	  whether	  any	  morphological	  features	  related	  to	  ploidy	  correlate	  with	  

dietary	  composiMon	  and/or	  habitat	  use.

These	  will	  be	  achieved	  by	  fulfilling	  the	  following	  aims:

-‐ To	  establish	  a	  detailed	  framework	  for	  the	  method	  of	  ploidy	  idenMficaMon,	  using	  

morphological	  idenMficaMon	  of	  scale,	  head	  and	  body	  morphology,	  which	  are	  non-‐

invasive	  methodologies.

-‐ To	  determine	  if	  different	  ploidy	  groups	  of	  S.	  alburnoides	  exhibit	  differing	  age	  and	  

growth	  characterisMcs.

-‐ To	  determine	  if	  dietary	  composiMon	  differs	  between	  ploidy	  levels.

-‐ To	  determine	  if	  microhabitat	  selecMon	  within	  a	  river	  is	  ploidy	  dependant	  and	  what	  

ecological	  factors	  influence	  this	  selecMon.
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1.3	  Thesis	  structure

This	  thesis	  presents	  a	  variety	  of	  data	  collected	  from	  the	  same	  S.	  alburnoides	  

individuals,	  starMng	  off	  with	  the	  development	  of	  a	  new	  methodology	  for	  the	  

idenMficaMon	  of	  groups	  within	  a	  polyploid	  species.	  Further	  chapters	  a<empt	  to	  confirm	  

if	  the	  method	  established	  is	  valid,	  by	  examining	  aspects	  of	  the	  ecology	  of	  S.	  

alburnoides,	  and	  whether	  ecological	  differences	  within	  the	  species	  can	  be	  related	  to	  

ploidy	  level.	  

The	  thesis	  structures	  individual	  data	  collecMons	  in	  a	  format	  that	  is	  presented	  in	  a	  way	  

that	  each	  chapter	  can	  be	  read	  as	  a	  stand-‐alone	  piece	  of	  work,	  with	  individual	  

introducMon,	  method,	  results	  and	  discussion	  secMons.	  However,	  it	  has	  been	  taken	  into	  

consideraMon	  that	  the	  individual	  chapters	  form	  part	  of	  a	  complete	  thesis.	  As	  such,	  

general	  aspects	  of	  S.	  alburnoides	  biology	  are	  not	  menMoned	  in	  the	  introducMon	  of	  each	  

chapter,	  and	  is	  reliant	  upon	  the	  fact	  that	  the	  reader	  will	  have	  understood	  and	  

remembered	  the	  general	  biology	  as	  outlined	  in	  Chapter	  2.

The	  chapter	  structure	  of	  the	  rest	  of	  this	  thesis	  is	  detailed	  below:

-‐ Chapter	  2	  -‐	  The	  S.	  alburnoides	  complex:	  This	  chapter	  details	  the	  general	  biology	  of	  S.	  

alburnoides	  and	  reviews	  the	  work	  done	  so	  far	  on	  the	  species.	  It	  also	  introduces	  the	  

methodology	  that	  is	  common	  to	  subsequent	  data	  chapters,	  detailing	  the	  datasets	  

used	  in	  this	  thesis.

-‐ Chapter	  3	  -‐	  Scale	  differenMaMon	  using	  geometric	  morphometrics:	  Using	  scales	  of	  S.	  

alburnoides	  individuals	  of	  known	  ploidy,	  this	  chapter	  develops	  a	  method	  that	  can	  be	  

used	  to	  predict	  the	  ploidy	  level	  of	  S.	  alburnoides	  individuals	  of	  unknown	  ploidy,	  

dependant	  on	  river	  basin	  of	  origin.
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-‐ Chapter	  4	  -‐	  Body	  shape	  discriminaMon	  using	  geometric	  morphometrics:	  This	  chapter	  

establishes	  whether	  body	  and	  head	  shape	  can	  also	  be	  used	  as	  tools	  to	  determine	  the	  

ploidy	  of	  S.	  alburnoides,	  examining	  where	  differences	  can	  be	  found	  between	  ploidy	  

levels.

-‐ Chapter	  5	  -‐	  Growth	  and	  ecology	  of	  S.	  alburnoides:	  This	  chapter	  uses	  the	  informaMon	  

regarding	  ploidy	  from	  previous	  chapters	  and	  determines	  if	  differences	  in	  growth,	  diet	  

and	  habitat	  exist	  between	  individuals	  of	  S.	  alburnoides	  with	  different	  ploidy	  levels.	  

-‐ Chapter	  6	  -‐	  General	  discussion:	  The	  discussion	  will	  bring	  together	  the	  key	  findings	  

from	  each	  data	  chapter	  and	  will	  a<empt	  to	  find	  links	  between	  each	  chapter	  and	  how	  

they	  may	  influence	  each	  other.	  It	  will	  also	  present	  the	  data	  found	  in	  a	  wider	  context,	  

considering	  implicaMons	  for	  conservaMon	  and	  furthering	  the	  knowledge	  for	  not	  only	  S.	  

alburnoides	  but	  other	  polyploid	  species	  as	  well,	  making	  recommendaMons	  for	  future	  

work.
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Chapter	  2:	  The	  Squalius	  alburnoides	  complex

2.1	  Introduc4on

The	  family	  Cyprinidae	  has	  some	  of	  the	  highest	  species	  diversity	  levels	  of	  any	  freshwater	  

fish	  and	  species	  are	  widespread	  throughout	  the	  world	  (Mesquita	  et	  al.,	  2007).	  Of	  the	  

15	  representaMves	  of	  the	  Squalius	  genus,	  13	  are	  endemic	  to	  the	  Mediterranean	  basin	  

with	  the	  other	  two	  found	  in	  northern	  and	  central	  Europe	  (Sanjur	  et	  al.,	  2003;	  Mesquita	  

et	  al.,	  2005).	  	  The	  Squalius	  alburnoides	  species	  complex	  (subsequently	  referred	  to	  as	  

“species”),	  known	  as	  “Bordalo”	  in	  Portugal	  (Figure	  2.1),	  is	  limited	  to	  the	  Iberian	  

peninsula	  where	  it	  has	  been	  described	  as	  abundant	  and	  has	  been	  extensively	  studied	  

in	  Portuguese	  rivers	  and	  their	  tributaries	  (Collares-‐Pereira	  and	  Moreira	  da	  Costa,	  1999;	  

Alves	  and	  Coelho,	  2001;	  Alves	  et	  al.,	  2004;	  Morgado-‐Santos	  et	  al.,	  2010;	  Cunha	  et	  al.,	  

2011;	  Figure	  2.2).	  S.	  alburnoides	  is	  a	  small	  species,	  reaching	  a	  maximum	  of	  13	  cm,	  

although	  the	  majority	  do	  not	  grow	  longer	  than	  9	  cm.	  The	  species	  tends	  to	  be	  found	  in	  

water	  courses	  where	  emergent	  vegetaMon	  is	  abundance	  and	  where	  the	  river	  is	  narrow	  

and	  not	  too	  deep.	  Within	  a	  stretch	  of	  river	  there	  are	  preferences	  found	  within	  the	  

species	  for	  certain	  habitat	  characterisMcs.	  These	  will	  be	  discussed	  in	  detail	  further	  on.	  

S.	  alburnoides	  are	  omnivores,	  although	  dipteran	  larvae	  make	  up	  a	  large	  part	  of	  their	  

diet	  and	  once	  again,	  dietary	  differences	  exist	  within	  the	  species,	  not	  only	  within	  the	  

same	  river	  basin,	  but	  also	  between	  river	  basins	  (Collares-‐Pereira	  et	  al.,	  2007).
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Figure	  2.1:	  Picture	  of	  a	  S.	  alburnoides	  individual	  in	  the	  laboratory	  and	  picture	  of	  a	  

preserved	  fish,	  removed	  from	  the	  preservaMve	  and	  placed	  on	  graduated	  paper.

The	  Iberian	  peninsula	  is	  considered	  to	  be	  a	  biogeographical	  area	  disMnct	  from	  the	  

larger	  European	  and	  African	  regions	  due	  to	  the	  natural	  barriers	  of	  the	  Gibraltar	  Strait	  

and	  the	  Pyrenees	  (Vargas	  et	  al.,	  1998).	  There	  are	  five	  major	  river	  systems	  in	  which	  S.	  

alburnoides	  is	  present	  in	  the	  Iberian	  Peninsula;	  the	  Guadiana	  and	  Guadalquivir	  in	  the	  

south,	  the	  Tejo	  in	  the	  centre	  and	  the	  Douro	  and	  Mondego	  rivers	  in	  the	  north.	  This	  

complex	  has	  been	  show	  to	  be	  a	  ferMle	  hybrid	  originaMng	  from	  two	  other	  endemic	  

Iberian	  species	  (Alves	  et	  al.,	  2002).	  Mitochondrial	  DNA	  (mtDNA)	  analyses	  have	  shown	  

the	  maternal	  ancestor	  to	  be	  S.	  pyrenaicus,	  a	  sympatric	  species	  in	  the	  Tejo	  and	  

Guadiana	  basins	  in	  the	  centre	  and	  at	  the	  south	  of	  the	  peninsula	  (Alves	  et	  al.,	  1997;	  

Alves	  and	  Coelho,	  2001).	  Crossing	  experiments	  and	  studies	  of	  β-‐acMn	  genes	  have	  

revealed	  that	  the	  paternal	  ancestor	  is	  closely	  related	  to	  Anaecypris	  hispanica,	  a	  species	  

with	  a	  distribuMon	  that	  parMally	  overlaps	  that	  of	  S.	  alburnoides	  (Crespo-‐Lopez	  et	  al.,	  

2006;	  Robalo	  et	  al.,	  2006).	  It	  has	  been	  hypothesised	  that	  the	  species	  occurred	  through	  

mulMple	  hybridisaMon	  events	  in	  different	  basins	  involving	  S.	  pyrenaicus	  females.	  A	  

minimum	  of	  two	  hybridisaMon	  events	  occurred,	  one	  in	  the	  Sado	  basin	  and	  another	  in	  

the	  Tejo	  and	  Guadiana	  basins	  (Alves	  et	  al.,	  1997).	  More	  recently	  studies	  have	  shown	  

the	  likelihood	  of	  five	  independent	  hybridisaMon	  events.	  This	  is	  based	  on	  the	  fact	  that	  
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mtDNA	  of	  S.	  alburnoides	  is	  more	  similar	  to	  that	  of	  S.	  pyrenaicus	  from	  the	  same	  river	  

than	  the	  mtDNA	  of	  conspecifics	  from	  other	  basins	  (Alves	  and	  Coelho,	  2001;	  Cunha	  et	  

al.,	  2004).	  The	  first	  individuals	  to	  arise	  were	  most	  likely	  diploid	  hybrids	  and	  originated	  

relaMvely	  recently,	  although	  more	  specific	  Mme	  frames	  cannot	  be	  determined	  due	  to	  

the	  greater	  sequence	  divergence	  of	  hybrid	  lineages	  when	  compared	  to	  ancestral	  

species	  (Alves	  et	  al.,	  1997;	  Sousa-‐Santos,	  Collares-‐Pereira,	  and	  Almada,	  2006c).	  Due	  to	  

the	  absence	  of	  S.	  pyrenaicus	  in	  the	  northern	  basins,	  it	  has	  been	  suggested	  that	  S.	  

alburnoides	  dispersed	  to	  the	  Mondego	  and	  Douro	  from	  the	  Tejo	  river	  system	  (Alves	  

and	  Coelho,	  2001).

Figure	  2.2:	  DistribuMon	  range	  of	  S.	  alburnoides	  in	  the	  Iberian	  Peninsula,	  shaded	  in	  grey,	  
and	  locaMon	  of	  the	  Iberian	  Peninsula	  in	  Europe.	  DistribuMon	  is	  based	  on	  potenMal	  
presence	  of	  S.	  alburnoides,	  based	  on	  the	  drainage	  area	  of	  the	  river.

The	  hybrid	  complex	  is	  comprised	  of	  several	  ploidy	  levels	  and	  genomic	  composiMons,	  

where	  ploidy	  levels	  refer	  to	  the	  number	  of	  copies	  of	  the	  genome	  found	  in	  each	  cell	  of	  

individual	  S.	  alburnoides	  and	  where	  genomic	  composiMon	  indicates	  the	  composiMon	  of	  

the	  genome	  from	  maternal	  and	  paternal	  ancestry.	  Individuals	  may	  be	  diploid,	  triploid	  

or	  tetraploid,	  with	  individuals	  of	  both	  sexes	  found	  in	  each	  level	  (Crespo-‐Lopez	  et	  al.,	  

32



2006).	  ReproducMon	  occurs	  between	  all	  genomic	  possibiliMes,	  ensuring	  the	  conMnuing	  

diversity	  of	  this	  lineage.	  The	  genomic	  composiMon	  of	  individuals	  is	  designated	  by	  

varying	  combinaMons	  of	  the	  le<ers	  A	  and	  P,	  where	  A	  represents	  the	  genome	  of	  the	  

paternal	  ancestor	  and	  P	  the	  genome	  of	  the	  maternal	  ancestor	  S.	  pyrenaicus.	  So	  far	  five	  

forms	  have	  been	  found	  in	  nature	  (Figure	  2.3),	  with	  another	  form	  (AAA)	  only	  found	  in	  

controlled	  laboratory	  crosses	  (Alves	  et	  al.,	  1999).	  ReconsMtuted	  diploid	  non-‐hybrid	  

individuals	  (AA)	  represent	  an	  all	  male	  lineage	  with	  only	  the	  genome	  of	  the	  paternal	  

ancestor	  expressed.	  These	  individuals	  are	  reconsMtuted	  from	  the	  other	  hybrid	  forms	  

and	  present	  S.	  pyrenaicus	  mitochondrial	  DNA	  (Alves	  et	  al.,	  2002).	  The	  variety	  of	  

genomic	  composiMons	  is	  ensured	  by	  the	  large	  number	  of	  different	  reproducMve	  

methods	  used	  by	  each	  ploidy	  level,	  some	  of	  which	  are	  ploidy-‐specific,	  explained	  in	  

detail	  below.	  	  

Figure	  2.3:	  Diagram	  indicaMng	  the	  five	  S.	  alburnoides	  composiMons	  found	  in	  nature,	  not	  
including	  variaMons	  from	  the	  Northern	  basins	  of	  the	  Douro	  and	  Mondego,	  as	  in	  Alves	  
et	  al.	  (2001).	  A	  represents	  the	  genome	  of	  the	  paternal	  ancestor	  and	  P	  the	  genome	  of	  
the	  maternal	  ancestor	  S.pyrenaicus.

2.2	  Reproduc4on

Diploid	  hybrid	  males	  (PA)	  do	  not	  undergo	  meiosis,	  thus	  producing	  clonal	  diploid	  

gametes	  (Sousa-‐Santos,	  Collares-‐Pereira,	  and	  Almada,	  2006c).	  However,	  non-‐hybrid	  

diploid	  males	  (AA)	  undergo	  normal	  meiosis	  producing	  haploid	  sperm.	  Triploid	  males	  
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(PAA	  or	  PPA)	  appear	  to	  produce	  unreduced	  sperm.	  Due	  to	  their	  rare	  occurrence	  in	  

nature,	  it	  is	  sMll	  unknown	  whether	  they	  are	  ferMle	  and	  contribute	  to	  reproducMon	  

within	  the	  species	  complex	  (Alves	  et	  al.,	  1999).	  As	  tetraploid	  males	  (PPAA)	  have	  two	  

haploid	  genomes	  of	  the	  maternal	  and	  paternal	  ancestors,	  they	  undergo	  normal	  

meiosis,	  producing	  PA	  gametes	  (Alves	  et	  al.,	  1999;	  Crespo-‐Lopez	  et	  al.,	  2006).	  It	  is	  

however	  not	  expected	  for	  PAAA	  and	  PPPA	  tetraploids	  to	  produce	  diploid	  gametes.	  No	  

experimental	  crosses	  have	  been	  carried	  out	  with	  individuals	  of	  this	  genomic	  

composiMon	  and	  as	  such	  the	  outcome	  of	  the	  gametes	  remains	  unknown	  (Alves	  et	  al.,	  

1999).	  The	  producMon	  of	  gametes	  in	  females	  is	  a	  more	  complicated	  process	  where	  

female	  individuals	  can	  produce	  different	  types	  of	  gametes,	  including	  two	  at	  the	  same	  

Mme	  (Alves	  et	  al.,	  2004).	  Diploid	  females	  always	  produce	  clonal	  gametes,	  which	  can	  be	  

ferMlised	  by	  a	  variety	  of	  mechanisms,	  including	  sperm	  from	  the	  sympatric	  species	  S.	  

pyrenaicus	  (Alves	  and	  Coelho,	  2001;	  Figure	  2.4).	  The	  haploid	  and	  diploid	  sperm	  will	  

respecMvely	  produce	  triploid	  and	  tetraploid	  individuals.	  A	  very	  small	  percentage	  (<3%)	  

of	  females	  will	  reproduce	  by	  gynogenesis	  where	  the	  sperm	  will	  sMmulate	  

embryogenesis	  without	  contribuMng	  any	  geneMc	  material	  (Alves	  and	  Coelho,	  2001).	  

Evidence	  from	  the	  Tejo	  and	  Guadiana	  river	  systems	  indicates	  that	  triploid	  females	  (PAA)	  

produce	  haploid	  or	  diploid	  gametes	  by	  a	  modified	  form	  of	  hybridogenesis.	  The	  genome	  

of	  the	  maternal	  species	  is	  discarded,	  someMmes	  followed	  by	  normal	  meiosis,	  producing	  

haploid	  gametes	  (“meioMc	  hybridogenesis”).	  Diploid	  gametes	  are	  produced	  following	  

the	  usual	  mechanism	  of	  hybridogenesis	  (Alves	  et	  al.,	  1998).	  Triploids	  may	  also	  produce	  

gametes	  clonally	  which	  upon	  ferMlisaMon	  will	  yield	  tetraploid	  offspring	  (Alves	  et	  al.,	  

2004).	  Crespo-‐Lopez	  et	  al.	  (2006)	  also	  performed	  experimental	  crosses	  with	  a	  PPA	  

triploid	  female	  and	  A.	  hispanica	  male.	  In	  this	  case,	  the	  paternal	  genome	  (A)	  was	  

discarded	  and	  the	  normal	  meioMc	  process	  occurred	  to	  produce	  haploid	  gametes.	  As	  
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with	  tetraploid	  males,	  tetraploid	  females	  undergo	  normal	  meiosis.	  It	  is	  postulated	  that	  

these	  gametes	  may	  experience	  gynogenesis,	  resulMng	  in	  diploid	  progeny	  (Crespo-‐Lopez	  

et	  al.,	  2006).

In	  the	  northern	  basins	  of	  Mondego	  and	  Douro,	  where	  S.	  pyrenaicus	  is	  not	  present,	  the	  

genome	  of	  S.	  alburnoides	  individuals	  incorporates	  the	  genome	  of	  Squalius	  caroliterCi,	  a 	  

closely	  related	  sympatric	  species.	  Individuals	  undergo	  similar	  reproducMve	  processes,	  

however	  the	  absence	  of	  non-‐hybrid	  males	  (AA)	  and	  the	  rare	  occurrence	  of	  tetraploids	  

reduces	  populaMon	  geneMc	  diversity	  (Pala	  and	  Coelho,	  2005).
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Figure	  2.4:	  ReproducMve	  methods	  of	  different	  ploidy	  levels	  and	  genomic	  composiMons	  
of	  S.	  alburnoides.	  A	  represents	  the	  genome	  of	  the	  paternal	  ancestor	  and	  P	  the	  genome	  
of	  the	  maternal	  ancestor	  S.	  alburnoides.	  G	  represents	  ferMlisaMon	  by	  gynogenesis,	  
where	  no	  geneMc	  informaMon	  from	  the	  male	  is	  transferred	  to	  the	  offspring.	  Pathways	  
in	  full	  lines	  represent	  reproducMve	  methods	  shown	  in	  laboratory	  crosses.	  Do<ed	  lines	  
represent	  hypotheMcal	  pathways.
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2.3	  Gene4c	  composi4on	  of	  popula4ons

The	  geneMc	  composiMon	  of	  S.	  alburnoides	  populaMons	  varies	  greatly	  between	  river	  

basins.	  Female	  triploids	  appear	  the	  most	  abundant	  within	  all	  river	  systems	  studied	  in	  

Portugal,	  ranging	  in	  frequency	  between	  50	  and	  100%	  (Alves	  and	  Coelho,	  2001);	  male	  

triploid	  counterparts	  are	  however	  very	  rare.	  This	  is	  true	  for	  the	  majority	  of	  genomic	  

composiMons,	  where	  females	  are	  more	  common	  than	  males	  (Sousa-‐Santos,	  Collares-‐

Pereira,	  and	  Almada,	  2006a).	  Diploid	  individuals	  are	  an	  excepMon,	  showing	  a	  near	  

equal	  sex	  distribuMon	  (MarMns	  et	  al.,	  1998).	  Tetraploids	  are	  absent	  in	  the	  Guadiana	  

basin	  and	  show	  low	  frequencies	  in	  all	  other	  basins	  except	  for	  the	  Tejo	  river	  system	  

(Alves	  and	  Coelho,	  2001;	  Crespo-‐Lopez	  et	  al.,	  2007).	  As	  previously	  menMoned,	  S.	  

alburnoides	  is	  sympatric	  with	  S.	  pyrenaicus	  in	  the	  southern	  basins	  and	  with	  S.	  

caroliterCi	  in	  the	  north.	  In	  the	  independent	  Quarteira	  drainage	  in	  south-‐west	  Portugal,	  

S.	  alburnoides	  shares	  sperm	  dependency	  with	  S.	  aradensis	  (Sousa-‐Santos,	  Collares-‐

Pereira,	  and	  Almada,	  2006a).	  

The	  frequency	  distribuMon	  of	  genomic	  composiMons	  that	  occur	  may	  be	  linked	  to	  

habitat	  preferences.	  It	  is	  not	  clear	  whether	  genomic	  frequencies	  are	  influenced	  by	  

abundance	  of	  S.	  alburnoides	  in	  the	  river	  system.	  Even	  within	  the	  same	  river	  basin	  and	  

at	  different	  periods	  of	  the	  year,	  genomic	  frequencies	  vary	  greatly	  (MarMns	  et	  al.,	  1998;	  

Alves	  and	  Coelho,	  2001),	  which	  may	  be	  explained	  by	  the	  availability	  of	  certain	  habitats	  

within	  the	  system.	  

The	  distribuMons	  of	  each	  ploidy	  level	  vary	  according	  to	  river	  systems.	  All	  ploidy	  levels	  

have	  been	  reported	  for	  the	  Tejo	  in	  similar	  distribuMons.	  In	  the	  Guadiana	  river	  system,	  

diploid	  and	  triploid	  females	  are	  the	  most	  abundant	  with	  tetraploid	  individuals	  rarely	  

found	  (Gromicho	  and	  Collares-‐Pereira,	  2004).	  In	  both	  the	  northern	  basins	  of	  Mondego	  
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and	  Douro,	  triploid	  females	  are	  the	  most	  abundant	  and	  non-‐hybrid	  AA	  males	  are	  

absent	  (Alves	  and	  Coelho,	  2001).	  Due	  to	  the	  absence	  of	  S.	  pyrenaicus	  in	  the	  northern	  

basins,	  sperm	  dependency	  has	  shiKed	  to	  S.	  caroliterCi,	  a	  sympatric	  species	  only	  found	  

in	  the	  northern	  basins	  (Alves	  et	  al.,	  2004).	  This	  has	  led	  to	  suggesMons	  that	  different	  

ploidy	  levels	  occupy	  a	  preferred	  habitat,	  which	  may	  eventually	  lead	  to	  the	  evoluMon	  of	  

a	  new	  species	  (Gomes-‐Ferreira	  et	  al.,	  2005).	  Despite	  the	  recognised	  need	  for	  the	  

analysis	  of	  spaMal	  variaMon	  (Gomes-‐Ferreira	  et	  al.,	  2005),	  few	  studies	  have	  been	  carried	  

out,	  mostly	  due	  to	  the	  fact	  that	  different	  ploidy	  levels	  are	  not	  recognisable	  from	  visual	  

inspecMon	  in	  the	  field.	  Diploid	  “non-‐hybrid”	  males	  are	  an	  excepMon	  to	  this,	  being	  

smaller	  than	  hybrid	  individuals	  as	  well	  as	  resembling	  A.	  hispanica	  (Robalo	  et	  al.,	  2006).	  

Sex	  recogniMon	  in	  the	  field	  is	  also	  difficult,	  unless	  caught	  during	  the	  reproducMve	  

period,	  which	  is	  generally	  around	  April	  for	  this	  species	  (MarMns	  et	  al.,	  1998;	  Ribeiro	  et	  

al.,	  2003).	  

2.4	  Habitat	  and	  dietary	  preference

MarMns	  et	  al.	  (1998)	  showed	  that	  non-‐hybrid	  diploid	  males,	  diploid	  and	  triploid	  

females	  were	  spaMally	  segregated.	  Diploid	  males	  were	  preferenMally	  found	  in	  shallow	  

waters	  with	  higher	  temperatures	  and	  organic	  material.	  The	  substratum	  of	  the	  habitat	  

where	  diploid	  males	  were	  found	  was	  oKen	  silt	  and	  sand,	  which	  has	  also	  been	  

confirmed	  by	  Sousa-‐Santos	  et	  al.	  (2006a).	  The	  few	  triploid	  males	  found	  also	  seemed	  to	  

occupy	  a	  similar	  habitat	  (MarMns	  et	  al.,	  1998).	  Most	  diploid	  females	  were	  found	  in	  

deep	  waters,	  where	  the	  substrate	  was	  mostly	  composed	  of	  rocks	  and	  pebbles.	  Triploid	  

females	  were	  found	  in	  fast	  flowing	  water	  with	  high	  pH	  and	  extensive	  cover.	  This	  spaMal	  

segregaMon	  most	  likely	  helps	  to	  reduce	  compeMMve	  interacMons	  for	  the	  resources	  

available.	  However,	  during	  the	  summer	  droughts,	  fish	  from	  different	  habitats	  may	  be	  
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forced	  together	  in	  pools.	  Triploid	  females	  are	  however	  rarely	  found	  in	  these	  pools,	  

reinforcing	  the	  noMon	  of	  flowing	  water	  preference.	  The	  reproducMve	  period	  has	  also	  

been	  shown	  to	  minimise	  these	  spaMal	  segregaMons	  as	  both	  diploid	  and	  triploid	  females	  

prefer	  shallow	  waters	  during	  this	  period	  (MarMns	  et	  al.,	  1998).

The	  preferences	  for	  habitat	  type	  are	  thought	  to	  be	  closely	  related	  to	  the	  feeding	  

preferences	  for	  each	  ploidy	  level	  (Gomes-‐Ferreira	  et	  al.,	  2005).	  S.	  alburnoides	  is	  a	  

generalist	  feeder,	  feeding	  mostly	  on	  macroinvertebrates	  such	  as	  Diptera	  and	  

Ephemeroptera.	  However,	  differences	  between	  ploidy	  groups	  were	  shown	  for	  Diptera	  

adults,	  Coleoptera	  adults	  and	  plant	  material.	  Diploid	  and	  triploid	  females	  eat	  more	  

plant	  ma<er	  than	  diploid	  males.	  Diptera	  adults	  were	  preferred	  by	  triploid	  females	  and	  

diploid	  males.	  Evidence	  has	  also	  been	  found	  that	  feeding	  regimes	  change	  throughout	  

the	  life	  cycle,	  with	  smaller	  fish	  inhabiMng	  the	  river	  bed	  and	  adults	  feeding	  from	  the	  

surface	  and	  water	  column	  (Gomes-‐Ferreira	  et	  al.,	  2005).

2.5	  General	  methods

A	  number	  of	  datasets	  were	  available	  for	  analysis	  in	  this	  thesis,	  and	  were	  used	  in	  

different	  secMons	  of	  the	  thesis.	  All	  data	  chapters	  used	  data	  obtained	  from	  a	  set	  of	  fish	  

sampled	  during	  the	  course	  of	  the	  research	  for	  this	  thesis.	  This	  sampling	  was	  carried	  out	  

at	  one	  site	  on	  two	  separate	  occasions	  -‐	  18th	  April	  2009	  and	  on	  the	  9th	  October	  2009.	  

These	  sampling	  trips	  represented	  different	  Mme	  periods	  in	  the	  life	  cycle:	  April	  being	  at	  

the	  start	  of	  the	  reproducMve	  period	  for	  S.	  alburnoides	  and	  October	  the	  end	  of	  the	  first	  

year	  growing	  season.	  The	  site	  sampled	  was	  Ribeira	  da	  Murtega	  in	  the	  Guadiana	  river	  

basin	  in	  Portugal,	  a	  stream	  with	  a	  variety	  of	  different	  microhabitats,	  based	  on	  flow,	  

depth,	  substrate	  composiMon,	  cover	  and	  vegetaMon	  (Figure	  2.5).	  This	  site	  has	  been	  
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sampled	  on	  numerous	  occasions	  for	  other	  research	  related	  to	  S.	  alburnoides,	  including	  

research	  that	  has	  been	  directly	  compared	  to	  within	  this	  thesis	  (Figure	  2.6).	  

Fish	  were	  caught	  by	  electrofishing,	  run	  off	  a	  portable	  generator	  (300-‐500V,	  2-‐3A,	  DC).	  

The	  sampling	  method	  used	  was	  similar	  to	  Point	  Abundance	  Sampling	  (PAS)	  which	  

tradiMonally	  involves	  a	  discrete	  approach	  to	  a	  random	  chosen	  sampling	  site	  followed	  by	  

rapid	  immersion	  of	  an	  anode,	  which	  stuns	  the	  fish	  in	  the	  chosen	  area	  so	  that	  they	  can	  

be	  collected	  using	  dipnets	  (Brosse	  et	  al.,	  1999;	  Copp	  and	  Penaz,	  1988;	  Copp	  and	  

Garner,	  1995).	  The	  method	  was	  modified	  slightly	  so	  that	  microhabitat	  units	  were	  

sampled	  and	  the	  anode	  was	  leK	  in	  for	  longer.	  The	  anode	  was	  submerged	  and	  swept	  

around	  the	  sample	  area.	  A	  microhabitat	  unit	  consists	  of	  a	  smaller	  area	  within	  the	  

stream,	  where	  characterisMcs	  such	  as	  substrate	  composiMon	  and	  vegetaMon	  presence	  

can	  be	  quanMfied,	  idenMfying	  which	  areas	  of	  a	  river	  parMcular	  species	  inhabit.	  

Microhabitats	  chosen	  for	  sampling	  measured	  about	  1m2,	  based	  on	  substrate	  

composiMon	  and	  vegetaMon	  presence,	  with	  approximately	  homogeneous	  flow	  rates	  

across	  the	  selected	  area.	  The	  area	  of	  1m2	  sampled	  is	  an	  approximaMon	  based	  on	  the	  

effecMve	  electric	  field	  created	  by	  the	  anode.	  At	  each	  locaMon,	  an	  anode	  was	  briefly	  

submerged	  and	  energised,	  so	  as	  to	  cover	  all	  areas	  of	  the	  selected	  sampling	  point,	  and	  

all	  fish	  in	  the	  area	  were	  caught	  with	  a	  hand	  net.	  This	  process	  required	  two	  people,	  one	  

to	  manipulate	  the	  electrode,	  the	  other	  to	  use	  the	  net.	  All	  sampling	  areas	  were	  

approached	  with	  the	  minimum	  of	  disturbance	  to	  avoid	  sca<ering	  of	  fish	  and	  provide	  a	  

reliable	  picture	  of	  the	  fish	  naturally	  present.
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Figure	  2.5:	  Map	  of	  the	  River	  systems	  in	  Portugal,	  with	  the	  Guadiana	  river	  and	  its	  
tributaries	  highlighted	  and	  showing	  locaMon	  of	  sampling	  at	  Ribeira	  da	  Murtega.	  

A	  total	  of	  24	  and	  26	  microhabitats	  were	  sampled	  in	  April	  and	  October	  respecMvely.	  The	  

sampling	  points	  were	  selected	  according	  to	  characterisMcs	  such	  as	  flow,	  substrate	  and	  

vegetaMon	  presence,	  with	  the	  total	  number	  of	  microhabitats	  selected	  covering	  the	  

stream	  sampling	  area.	  For	  each	  habitat	  area	  depth	  (m)	  was	  measured	  at	  five	  random	  

points	  within	  the	  1m2	  area.	  Substrate	  type	  was	  defined	  as	  percentage	  contribuMon	  of	  

mud,	  sand,	  gravel,	  stones,	  boulder	  and	  bedrock	  (Mullen	  et	  al.,	  2011).	  The	  percentage	  

of	  either	  emergent,	  floaMng	  or	  submerged	  vegetaMon	  was	  also	  noted	  as	  well	  as	  the	  

presence	  or	  absence	  of	  overhanging	  branches.	  The	  current	  velocity	  was	  measured	  in	  

cm/s	  at	  the	  centre	  of	  the	  sample	  area.	  In	  April,	  water	  temperature	  (˚C)	  and	  oxygen	  

content	  (ppm)	  were	  measured	  at	  all	  sites	  and	  water	  conducMvity	  (μScm-‐1)	  and	  pH	  were	  
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measured	  at	  one	  locaMon	  in	  the	  stream	  and	  applied	  to	  all	  sites.	  These	  measurements	  

were	  not	  available	  during	  sampling	  in	  October	  because	  of	  equipment	  malfuncMon.	  

Figure	  2.6:	  Pictures	  of	  Ribeira	  da	  Murtega	  in	  April	  2009,	  showing	  a	  number	  of	  the	  
sampled	  microhabitats.

All	  fish	  from	  each	  microhabitat	  were	  idenMfied	  to	  species	  level	  to	  determine	  

community	  assemblage	  and	  measured	  to	  standard	  length	  (nearest	  mm)	  using	  a	  

millimetered	  measuring	  board	  to	  avoid	  inaccurate	  measurements	  due	  to	  shrinking	  

caused	  by	  preservaMon	  techniques.	  All	  S.	  alburnoides	  individuals	  were	  placed	  in	  

individually	  labelled	  bags	  and	  then	  placed	  in	  3%	  formalin	  soluMon	  to	  preserve	  shape	  

and	  halt	  digesMon	  of	  any	  dietary	  items.	  Once	  back	  at	  the	  laboratory,	  aKer	  photographs	  

were	  taken,	  fish	  were	  transferred	  to	  ethanol	  for	  ease	  of	  use	  at	  a	  later	  date	  when	  

imaging	  and	  dissecMon	  of	  the	  fish	  occurred.	  DissecMon	  occurred	  within	  3	  months	  of	  

being	  transferred	  to	  ethanol,	  to	  ensure	  preservaMon	  of	  stomach	  contents.

InformaMon	  from	  these	  fish	  was	  used	  in	  each	  data	  chapter	  of	  this	  thesis.	  Chapter	  3	  

used	  the	  data	  available	  in	  scale	  morphology,	  whilst	  Chapter	  4	  used	  body	  and	  head	  

morphology	  of	  these	  fish	  to	  conduct	  analyses.	  Scales	  were	  also	  used	  in	  Chapter	  5,	  

where	  they	  were	  aged	  and	  measured	  for	  growth	  analysis.	  InformaMon	  regarding	  

dietary	  composiMon,	  resulMng	  from	  the	  dissecMon	  of	  these	  fish	  was	  used	  for	  dietary	  
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analyses	  in	  Chapter	  5,	  and	  the	  microhabitat	  data	  collected	  during	  sampling	  was	  also	  

used	  in	  Chapter	  5	  to	  invesMgate	  differences	  in	  habitat	  within	  the	  species.	  Detailed	  

methodologies	  on	  how	  each	  dataset	  was	  used	  can	  be	  found	  in	  the	  relevant	  chapters.	  In	  

addiMon	  to	  the	  data	  available	  from	  the	  fish	  sampled	  in	  2009,	  Chapter	  3	  also	  used	  

informaMon	  regarding	  scale	  morphology	  from	  a	  number	  of	  fish	  collected	  for	  other	  

research	  projects	  by	  the	  Universidade	  de	  Lisboa	  between	  1994	  and	  2009.	  
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Chapter	  3:	  Scale	  differen=a=on	  using	  geometric	  

morphometrics

3.1	  Introduc4on

There	  are	  few	  visible	  differences	  between	  S.	  alburnoides	  of	  differing	  ploidy	  levels,	  and	  

most	  differences	  have	  only	  been	  revealed	  previously	  with	  the	  use	  of	  geneMc	  

idenMficaMon.	  This	  chapter	  aims	  to	  disMnguish	  between	  ploidy	  groups	  by	  looking	  at	  

scale	  shape	  using	  geometric	  morphometrics.	  If	  disMncMons	  can	  be	  made,	  a	  predicMon	  

model	  will	  be	  created	  to	  enable	  idenMficaMon	  of	  the	  ploidy	  level	  of	  an	  individual	  fish	  

without	  the	  need	  for	  costly	  geneMc	  analyses.	  This	  chapter	  will	  also	  aim	  to	  idenMfy	  

whether	  differences	  in	  scale	  shape	  exist	  between	  populaMons	  with	  variable	  

composiMons	  and	  evoluMonary	  histories	  from	  different	  river	  basins	  in	  Portugal.

Few	  studies	  have	  a<empted	  to	  discriminate	  between	  ploidy	  levels	  of	  S.	  alburnoides	  

without	  using	  techniques	  such	  as	  flow	  cytometry	  which	  is	  costly	  and	  oKen	  requires	  for	  

the	  fish	  to	  be	  killed.	  Although	  fish	  in	  this	  study	  were	  dissected	  for	  dietary	  analysis	  it	  is	  

the	  aim	  of	  the	  author	  to	  establish	  techniques	  that	  can	  be	  used	  in	  future	  studies	  

without	  the	  fish	  being	  killed.	  The	  handful	  of	  studies	  a<empMng	  to	  discriminate	  ploidy	  

levels	  without	  geneMc	  techniques	  have	  used	  direct	  measurements	  such	  as	  fork	  length,	  

head	  length	  and	  depth	  (MarMns	  et	  al.,	  1998)	  or	  the	  number	  of	  gillrakers	  (Collares-‐

Pereira,	  1984).	  More	  recently,	  Cunha	  et	  al.	  (2010)	  a<empted	  to	  discriminate	  ploidy	  by	  

using	  geometric	  morphometric	  techniques	  to	  describe	  the	  body	  shape	  of	  S.	  

alburnoides	  individuals.	  However,	  there	  has	  been	  only	  mixed	  success	  in	  accurately	  

showing	  differences	  between	  groups	  for	  the	  non-‐geneMc	  based	  studies.	  
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Over	  Mme,	  a	  large	  number	  of	  techniques	  have	  used	  aspects	  of	  morphology	  to	  idenMfy	  

and	  discriminate	  between	  species,	  populaMons	  or	  even	  geneMcally	  idenMcal	  stocks	  of	  

fish	  (Salini	  et	  al.,	  2004).	  Most	  of	  the	  work	  has	  been	  carried	  out	  on	  large-‐scale	  marine	  

fisheries	  and	  uses	  tradiMonal	  morphometric	  methods	  that	  focus	  on	  distances	  between	  

fixed	  locaMons	  on	  the	  fish	  (such	  as	  fin	  Mp	  to	  snout	  Mp)	  or	  ellipMcal	  Fourier	  analysis	  of	  

otolith	  shape	  (examples	  in	  Murta,	  2000;	  Cardinale	  et	  al.,	  2004;	  Hermida	  et	  al.,	  2005;	  

Stransky	  et	  al.,	  2008).	  However,	  one	  of	  the	  problems	  associated	  with	  these	  methods	  is	  

that	  size	  differences	  between	  individuals	  are	  incorporated	  in	  the	  measurements,	  which	  

may	  introduce	  differences	  in	  shape	  that	  are	  not	  present	  or	  meaningless.	  This	  problem	  

can	  be	  overcome	  by	  standardising	  measured	  distances	  to	  a	  mean	  length	  (Hermida	  et	  

al.,	  2005).	  Despite	  this	  soluMon,	  numerous	  other	  problems	  sMll	  persist,	  such	  as	  

distances	  not	  being	  homologous	  among	  a	  species	  of	  fish,	  or	  difficulty	  in	  accurately	  

reproducing	  the	  methods	  established	  by	  another	  team	  of	  researchers	  (Cadrin,	  2000).

Many	  of	  the	  problems	  with	  distance-‐based	  techniques	  were	  overcome	  by	  the	  

development	  of	  landmarked-‐based	  morphometrics,	  a	  technique	  that	  selects	  landmarks 	  

at	  points	  homologous	  to	  other	  individuals	  of	  the	  same	  or	  similar	  species.	  A	  landmark	  is	  

“a	  point	  of	  correspondence	  on	  each	  object	  that	  matches	  between	  and	  within	  

populaMons”	  (Zelditch,	  2004).	  Accurate	  and	  rapid	  digiMsaMon	  methods	  have	  also	  

helped	  the	  development	  of	  this	  method	  as	  computer-‐based	  algorithms	  have	  allowed	  

for	  the	  analysis	  of	  digitally	  processed	  landmarks.	  The	  box-‐truss	  method	  is	  one	  method	  

that	  uses	  landmarks	  to	  infer	  linear	  distances	  (Cadrin,	  2000).	  It	  has	  resulted	  in	  more	  

accurate	  discriminaMon	  of	  groups	  when	  compared	  to	  tradiMonal	  distance	  sampling.	  

However,	  both	  the	  box-‐truss	  method	  and	  tradiMonal	  distance	  measurements	  are	  sMll	  

influenced	  by	  size,	  which	  may	  potenMally	  discriminate	  between	  adults	  and	  juveniles	  
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irrespecMve	  of	  any	  intrinsic	  shape	  differences.	  In	  addiMon,	  when	  using	  these	  methods	  it	  

is	  not	  possible	  to	  establish	  whether	  shape	  changes	  are	  linked	  to	  growth	  or	  to	  an	  

unknown	  environmental	  factor.	  As	  such,	  it	  is	  important	  to	  develop	  a	  method	  in	  which	  

only	  shape	  is	  used	  for	  discriminaMon,	  and	  where	  size	  does	  not	  play	  a	  role.

Geometric	  morphometrics	  uses	  landmark	  coordinates,	  retaining	  the	  original	  geometry	  

of	  the	  landmark	  configuraMon.	  The	  landmark	  coordinates	  are	  scaled	  to	  remove	  size	  

differences	  and	  rotaMonal	  and	  posiMonal	  effects	  are	  also	  removed	  before	  staMsMcal	  

analysis	  (Zelditch,	  2004).	  Geometric	  morphometrics	  can	  use	  a	  number	  of	  different	  

criteria	  to	  classify	  the	  species	  under	  study,	  with	  those	  most	  commonly	  used	  for	  fish	  

being	  the	  morphology	  of	  the	  whole	  fish	  or	  head,	  and	  otolith	  and	  scale	  shapes.	  

Recently,	  studies	  have	  a<empted	  to	  discriminate	  between	  populaMons,	  species	  or	  

genera	  using	  one	  or	  more	  of	  these	  criteria	  (Ibañez	  et	  al.,	  2007;	  Silva,	  2003).	  Geometric	  

morphometric	  techniques	  have	  been	  successfully	  used	  to	  discriminate	  between	  two	  

species	  of	  sturgeon	  and	  their	  hybrid	  (Costa	  et	  al.,	  2006)	  as	  well	  as	  between	  S.	  

alburnoides	  and	  its	  sperm	  donor	  S.	  caroliterCi	  in	  the	  Northern	  river	  basins	  of	  Portugal	  

(Cunha	  et	  al.,	  2010).	  

All	  the	  landmark	  studies	  previously	  menMoned	  reinforce	  the	  idea	  that	  geometric	  

morphometrics	  is	  a	  valid	  technique	  to	  discriminate	  both	  potenMal	  groups	  of	  S.	  

alburnoides	  according	  to	  their	  ploidy	  level,	  and	  to	  idenMfy	  differences	  in	  shape	  

between	  individuals	  from	  different	  river	  basins	  sampled	  in	  the	  Iberian	  Peninsula.	  This	  

chapter	  describes	  the	  methods	  and	  results	  of	  such	  a	  study.

3.2	  Methods

To	  be	  able	  to	  idenMfy	  the	  ploidy	  of	  fish	  sampled	  during	  this	  project	  a	  database	  of	  scales 	  

of	  known	  ploidy	  was	  needed.	  The	  database	  this	  was	  compiled	  from	  used	  fish	  collected	  
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from	  the	  Tejo,	  Sado	  and	  Guadiana	  river	  basins	  in	  Portugal	  between	  1994	  and	  2009	  

(details	  in	  Chapter	  2:	  General	  Methods	  secMon).	  362	  fish	  were	  available	  from	  the	  

Guadiana	  river	  basin	  and	  23	  and	  21	  respecMvely	  from	  the	  Tejo	  and	  Sado	  river	  basins.	  

These	  fish	  were	  collected	  by	  the	  team	  at	  the	  Universidade	  de	  Lisboa	  for	  laboratory	  

crosses	  and	  research	  concerning	  the	  geneMc	  make-‐up	  of	  S.	  alburnoides	  (Alves	  et	  al.,	  

1997;	  1998;	  1999;	  2002;	  2004;	  Ribeiro	  et	  al.,	  2003).	  The	  ploidy	  level	  of	  all	  fish	  was	  

determined	  by	  flow	  cytometry	  (Ribeiro	  et	  al.,	  2003;	  Collares-‐Pereira	  and	  Moreira	  da	  

Costa,	  1999)	  and	  for	  certain	  individuals	  the	  exact	  geneMc	  composiMon	  was	  also	  known.

Scales	  from	  each	  individual	  fish	  collected	  by	  the	  Universidade	  de	  Lisboa	  were	  examined	  

to	  determine	  whether	  ploidy	  level	  influenced	  the	  phenotype	  of	  the	  fish.	  To	  achieve	  

this,	  the	  shape	  of	  individual	  scales	  were	  determined	  using	  geometric	  morphometric	  

methods.	  All	  scales	  were	  removed	  from	  the	  shoulder	  region	  of	  the	  fish,	  above	  the	  

lateral	  line	  (Figure	  3.1).	  This	  area	  was	  chosen	  as	  it	  is	  the	  area	  in	  which	  scales	  are	  first	  

deposited	  in	  a	  number	  of	  cyprinid	  species,	  thus	  displaying	  the	  most	  growth	  history	  

(Sire	  and	  Arnulf,	  1990).	  

Figure	  3.1:	  Photo	  of	  S.	  alburnoides	  with	  shoulder	  area	  outlined.	  All	  scale	  samples	  were	  
removed	  from	  this	  area.

Where	  possible,	  five	  scales	  from	  each	  fish	  were	  photographed	  using	  a	  Leica	  microscope 	  

S8APO	  fi<ed	  with	  a	  Leica	  camera	  DFC290.	  All	  scales	  photographed	  were	  intact,	  any	  

broken	  scales	  were	  rejected.	  The	  central	  point	  of	  the	  scale,	  called	  the	  focus,	  was	  plainly	  
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visible	  on	  each	  photograph	  taken.	  These	  selecMon	  criteria	  meant	  that	  any	  replacement	  

scales,	  that	  grow	  when	  the	  original	  scale	  is	  lost,	  were	  rejected	  (Figure	  3.2).	  This	  was	  

also	  considered	  necessary	  because	  replacement	  scales	  grow	  at	  a	  faster	  rate	  than	  other	  

scales	  in	  the	  surrounding	  body	  areas	  (Ohira	  et	  al.,	  2007),	  and	  it	  was	  assumed	  that	  this	  

rapid	  growth	  could	  alter	  the	  shape	  of	  the	  scale,	  thus	  modifying	  the	  average	  shape	  

related	  to	  specific	  ploidy	  levels.	  Five	  scales	  per	  individual	  were	  chosen	  to	  provide	  an	  

average	  scale	  shape	  in	  case	  of	  deformaMons	  that	  occurred	  in	  the	  normal	  development	  

of	  the	  scale,	  which	  could	  also	  cause	  discrepancies	  in	  the	  final	  scale	  shape.	  As	  all	  

replacement	  scales	  were	  discarded,	  the	  number	  of	  usable	  scales	  from	  some	  individuals 	  

was	  reduced,	  however	  the	  majority	  of	  fish	  sampled	  contained	  at	  least	  five	  good	  scales	  

for	  analysis.	  The	  magnificaMon	  at	  which	  all	  images	  were	  taken	  was	  noted	  and	  a	  scale	  

bar	  of	  0.5	  mm	  was	  added	  to	  all	  images.	  This	  was	  later	  used	  to	  calibrate	  the	  images	  and	  

compare	  shape	  whilst	  controlling	  for	  size.

Figure	  3.2:	  Replacement	  scale	  from	  a	  diploid	  male	  S.	  alburnoides.	  The	  central	  porMon	  
of	  the	  scale	  shows	  rapid	  growth,	  followed	  by	  normal	  growth	  thereaKer.	  
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Images	  were	  then	  exported	  to	  TPSDig2	  (Rohlf,	  2010)	  for	  morphometric	  analysis	  of	  scale 	  

shape.	  Three	  landmarks	  and	  sixteen	  semilandmarks	  were	  placed	  on	  each	  image	  to	  

determine	  the	  shape	  of	  each	  scale.	  The	  number	  of	  semilandmarks	  was	  determined	  as	  

the	  minimum	  number	  of	  semilandmarks	  that	  could	  accurately	  describe	  the	  shape	  of	  

the	  scales	  of	  S.	  alburnoides.	  The	  three	  landmarks	  are	  repeatable	  points	  consisMng	  of	  

the	  centre	  of	  the	  posterior	  edge	  of	  the	  scale	  (1),	  the	  focus	  (2)	  and	  the	  centre	  of	  the	  

anterior	  edge	  (3)	  (Figure	  3.3	  -‐	  A	  and	  B).	  In	  previous	  studies	  where	  scale	  shape	  was	  used	  

in	  conjuncMon	  with	  geometric	  morphometrics,	  only	  landmarks	  were	  used,	  placed	  on	  

clearly	  defined	  features	  along	  the	  scale,	  such	  as	  posterior	  and	  anterior	  edges	  (Ibañez	  et	  

al.,	  2007;	  2009).	  Due	  to	  the	  amount	  of	  variaMon	  present	  in	  the	  scale	  shape	  of	  S.	  

alburnoides	  insufficient	  repeatable	  features	  could	  be	  reliably	  idenMfied	  to	  fully	  describe	  

the	  overall	  shape.	  As	  such,	  semilandmarks	  were	  used	  to	  define	  the	  contour	  of	  the	  

scale.	  Eight	  semilandmarks	  were	  placed	  between	  landmarks	  3	  and	  1	  in	  a	  counter-‐

clockwise	  fashion,	  equidistant	  from	  each	  other.	  The	  same	  process	  was	  repeated	  from	  

landmarks	  1	  to	  3,	  thus	  compleMng	  the	  outline	  of	  the	  enMre	  shape	  of	  the	  scale.

Once	  landmarking	  was	  complete,	  with	  each	  scale	  being	  defined	  by	  19	  coordinates,	  

these	  were	  superimposed	  using	  Generalised	  Least	  Squares	  Procrustes	  superimposiMon	  

(GLS)	  in	  TPSRelw	  (Rohlf,	  2010b),	  where	  all	  size,	  posiMon	  and	  rotaMon	  informaMon	  is	  

removed,	  leaving	  only	  shape	  informaMon	  (Zelditch,	  2004).	  Semilandmarks	  were	  treated	  

according	  to	  the	  sliding	  method	  developed	  by	  Bookstein	  (Bookstein,	  1997)	  before	  GLS	  

to	  take	  into	  account	  the	  reduced	  accuracy	  of	  semilandmarks	  compared	  with	  

landmarks.

49



A) 

B) 

Figure	  3.3:	  A)	  and	  B)	  Landmark	  and	  semilandmark	  posiMons	  on	  a	  S.	  alburnoides	  scale.	  
Landmark	  size	  on	  image	  B)	  increased	  for	  clarity.

Coordinates	  extracted	  from	  GLS	  were	  imported	  to	  MorphoJ	  (Klingenberg,	  2011)	  and	  a	  

Procrustes	  fit	  performed	  to	  find	  the	  mean	  scale	  shape	  and	  how	  deviaMons	  from	  this	  

shape	  occur	  (Klingenberg	  et	  al.,	  2002).	  The	  average	  scale	  shape	  for	  each	  individual	  fish	  
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was	  determined,	  using	  the	  five	  sets	  of	  coordinates	  available.	  A	  pooled	  within-‐groups	  

Principal	  Components	  Analysis	  (PCA)	  was	  performed.	  The	  pooled	  PCA	  analysis,	  where	  

ploidy	  is	  the	  pooled	  variable,	  will	  allow	  any	  differences	  in	  shape	  within	  a	  group	  to	  be	  

seen.	  It	  will	  thus	  show	  the	  amount	  of	  shape	  variaMon	  present	  within	  a	  group,	  without	  

comparing	  shape	  differences	  between	  groups	  (Mi<eroecker	  and	  Bookstein,	  2011;	  

Zelditch,	  2004).	  Pooled	  results	  will	  then	  take	  into	  account	  any	  within	  group	  differences	  

when	  between	  group	  discriminaMon	  is	  performed.	  All	  river	  basins	  were	  analysed	  

separately	  to	  minimise	  within-‐group	  variaMon	  due	  to	  geographic	  differences	  within	  

individual	  groups.	  

The	  R	  staMsMcal	  soKware	  package	  (R	  Development	  Core	  Team,	  2011)	  was	  used	  to	  

perform	  a	  variety	  of	  analyses	  that	  were	  used	  to	  discriminate	  between	  ploidy	  levels	  as	  

well	  as	  to	  predict	  the	  genomic	  composiMon	  of	  fish	  of	  unknown	  ploidy.	  The	  principal	  

component	  scores	  were	  exported	  to	  R	  (R	  Development	  Core	  Team,	  2011)	  for	  further	  

analysis.	  Canonical	  Variate	  Analyses	  (CVA)	  were	  used	  to	  determine	  between-‐group	  

variaMon,	  highlighMng	  differences	  in	  the	  average	  scale	  shape	  of	  individuals	  with	  

different	  ploidy	  levels.	  As	  a	  way	  of	  quanMfying	  the	  differences,	  a	  Linear	  Discriminant	  

Analysis	  (LDA)	  was	  performed,	  which	  created	  a	  funcMon	  by	  which	  individuals	  could	  be	  

classified	  according	  to	  scale	  shape.	  A	  leave-‐one-‐out	  cross	  validaMon	  was	  then	  

performed	  which	  a<empted	  to	  reclassify	  the	  ploidy	  of	  individuals	  using	  the	  linear	  

discriminant	  funcMon	  created	  (Cordeiro-‐Estrela	  et	  al.,	  2008;	  Mi<eroecker	  and	  

Bookstein,	  2011).	  
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3.3	  Results

3.3.1	  Guadiana

A	  number	  of	  discriminant	  analyses	  were	  performed	  on	  fish	  collected	  from	  the	  

Guadiana	  river	  basin,	  using	  different	  criteria	  for	  grouping,	  with	  the	  aim	  of	  selecMng	  the	  

most	  effecMve	  for	  further	  studies	  and	  the	  predicMon	  of	  fish	  of	  unknown	  ploidy.

3.3.1.1	  Discriminant	  analysis	  1

Fish	  of	  known	  ploidy	  were	  collected	  from	  a	  number	  of	  locaMons	  in	  the	  Guadiana	  river	  

basin.	  In	  total	  362	  fish	  of	  known	  ploidy	  were	  collected,	  of	  which	  163	  were	  diploid	  and	  

199	  were	  triploid.	  The	  first	  two	  principal	  component	  scores	  were	  plo<ed	  as	  a	  way	  of	  

showing	  within-‐group	  variaMon	  (Figure	  3.4).	  Both	  diploid	  and	  triploid	  groups	  showed	  a	  

large	  amount	  of	  shape	  variaMon	  along	  both	  axes,	  although	  the	  diploid	  group	  appeared	  

to	  demonstrate	  a	  wider	  variaMon	  along	  the	  first	  axis,	  indicaMng	  that	  scales	  within	  the	  

group	  are	  highly	  variable,	  therefore	  the	  average	  shape	  for	  the	  group	  may	  not	  be	  

representaMve	  of	  some	  individuals.	  	  Using	  the	  average	  scale	  shape	  for	  each	  fish,	  a	  

Canonical	  Variates	  Analysis	  (CVA)	  was	  performed,	  with	  fish	  grouped	  by	  ploidy	  in	  an	  

a<empt	  to	  show	  the	  difference	  in	  shape	  between	  ploidy	  groups.	  For	  fish	  from	  this	  river	  

basin	  only	  two	  ploidy	  levels	  were	  available	  and	  the	  CVA	  plot	  revealed	  some	  overlap	  

between	  both	  groups	  (Figure	  3.5).	  Despite	  the	  overlap,	  there	  remains	  sMll	  some	  

disMncMon	  between	  the	  two	  groups,	  indicaMng	  that	  morphological	  differences	  exist.	  
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Figure	  3.4:	  Principal	  components	  plot	  of	  the	  first	  two	  PC	  scores	  for	  fish	  of	  known	  ploidy	  
from	  the	  Guadiana	  river	  basin,	  showing	  within-‐group	  shape	  variaMon.

A	  cross-‐validaMon	  table	  was	  created,	  using	  the	  LDA	  funcMon	  to	  reclassify	  individuals	  to	  

a	  specific	  group	  based	  on	  scale	  shape.	  The	  accuracy	  of	  the	  funcMon	  could	  be	  

determined	  by	  assessing	  the	  percentage	  of	  correct	  reclassificaMons	  (Table	  3.1).	  The	  

percentage	  of	  diploid	  and	  triploid	  individuals	  correctly	  classified	  using	  this	  method	  

were	  72%	  and	  84%	  respecMvely.
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A)

B)

                                         

Figure	  3.5:	  A)	  CVA	  plot	  of	  scales	  of	  S.	  alburnoides	  from	  the	  River	  Guadiana,	  showing	  
shape	  differences	  between	  diploid	  (2n)	  and	  triploid	  (3n)	  individuals.	  B)	  Superimposed	  
average	  shape	  of	  triploids	  and	  diploids.	  Black	  lines	  correspond	  to	  triploids,	  grey	  lines	  to	  
diploids.
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Table	  3.1:	  Cross-‐validaMon	  of	  diploid	  (2n)	  and	  triploid	  (3n)	  individuals	  from	  the	  
Guadiana	  river	  basin,	  where	  for	  a	  given	  row,	  the	  columns	  represent	  the	  number	  of	  
individuals	  assigned	  to	  each	  group.

2n 3n

2n	  (N	  =	  163)

3n	  (N	  =	  199)

118 45

30 169

3.3.1.2	  Discriminant	  analysis	  2

The	  diploid	  classificaMon	  makes	  no	  disMncMon	  between	  diploid	  AA	  males	  and	  other	  

diploid	  individuals.	  In	  an	  a<empt	  to	  compensate	  for	  this,	  as	  diploid	  males	  are	  visibly	  

different	  from	  other	  diploids,	  all	  diploid	  individuals	  of	  known	  male	  sex	  were	  classified	  

as	  2AA	  in	  preparaMon	  for	  a	  new	  analysis.	  This	  procedure	  produced	  three	  groups	  were	  

created,	  with	  79	  diploids	  (2n),	  84	  diploid	  males	  (2AA)	  and	  199	  triploids	  (3n).	  The	  

diploid	  group	  could	  potenMally	  sMll	  contain	  diploid	  males	  as	  diploids	  of	  unknown	  sex	  

were	  leK	  in	  this	  group.	  The	  PCA	  plot	  shows	  that	  this	  is	  likely	  as	  variaMon	  is	  reduced	  on	  

the	  X	  axis	  for	  diploid	  males	  and	  triploids,	  however	  diploids	  sMll	  show	  a	  large	  amount	  of	  

variaMon,	  spread	  along	  the	  first	  principal	  component	  (Figure	  3.6).	  

The	  CVA	  plot	  showed	  overlap	  between	  the	  three	  groups,	  with	  diploid	  males	  being	  

slightly	  more	  disMnct	  than	  the	  other	  two.	  The	  slight	  overlap	  of	  diploids	  with	  diploid	  

males	  is	  probably	  caused	  by	  diploid	  males	  contribuMng	  towards	  other	  diploids	  as	  their	  

sex	  was	  unknown.	  The	  diploid	  and	  triploid	  groups	  overlapped	  but	  the	  differing	  groups	  

could	  sMll	  be	  parMally	  determined	  (Figure	  3.7).	  The	  cross-‐validaMon	  mirrored	  these	  

findings	  (Table	  3.2).
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Figure	  3.6:	  Principal	  components	  plot	  of	  diploid	  male,	  triploid	  and	  diploid	  individuals	  
from	  the	  Guadiana	  river	  basin,	  showing	  within-‐group	  shape	  variaMon.

Figure	  3.7:	  CVA	  plot	  of	  Guadiana	  river,	  showing	  shape	  differences	  between	  diploid	  (2),	  
diploid	  males	  (2AA)	  and	  triploid	  (3)	  individuals.
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Table	  3.2:	  Cross-‐validaMon	  of	  diploid	  (2n),	  diploid	  males	  (2AA)	  and	  triploid	  (3n)	  
individuals	  from	  the	  Guadiana	  river	  basin.

2n 2AA 3n

2n	  (N	  =	  79)

2AA	  (N	  =	  84)

3n	  (N	  =	  199)

11 23 45

11 56 17

7 7 185

The	  resulMng	  funcMon	  was	  very	  poor	  at	  correctly	  classifying	  diploid	  individuals	  (13.9%	  

correct),	  however	  performed	  much	  be<er	  for	  both	  male	  diploid	  (66.7%	  correct)	  and	  

triploid	  individuals	  (93%	  correct).	  The	  results	  show	  that	  the	  variaMon	  within	  diploid	  

individuals	  is	  large,	  which	  may	  be	  caused	  by	  an	  iniMal	  misclassificaMon	  of	  diploid	  male	  

individuals	  (genomic	  composiMon	  AA)	  as	  diploids	  (genomic	  composiMon	  PA),	  explaining	  

the	  large	  number	  of	  diploid	  individuals	  that	  both	  the	  plot	  and	  cross-‐validaMon	  appear	  

to	  class	  as	  diploid	  males.	  

3.3.1.3	  Discriminant	  analysis	  3

The	  problem	  of	  misclassified	  diploids	  was	  avoided	  by	  reducing	  the	  sample	  size	  so	  that	  

only	  diploid	  individuals	  of	  known	  sex	  were	  included.	  Female	  diploids	  were	  assumed	  to	  

have	  a	  PA	  genomic	  composiMon	  and	  all	  diploid	  males	  were	  assumed	  to	  have	  an	  AA	  

genomic	  composiMon.	  This	  modified	  the	  dataset	  so	  that	  it	  contained	  84	  diploid	  male,	  

48	  diploid	  female	  and	  199	  triploid	  individuals.	  A	  PC	  analysis	  shows	  smaller	  within-‐

group	  variaMon	  for	  diploid	  females	  when	  compared	  to	  discriminant	  analysis	  2,	  

indicaMng	  that	  the	  assumpMon	  of	  misclassified	  diploid	  males	  is	  likely	  to	  be	  accurate	  

(PCA	  plot	  not	  shown).	  Differences	  can	  also	  be	  seen	  using	  the	  CVA	  plot	  (Figure	  3.8),	  

where	  the	  overlap	  between	  diploid	  males	  and	  diploid	  females	  is	  substanMally	  reduced.	  

A	  large	  degree	  of	  overlap	  can	  sMll	  be	  found	  between	  triploid	  and	  diploid	  female	  

individuals,	  that	  the	  cross-‐validaMon	  would	  be	  expected	  to	  also	  show.	  This	  is	  the	  case	  
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(Table	  3.3),	  with	  high	  accuracy	  rates	  for	  both	  diploid	  males	  and	  triploids	  (75%	  and	  92%	  

respecMvely).	  However,	  once	  again	  the	  accuracy	  for	  the	  remaining	  diploid	  individuals	  

remains	  low,	  achieving	  only	  6.3%	  in	  this	  analysis.	  

A)A)

B) C)
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D)

Figure	  3.8:	  A)	  CVA	  plot	  of	  Guadiana	  river,	  showing	  shape	  differences	  between	  diploid	  
female,	  diploid	  male	  and	  triploid	  individuals	  B)	  Superimposed	  average	  shape	  of	  
triploids	  (black	  lines)	  and	  diploid	  males	  (grey	  lines)	  C)	  Superimposed	  average	  shape	  of	  
diploid	  females	  (black	  lines)	  and	  diploid	  males	  (grey	  lines)	  D)	  Superimposed	  average	  
shape	  of	  triploids	  (black	  lines)	  and	  diploid	  females	  (grey	  lines).

Table	  3.3:	  Cross-‐validaMon	  of	  diploid	  females	  (2n),	  diploid	  males	  (2AA)	  and	  triploid	  (3n)	  
individuals	  from	  the	  Guadiana	  river	  basin.

2n 2AA 3n

2n	  (N	  =	  48)

2AA	  (N	  =	  84)

3n	  (N	  =	  199)

3 8 37

1 63 20

3 13 183

3.3.2	  Predic4on	  of	  Guadiana	  fish

The	  last	  LDA	  (Discriminant	  funcMon	  3)	  is	  the	  most	  accurate	  both	  in	  biological	  and	  

staMsMcal	  terms	  and	  as	  such	  is	  used	  to	  predict	  the	  ploidy	  of	  fish	  collected	  in	  the	  Ribeira	  

da	  Murtega	  in	  2009,	  as	  well	  as	  fish	  collected	  between	  1999	  and	  2001	  where	  ploidy	  was 	  

not	  determined	  during	  the	  original	  geneMc	  analyses,	  either	  due	  to	  uncertainty	  or	  

because	  a	  subset	  of	  fish	  were	  not	  sampled	  for	  geneMc	  purposes.	  A	  predicMon	  funcMon	  

was	  created	  using	  the	  LDA,	  which	  assigned	  a	  probability	  for	  each	  individual	  of	  
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belonging	  to	  each	  group.	  A	  total	  of	  178	  fish	  were	  classified	  in	  one	  of	  three	  groups	  (2AA,	  

2n,	  3n),	  where	  2AA	  corresponds	  to	  diploid	  males	  and	  2n	  are	  assumed	  to	  be	  diploid	  

females.	  The	  iniMal	  classificaMon	  classed	  only	  four	  individuals	  as	  diploid	  female,	  63	  

were	  classed	  as	  diploid	  male	  and	  the	  remaining	  111	  were	  triploids.	  However,	  the	  

probability	  of	  belonging	  to	  a	  specific	  group	  for	  some	  individuals	  was	  not	  much	  higher	  

than	  the	  expected	  probability	  due	  to	  chance	  (33.3%).	  Thus,	  an	  assignment	  cutoff	  of	  

60%	  was	  used	  such	  that	  individuals	  were	  only	  assigned	  to	  a	  group	  if	  the	  predicMon	  

probability	  was	  60%	  or	  higher,	  almost	  twice	  that	  expected	  by	  chance.	  Individuals	  

excluded	  by	  the	  cutoff	  were	  classed	  as	  inconclusive	  genomic	  composiMon	  and	  were	  

discarded	  from	  any	  subsequent	  analyses	  where	  the	  ploidy	  could	  be	  a	  potenMal	  

grouping	  factor.	  

The	  subset	  selected	  contained	  87	  triploid	  individuals	  and	  50	  diploid	  male	  individuals.	  

None	  of	  the	  four	  diploid	  female	  individuals	  achieved	  probabiliMes	  of	  over	  60%.	  The	  

probabiliMes	  for	  these	  ranged	  between	  45%	  and	  59%.	  The	  full	  list	  of	  individuals	  where	  

ploidy	  was	  predicted,	  as	  well	  as	  the	  probabiliMes,	  can	  be	  found	  in	  Appendix	  1.	  

Figure	  3.9	  provides	  a	  graphical	  representaMon	  of	  the	  shape	  variaMon	  present	  for	  all	  

ploidy	  levels	  known.	  A	  subset	  of	  individuals	  whose	  ploidy	  was	  predicted	  is	  also	  plo<ed,	  

with	  each	  individual	  represented	  by	  a	  pie	  chart	  of	  the	  probabiliMes	  of	  belonging	  to	  a	  

parMcular	  group.	  The	  plot	  shows	  that	  the	  probability	  of	  belonging	  to	  a	  group	  is	  directly	  

related	  to	  the	  shape	  of	  the	  scale	  analysed	  for	  predicMon,	  where	  both	  male	  diploids	  and	  

triploids	  and	  much	  easier	  to	  idenMfy	  than	  female	  diploids.	  The	  fish	  whose	  scale	  shape	  

are	  in	  the	  overlapping	  region	  of	  the	  three	  ploidy	  levels	  have	  probabiliMes	  that	  

represent	  this,	  making	  some	  difficult	  to	  confidently	  idenMfy.	  
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Figure	  3.9:	  Canonical	  variate	  plot	  of	  fish	  of	  know
n	  ploidy	  as	  w

ell	  as	  a	  random
	  subsam

ple	  of	  12	  fish	  of	  unknow
n	  ploidy.	  Blue	  represents	  diploid	  

m
ales,	  red	  diploid	  fem

ales	  and	  triploid	  m
ales	  are	  represented	  by	  green,	  both	  of	  the	  CVA

	  plot	  as	  w
ell	  as	  the	  overlaying	  piecharts.	  So	  as	  to	  be<

er	  

visualise	  the	  predicMons,	  the	  plot	  w
as	  cropped	  so	  as	  to	  rem

ove	  a	  single	  triploid	  outlier,	  of	  coordinates	  (5.352,	  -‐4.259).	  



3.3.3	  Tejo

No	  fish	  from	  the	  Tejo	  river	  basin	  were	  collected	  during	  this	  study,	  and	  as	  such	  scales	  

available	  from	  the	  Tejo	  are	  used	  only	  to	  visualise	  differences	  between	  ploidy	  groups	  

and	  not	  to	  predict	  the	  ploidy	  of	  unknown	  individuals.	  As	  with	  the	  fish	  from	  the	  

Guadiana	  basin,	  fish	  from	  the	  Tejo	  river	  basin	  were	  classified	  to	  ploidy	  level	  and	  where	  

possible,	  genomic	  composiMon	  and	  sex	  were	  idenMfied.	  The	  average	  scale	  shape	  from	  a	  

maximum	  of	  five	  scales	  was	  used	  for	  all	  subsequent	  analyses.	  A	  total	  of	  23	  fish	  were	  

analysed,	  from	  three	  disMnct	  ploidy	  groups	  (six	  diploid,	  11	  triploid,	  six	  tetraploid).	  The	  

exact	  genotypic	  composiMon	  of	  all	  diploid	  individuals	  was	  known	  and	  all	  were	  found	  to	  

be	  of	  PA	  genomic	  composiMon.	  There	  were	  no	  diploid	  males	  present	  in	  the	  samples	  

collected	  from	  the	  Tejo.	  As	  such,	  it	  was	  not	  necessary	  to	  discriminate	  between	  both	  

types	  of	  diploid	  individuals	  in	  all	  analyses.	  

The	  first	  four	  PC	  scores,	  represenMng	  95.7%	  of	  the	  total	  variance,	  were	  used	  for	  the	  

linear	  discriminant	  analysis	  and	  CVA	  plot	  (Figures	  3.10	  and	  3.11).	  	  Analysis	  was	  

performed	  on	  all	  groups	  together	  and	  the	  CVA	  plot	  showed	  some	  discriminaMon	  

between	  groups,	  especially	  for	  triploids.	  However,	  the	  sca<er	  of	  individuals	  for	  any	  one	  

group	  was	  wide,	  therefore	  any	  clear	  and	  accurate	  discriminaMon	  was	  not	  possible.
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Figure	  3.10:	  PCA	  plot	  of	  Tejo	  river,	  showing	  variaMon	  in	  shape	  within	  ploidy	  levels.

Figure	  3.11:	  CVA	  plot	  of	  Tejo	  river,	  showing	  shape	  differences	  between	  diploid,	  triploid	  
and	  tetraploid	  individuals.
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The	  discriminant	  analysis	  produced	  a	  similar	  pa<ern,	  with	  triploids	  accurately	  classified	  

63.6%	  of	  the	  Mme,	  a	  much	  higher	  percentage	  than	  both	  diploid	  and	  tetraploid	  (33.3%	  

each	  of	  correct	  classificaMon).	  The	  classificaMon	  was	  not	  accurate	  for	  all	  groups,	  and	  

the	  percentage	  of	  accuracy	  varied	  greatly	  between	  groups	  (Table	  3.4).

Table	  3.4:	  Cross-‐validaMon	  of	  diploid	  (2n),	  triploid	  (3n)	  and	  tetraploid	  (4n)	  individuals	  
from	  the	  Tejo	  river	  basin.

2n 3n 4n

2n	  (N	  =	  6)

3n	  (N	  =	  11)

4n	  (N	  =	  6)

2 2 2

2 7 2

0 4 2

Neither	  the	  graph	  nor	  the	  cross-‐validaMon	  showed	  a	  higher	  overlap	  in	  shape	  between	  

any	  two	  groups	  when	  compared	  to	  the	  other.	  	  As	  the	  percentages	  of	  correct	  

reclassificaMon	  for	  certain	  groups	  was	  low,	  it	  was	  deemed	  that	  the	  data	  were	  

insufficient	  to	  be	  able	  to	  create	  a	  predicMon	  funcMon	  that	  would	  be	  able	  to	  classify	  

unknown	  individuals	  in	  future.	  It	  was	  however	  possible	  to	  view	  the	  average	  shape	  for	  

all	  groups,	  and	  idenMfy	  where	  differences	  between	  groups	  were	  found	  on	  the	  scale	  

(Figure	  3.12).	  Triploid	  and	  tetraploid	  individuals	  have	  the	  most	  similar	  average	  shapes,	  

whilst	  diploid	  individuals	  display	  broader	  average	  shapes	  than	  both	  other	  ploidy	  levels,	  

evident	  by	  the	  posiMon	  of	  landmarks	  7	  to	  8	  and	  15	  to	  16.
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A) B)

C)

Figure	  3.12:	  Average	  shape	  of	  all	  ploidy	  levels	  from	  the	  Tejo	  river	  basin,	  superimposed.	  
A)	  Superimposed	  average	  shape	  of	  triploids	  (grey	  lines)	  and	  diploids	  (black	  lines)	  B)	  
Superimposed	  average	  shape	  of	  triploids	  (grey	  lines)	  and	  tetraploids	  (black	  lines)	  C)	  
Superimposed	  average	  shape	  of	  tetraploids	  (black	  lines)	  and	  diploids	  (grey	  lines).

3.3.4	  Sado

As	  with	  the	  Tejo	  dataset,	  individuals	  from	  the	  Sado	  were	  only	  used	  to	  visualise	  

potenMal	  shape	  differences	  between	  ploidy	  groups	  in	  this	  river	  basin.	  No	  new	  fish	  were	  

sampled	  for	  this	  study,	  therefore	  a	  predicMon	  funcMon	  was	  not	  created.	  The	  sample	  

size	  of	  fish	  originaMng	  from	  the	  Sado	  river	  basin	  was	  very	  small,	  being	  made	  up	  of	  two	  

diploid	  individuals,	  18	  triploids	  and	  one	  tetraploid	  individual.	  Due	  to	  the	  discrepancy	  in	  

sample	  sizes	  between	  the	  three	  groups	  it	  was	  expected	  that	  any	  analysis	  would	  be	  

skewed	  in	  favour	  of	  triploid	  individuals,	  where	  more	  informaMon	  was	  available.	  The	  
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CVA	  plot	  showed	  a	  good	  separaMon	  of	  the	  three	  groups	  (Figure	  3.13).	  However,	  the	  

variaMon	  in	  shape	  present	  within	  both	  diploid	  and	  triploid	  groups	  was	  large	  (Figure	  

3.14),	  which	  may	  reduce	  the	  accuracy	  of	  any	  subsequent	  cross-‐validaMon	  or	  

predicMons.	  As	  only	  one	  individual	  represented	  the	  tetraploid	  group	  it	  was	  not	  possible 	  

to	  determine	  whether	  this	  was	  a	  representaMve	  shape	  of	  this	  group.

Figure	  3.13:	  Canonical	  variate	  analysis	  plot	  of	  diploid,	  triploid	  and	  tetraploid	  individuals	  
from	  the	  Sado	  river	  basin.
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Figure	  3.14:	  PCA	  plot	  of	  Sado	  river,	  showing	  variaMon	  in	  shape	  within	  ploidy	  levels.

The	  linear	  discriminant	  analysis	  and	  subsequent	  cross-‐validaMon	  were	  unable	  to	  

reclassify	  the	  tetraploid	  individual,	  as	  more	  than	  one	  individual	  per	  group	  is	  needed	  for	  

the	  analysis.	  As	  such,	  the	  CVA	  and	  linear	  discriminant	  analyses	  were	  repeated,	  

removing	  the	  tetraploid	  individual	  (Figure	  3.15).	  

The	  first	  three	  PC	  scores	  were	  taken	  into	  account,	  incorporaMng	  95.1%	  of	  the	  variance.	  

As	  expected,	  the	  funcMon	  was	  not	  accurate,	  classifying	  all	  20	  individuals	  as	  triploids	  

(Table	  3.5).
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Figure	  3.15:	  CVA	  plot	  of	  diploid	  and	  triploid	  individuals	  from	  the	  Sado	  river	  basin.

Table	  3.5:	  Cross-‐validaMon	  of	  diploid	  (2n)	  and	  triploid	  (3n)	  individuals	  from	  the	  Sado	  
river	  basin.

2n 3n

2n	  (N	  =	  2)

3n	  (N	  =	  18)

0 2

0 18

The	  results	  were	  not	  sufficiently	  accurate	  to	  potenMally	  use	  in	  the	  predicMon	  of	  fish	  of	  

unknown	  ploidy.	  In	  addiMon,	  the	  Sado	  basin	  has	  tetraploid	  individuals	  present	  (Sousa-‐

Santos,	  Collares-‐Pereira,	  and	  Almada,	  2007b)	  and	  any	  predicMon	  funcMon	  not	  

incorporaMng	  tetraploid	  informaMon	  would	  undoubtedly	  misclassify	  a	  large	  proporMon	  

of	  individuals.	  Differences	  between	  the	  average	  morphology	  of	  tetraploid	  scales	  and	  

those	  of	  other	  ploidy	  levels	  are	  evident	  in	  Figure	  3.16.	  Tetraploids	  display	  a	  broader	  

posterior	  edge	  when	  compared	  to	  diploid	  individuals	  and	  a	  broader	  anterior	  edge	  

when	  compared	  to	  triploids.	  Diploid	  scales	  are	  narrower	  along	  the	  length	  of	  the	  scale	  

when	  compared	  to	  both	  other	  ploidy	  levels.
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A) B)

C)

Figure	  3.16:	  Average	  shape	  of	  all	  ploidy	  levels	  from	  the	  Sado	  river	  basin,	  superimposed.	  
A)	  Superimposed	  average	  shape	  of	  triploids	  (grey	  lines)	  and	  diploids	  (black	  lines)	  B)	  
Superimposed	  average	  shape	  of	  triploids	  (grey	  lines)	  and	  tetraploids	  (black	  lines)	  C)	  
Superimposed	  average	  shape	  of	  tetraploids	  (grey	  lines)	  and	  diploids	  (black	  lines)

3.3.5	  All	  river	  basins	  -‐	  Guadiana,	  Tejo	  and	  Sado

In	  an	  a<empt	  to	  compensate	  for	  the	  lack	  of	  informaMon	  from	  the	  Tejo	  and	  Sado	  

datasets,	  shape	  informaMon	  from	  all	  three	  river	  basins	  was	  pooled	  together	  and	  the	  

same	  analyses	  as	  previously	  were	  performed.	  Diploid	  fish	  of	  unknown	  sex	  were	  not	  

included	  in	  the	  analysis	  as	  the	  Guadiana	  dataset	  showed	  that	  this	  could	  introduce	  

errors	  in	  the	  classificaMon	  of	  diploid	  individuals.	  A	  total	  of	  86	  diploid	  males	  (2AA),	  50	  
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diploid	  females,	  228	  triploids	  and	  seven	  tetraploids	  were	  included.	  It	  was	  expected	  that	  

accurate	  results	  would	  be	  achieved,	  as	  the	  majority	  of	  fish	  were	  from	  the	  Guadiana	  

basin.	  However,	  it	  is	  important	  to	  remember	  that	  this	  may	  not	  be	  biologically	  

significant	  or	  accurate	  due	  to	  the	  difference	  in	  evoluMonary	  histories	  between	  fish	  of	  

different	  basins	  (Cunha	  et	  al.,	  2004;	  see	  Chapter	  2.1).	  This	  was	  demonstrated	  by	  the	  

principal	  components	  plot	  (Figure	  3.17),	  where	  the	  variaMon	  within-‐groups	  appeared	  

to	  be	  larger	  when	  compared	  to	  the	  PCA	  plot	  for	  the	  Guadiana	  river	  basin,	  especially	  for	  

triploid	  individuals	  which	  are	  present	  in	  all	  three	  rivers	  sampled.	  The	  other	  groups	  

present	  had	  a	  similar	  spread	  of	  shapes	  within-‐groups	  as	  found	  when	  the	  basins	  were	  

analysed	  separately.

Figure	  3.17:	  PCA	  plot	  of	  individuals	  from	  the	  Guadiana,	  Tejo	  and	  Sado	  river	  basins,	  
grouped	  by	  ploidy,	  showing	  the	  within-‐group	  shape	  variaMon.
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The	  differences	  in	  average	  shape	  of	  each	  ploidy	  between	  river	  basins	  may	  help	  explain	  

classificaMon	  errors	  but	  may	  also	  provide	  answers	  as	  to	  whether	  differences	  in	  shape	  

and	  evoluMonary	  histories	  exist	  between	  river	  basins	  and	  if	  it	  would	  be	  feasible	  to	  

discriminate	  and	  classify	  fish	  irrespecMve	  of	  the	  river	  basin	  they	  originated	  from.	  For	  

diploid	  female	  individuals	  the	  most	  visible	  difference	  in	  average	  shape	  occurred	  in	  the	  

Tejo	  river	  basin,	  which	  was	  wider	  relaMve	  to	  the	  focus	  of	  the	  scale	  (landmark	  2)	  than	  

both	  the	  shapes	  from	  the	  Guadiana	  and	  the	  Sado	  (Figure	  3.18).

A) B)

C)

Figure	  3.18:	  Differences	  in	  average	  scale	  shape	  of	  diploid	  female	  individuals	  from	  the	  
Guadiana,	  Tejo	  and	  Sado	  river	  basins.	  A)	  Guadiana	  is	  in	  black,	  Tejo	  in	  grey	  B)	  Guadiana	  
is	  in	  grey,	  Sado	  in	  black	  C)	  Tejo	  is	  in	  grey,	  Sado	  in	  black.
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In	  triploid	  individuals,	  differences	  between	  basins	  were	  less	  visible,	  however	  variaMon	  

exist.	  Tejo	  triploids	  were	  longer	  at	  the	  posterior	  end	  of	  the	  scale	  than	  Guadiana	  and	  

Sado	  triploids.	  Sado	  triploids	  were	  wider	  at	  the	  anterior	  edges	  than	  both	  individuals	  

from	  the	  Guadiana	  and	  Tejo	  rivers	  (Figure	  3.19).

A) B)

C)

Figure	  3.19:	  Differences	  in	  average	  scale	  shape	  of	  triploid	  individuals	  from	  the	  
Guadiana,	  Tejo	  and	  Sado	  river	  	  basins.	  A)	  Guadiana	  is	  in	  black,	  Tejo	  in	  grey	  B)	  Guadiana	  
is	  in	  black,	  Sado	  in	  grey	  C)	  Tejo	  is	  in	  black,	  Sado	  in	  grey.

For	  tetraploid	  individuals,	  the	  only	  possible	  comparison	  was	  between	  the	  average	  

shape	  of	  individuals	  from	  the	  Tejo	  and	  Sado	  basins,	  as	  tetraploids	  were	  not	  present	  in	  

the	  Guadiana	  river.	  Scales	  from	  the	  Tejo	  are	  longer	  than	  those	  originaMng	  from	  the	  

Sado	  basin,	  visible	  around	  the	  posterior	  edge	  of	  the	  scale	  (Figure	  3.20).	  
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Figure	  3.20:	  Difference	  in	  average	  scale	  shape	  of	  tetraploid	  individuals	  from	  the	  Tejo	  
and	  Sado	  river	  basins.	  Tejo	  is	  represented	  by	  black	  lines,	  Sado	  by	  grey	  lines.

The	  cross-‐validaMon	  was	  extremely	  successful	  at	  classifying	  triploid	  individuals	  (93.9%)	  

and	  moderately	  successful	  at	  classifying	  male	  diploids	  (69.8%).	  However,	  for	  both	  

female	  diploids	  and	  tetraploids,	  the	  funcMon	  was	  poor	  at	  discriminaMon	  (4%	  and	  0%	  

respecMvely).	  This	  may	  be	  due	  in	  part	  to	  the	  small	  number	  of	  tetraploids	  present	  in	  the	  

sample	  (Table	  3.6).

Table	  3.6:	  Cross-‐validaMon	  of	  diploid	  male	  (2AA),	  diploid	  female	  (2n),	  triploid	  (3n)	  and	  
tetraploid	  (4n)	  individuals	  from	  the	  Guadiana,	  Tejo	  and	  Sado	  river	  basins	  combined.

2AA 2n 3n 4n

2AA	  (N	  =	  86)

2n	  (N	  =	  50)

3n	  (N	  =	  228)

4n	  (N	  =	  7)

60 0 26 0

11 2 37 0

10 3 214 1

0 0 7 0

As	  with	  the	  Sado	  dataset,	  it	  was	  deemed	  necessary	  to	  remove	  the	  small	  tetraploid	  

sample	  in	  an	  a<empt	  to	  improve	  results.	  The	  analysis	  comprised	  a	  total	  of	  364	  fish	  of	  

known	  ploidy.	  DiscriminaMon	  between	  groups	  was	  effecMve,	  with	  the	  clearest	  group	  

being	  the	  triploid	  individuals.	  There	  was	  some	  overlap	  of	  female	  diploids	  both	  with	  

male	  diploids	  and	  triploids,	  however	  it	  appeared	  to	  overlap	  most	  with	  male	  diploids	  
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(Figure	  3.21).	  The	  cross-‐validaMon	  agreed	  in	  part	  with	  this,	  accurately	  classifying	  both	  

male	  diploids	  and	  triploids	  (69.8%	  and	  94.3%	  respecMvely).	  Once	  again,	  only	  4%	  of	  

female	  diploids	  were	  correctly	  classified	  (Table	  3.7).

Figure	  3.21:	  CVA	  plot	  of	  male	  diploid,	  female	  diploid	  and	  triploid	  individuals	  from	  the	  
Guadiana,	  Tejo	  and	  Sado	  river	  basins	  combined,	  showing	  between-‐group	  shape	  
variaMon.

Table	  3.7:	  Cross-‐validaMon	  of	  diploid	  male	  (2AA),	  diploid	  female	  (2n)	  and	  triploid	  (3n)	  
individuals	  from	  the	  Guadiana,	  Tejo	  and	  Sado	  river	  basins	  combined.

2AA 2n 3n

2AA	  (N	  =	  86)

2n	  (N	  =	  50)

3n	  (N	  =	  228)

60 0 26

11 2 37

10 3 215
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3.4	  Discussion

3.4.1	  Guadiana

The	  results	  obtained	  from	  the	  Guadiana	  river	  basin	  showed	  that	  differences	  in	  scale	  

shape	  between	  ploidy	  groups	  exist	  and	  are	  idenMfiable	  using	  a	  range	  of	  geometric	  

morphometric	  techniques.	  It	  was	  previously	  expected	  that	  differences	  could	  be	  

idenMfied	  because	  of	  the	  variaMon	  known	  to	  be	  present	  within	  the	  genome	  of	  S.	  

alburnoides	  individuals,	  as	  well	  as	  the	  visible	  differences	  in	  body	  shape	  between	  

diploid	  male	  and	  individuals	  belonging	  to	  other	  ploidy	  groups.	  The	  analyses	  performed	  

showed	  varying	  success	  in	  differenMaMng	  between	  groups,	  dependent	  on	  the	  choice	  of	  

grouping	  and	  method	  used.	  The	  plot	  showing	  shape	  differences	  between	  diploid	  

males,	  diploids	  of	  unknown	  sex	  and	  triploids	  (Figure	  3.7)	  highlighted	  the	  differences	  

that	  can	  be	  found	  within	  the	  diploids.	  The	  overlap	  of	  diploids	  of	  unknown	  sex	  with	  AA	  

males	  indicated	  that	  some	  male	  diploids	  must	  have	  been	  misclassified	  as	  PA	  diploids	  

when	  the	  iniMal	  grouping	  was	  performed.	  As	  such,	  for	  diploid	  individuals,	  sex	  plays	  a	  

crucial	  role	  in	  correctly	  idenMfying	  them.	  Although	  successful,	  the	  first	  discriminant	  

analysis	  has	  li<le	  biological	  meaning	  as	  all	  diploid	  fish	  are	  grouped	  together	  and	  

discriminated	  as	  such.	  It	  is	  for	  this	  reason	  that	  the	  most	  successful	  funcMon	  contained	  

only	  diploids	  of	  known	  sex	  (discriminant	  analysis	  3),	  thus	  removing	  any	  of	  the	  bias	  

previously	  encountered.	  Despite	  the	  reclassificaMon	  errors	  in	  this	  analysis,	  it	  was	  

deemed	  sufficiently	  accurate	  for	  the	  predicMon	  of	  fish	  of	  unknown	  ploidy.	  Overall,	  249	  

individuals	  from	  331	  were	  correctly	  classified	  using	  the	  discriminant	  funcMon,	  which	  

equals	  to	  75.2%	  of	  individuals	  reassigned	  to	  their	  respecMve	  groups.	  This	  figure	  is	  

within	  similar	  range	  of	  other	  studies	  that	  have	  used	  discriminant	  funcMon	  analyses	  to	  

reclassify	  individuals	  of	  known	  grouping	  as	  well	  as	  to	  predict	  the	  grouping	  of	  unknown	  
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individuals	  (Helland	  et	  al.,	  2009;	  Ibañez	  et	  al.,	  2007).	  These	  studies	  used	  fish	  from	  the	  

Mugilidae	  and	  Salmonidae	  families,	  disMnguishing	  between	  two	  species	  from	  each	  

family.	  The	  majority	  of	  diploid	  females	  that	  were	  misclassified	  were	  classified	  as	  

triploid	  individuals.	  This	  supports	  the	  plots	  that	  showed	  marginal	  difference	  in	  scale	  

shape	  between	  diploid	  females	  (genomic	  composiMon	  PA)	  and	  triploids.	  Indeed,	  this	  

was	  be	  further	  supported	  because	  it	  has	  not	  been	  possible	  to	  tell	  these	  two	  groups	  

apart	  beforehand	  without	  detailed	  molecular	  genotyping	  (Gomes-‐Ferreira	  et	  al.,	  2005).	  

The	  genome	  of	  diploid	  females	  (PA)	  and	  triploids	  (PAA)	  is	  similar,	  as	  both	  the	  genome	  

of	  maternal	  and	  paternal	  ancestors	  are	  present,	  contrary	  to	  diploid	  male	  (AA)	  

individuals.	  This	  similarity	  is	  reflected	  in	  scale	  shape,	  which	  means	  that	  accurate	  

discriminaMons	  may	  never	  be	  possible.	  DiscriminaMons	  between	  these	  two	  groups	  may	  

be	  possible	  if	  further	  informaMon	  is	  taken	  into	  account,	  such	  as	  size	  or	  addiMonal	  

morphological	  informaMon	  relaMng	  to	  body	  shape.	  Age	  may	  also	  be	  a	  factor	  affecMng	  

scale	  shape	  as	  some	  studies	  have	  show	  that	  discriminaMon	  between	  different	  

populaMons	  becomes	  more	  difficult	  with	  individuals	  of	  older	  ages	  (Doering-‐Arjes	  et	  al.,	  

2008).	  This	  aspect	  was	  not	  taken	  into	  account	  in	  the	  study	  performed	  here	  as	  the	  age	  

differences	  between	  individuals	  of	  S.	  alburnoides	  varied	  only	  by	  one	  or	  two	  years,	  

therefore	  it	  was	  not	  considered	  a	  greatly	  influencing	  factor.	  A	  number	  of	  studies	  with	  

low	  discriminaMon	  accuracy	  between	  two	  groups	  have	  nevertheless	  confidently	  shown	  

disMncMons	  by	  using	  more	  than	  one	  factor	  when	  discriminaMng	  between	  groups,	  such	  

as	  further	  shape	  informaMon	  or	  habitat	  preferences	  (Aguirre,	  2009;	  Friess	  and	  Baylac,	  

2003).

As	  the	  methodologies	  used	  do	  not	  accurately	  separate	  all	  individuals,	  ecological	  

analyses	  in	  later	  chapters	  combine	  the	  informaMon	  for	  both	  groups	  into	  one,	  which	  is	  
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represented	  by	  triploids.	  If	  ecological	  differences	  do	  exist	  between	  PA	  and	  PAA	  

individuals,	  a	  disMncMon	  within	  the	  combined	  group	  will	  be	  visible	  and	  this	  may	  prove	  a	  

useful	  tool	  in	  further	  correctly	  idenMfying	  diploid	  females.

3.4.2	  Guadiana	  predic4on

The	  predicMon	  funcMon	  was	  unable	  to	  provide	  support	  for	  the	  correct	  classificaMon	  of	  

the	  four	  individuals	  assumed	  to	  be	  diploid	  females.	  In	  hindsight,	  this	  was	  to	  be	  

expected	  as	  the	  canonical	  variates	  plot	  showed	  a	  large	  amount	  of	  overlap	  between	  the	  

shape	  of	  diploid	  females	  and	  triploids,	  which	  was	  also	  confirmed	  by	  the	  cross-‐

validaMon	  of	  the	  LDA	  funcMon.	  Several	  explanaMons	  can	  be	  put	  forward	  as	  to	  the	  lack	  

of	  diploid	  females	  present	  in	  the	  samples	  collected.	  As	  menMoned,	  discriminaMon	  

between	  diploid	  and	  triploid	  individuals	  is	  not	  accurate,	  therefore	  any	  female	  diploid	  

individuals	  present	  may	  have	  been	  incorrectly	  classified	  as	  triploids.	  If	  this	  is	  the	  case,	  it	  

will	  be	  important	  to	  bear	  this	  in	  mind	  when	  performing	  further	  analyses	  that	  a<empt	  

to	  show	  ecological	  differences	  between	  groups.	  Another	  explanaMon	  may	  be	  simply	  

that	  in	  the	  samples	  collected	  few	  diploid	  females	  were	  actually	  present,	  making	  it	  

impossible	  to	  idenMfy	  them.	  

Ribeiro	  et	  al.	  (2003)	  showed	  that	  diploid	  females	  are	  less	  abundant	  throughout	  most	  of	  

the	  year,	  except	  during	  the	  spawning	  season	  around	  April	  and	  May,	  depending	  on	  the	  

year	  sampled.	  This	  implies	  that	  some	  migraMon	  by	  diploid	  females	  occurs,	  with	  

evidence	  to	  suggest	  that	  they	  prefer	  deep	  water	  and	  coarse	  substratum	  material,	  

except	  during	  the	  reproducMve	  period	  when	  shallow	  waters	  are	  preferred	  (MarMns	  et	  

al.,	  1998).	  This	  could	  not	  be	  confirmed	  in	  the	  present	  study	  as	  it	  was	  not	  possible	  to	  

disMnguish	  female	  diploids	  from	  triploid	  individuals	  accurately	  enough.	  However,	  the	  

results	  presented	  here	  do	  indicate	  that	  there	  was	  a	  larger	  proporMon	  of	  triploids,	  which	  
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may	  include	  some	  diploid	  females,	  during	  the	  April	  sampling,	  when	  compared	  to	  the	  

October	  sampling.	  The	  study	  site	  sampled	  contained	  a	  number	  of	  different	  

microhabitats,	  some	  of	  which	  may	  not	  have	  been	  suitable	  for	  diploid	  females.	  The	  

microhabitat	  sites	  is	  discussed	  in	  detail	  in	  Chapter	  5,	  which	  may	  further	  explain	  the	  lack	  

of	  diploid	  female	  samples	  that	  were	  predicted.

It	  is	  feasible	  that	  predicMon	  could	  also	  be	  skewed	  in	  favour	  of	  a	  parMcular	  group	  due	  to	  

the	  percentages	  of	  each	  ploidy	  present	  in	  the	  iniMal	  database	  used	  to	  create	  the	  

predicMon	  funcMon.	  However,	  this	  was	  not	  the	  case,	  as	  the	  iniMal	  dataset	  had	  similar	  

proporMons	  of	  abundance	  as	  samples	  collected	  in	  previous	  years	  from	  the	  same	  river	  

basin	  (Figure	  3.22),	  as	  menMoned	  in	  MarMns	  et	  al.	  (1998)	  and	  Ribeiro	  et	  al.	  (2003).	  

A) B) C) D)

Figure	  3.22:	  A)	  ProporMons	  of	  ploidy	  levels	  used	  for	  creaMon	  of	  predicMon	  LDA.	  B)	  
ProporMons	  of	  ploidy	  levels	  predicted	  by	  LDA	  (predicMon	  probabiliMes	  over	  60%	  only).	  
C)	  ProporMons	  of	  ploidy	  levels	  as	  in	  Ribeiro	  et	  al.	  (2003).	  D)	  ProporMons	  of	  ploidy	  levels	  
as	  in	  MarMns	  et	  al.	  (1998).

Despite	  the	  lack	  of	  diploid	  females,	  total	  proporMons	  remained	  consistent,	  with	  

triploids	  always	  more	  abundant	  than	  diploid	  males,	  as	  has	  been	  previously	  recorded	  in	  

all	  studies	  in	  the	  Guadiana	  basin	  (Alves	  and	  Coelho,	  2001).	  The	  literature	  suggested	  

great	  variability	  in	  the	  proporMons	  present	  at	  specific	  months	  between	  rivers	  and	  years 	  

sampled.	  It	  is	  thus	  difficult	  to	  compare	  predicMons	  for	  fish	  sampled	  in	  April	  and	  

October.	  In	  the	  samples	  collected,	  triploids	  appeared	  to	  be	  more	  abundant	  in	  April	  

than	  October,	  which	  once	  again	  could	  be	  an	  indicaMon	  of	  misclassificaMon	  of	  diploid	  
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females,	  of	  which	  more	  would	  be	  expected	  during	  the	  reproducMve	  season	  in	  April.	  In	  

the	  year	  2009,	  the	  reproducMve	  season	  was	  starMng	  when	  collecMng	  occurred	  in	  April,	  

as	  evident	  from	  the	  presence	  of	  eggs	  in	  all	  female	  fish	  collected.

In	  summary,	  the	  predicMon	  of	  fish	  sampled	  from	  the	  River	  Murtega	  was	  sufficiently	  

accurate	  for	  further	  studies	  assuming	  some	  condiMons,	  such	  as	  predicMon	  probability	  

cut-‐offs,	  have	  been	  met.	  Any	  misclassificaMons	  will	  have	  grouped	  diploid	  females	  as	  

triploids,	  which	  is	  consistent	  with	  documented	  evidence	  that	  there	  is	  li<le	  

morphological	  and	  ecological	  difference	  between	  the	  two	  groups.	  Increasing	  the	  

number	  of	  diploid	  females	  in	  the	  original	  dataset	  may	  improve	  the	  funcMon,	  however	  it	  

is	  sufficiently	  robust	  to	  be	  used	  for	  any	  further	  studies	  involving	  ploidy	  determinaMon	  

of	  S.	  alburnoides.	  The	  advantage	  of	  this	  methodology	  is	  principally	  that	  fish	  do	  not	  

need	  to	  be	  killed	  to	  be	  idenMfied.	  Furthermore,	  the	  financial	  cost	  of	  such	  

discriminaMon	  is	  greatly	  reduced	  when	  compared	  with	  geneMc	  methodologies,	  and	  

once	  the	  user	  is	  familiar	  with	  the	  process,	  landmarking	  and	  analysing	  scales	  is	  relaMvely	  

fast,	  especially	  with	  small	  sample	  sizes.	  If	  geneMc	  analyses	  are	  performed	  on	  fish	  

collected,	  it	  is	  recommended	  the	  informaMon	  is	  added	  to	  the	  exisMng	  database,	  further	  

improving	  reliability.	  

3.4.3	  Tejo

Few	  conclusions	  can	  be	  reliably	  drawn	  from	  the	  Tejo	  dataset	  due	  to	  its	  small	  size.	  The	  

results	  showed	  it	  may	  be	  possible	  to	  discriminate	  tetraploids	  from	  both	  diploids	  and	  

triploids,	  if	  the	  sample	  size	  was	  larger.	  The	  current	  sample	  is	  potenMally	  staMsMcally	  

inaccurate	  as	  it	  has	  been	  shown	  that	  CVA	  and	  LDA	  are	  unreliable	  in	  certain	  cases.	  This	  

generally	  happens	  where	  there	  are	  fewer	  cases	  (specimens)	  than	  there	  are	  variables	  

(landmarks)	  (Mi<eroecker	  and	  Bookstein,	  2011).
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As	  in	  the	  Guadiana	  river	  basin,	  there	  appears	  to	  be	  a	  large	  amount	  of	  overlap	  between	  

triploids	  and	  PA	  diploids,	  which	  is	  most	  likely	  caused	  by	  the	  similariMes	  in	  their	  geneMc	  

structure,	  having	  at	  least	  one	  copy	  of	  both	  the	  maternal	  and	  paternal	  ancestor’s	  

genome.	  

The	  triploid	  individuals	  collected	  in	  the	  Tejo	  river	  were	  all	  PAA	  individuals,	  thus	  it	  was	  

expected	  that	  there	  would	  be	  li<le	  morphological	  variaMon	  within	  this	  group.	  It	  would	  

have	  been	  of	  interest	  to	  obtain	  triploid	  individuals	  that	  had	  another	  genome	  

combinaMon,	  so	  as	  to	  determine	  whether	  variaMon	  is	  also	  present	  within	  a	  ploidy	  level.	  

One	  of	  the	  other	  problems	  faced	  when	  a<empMng	  to	  draw	  conclusions	  from	  this	  

dataset	  was	  the	  lack	  of	  diploid	  males	  present	  in	  the	  sample.	  Diploid	  males	  have	  

repeatedly	  been	  found	  in	  the	  tributaries	  of	  the	  Tejo,	  and	  account	  for	  up	  to	  15%	  of	  the	  

total	  number	  of	  fish	  present	  in	  a	  typical	  S.	  alburnoides	  populaMon	  (Sousa-‐Santos,	  

Collares-‐Pereira,	  and	  Almada,	  2006a;	  Crespo-‐Lopez	  et	  al.,	  2007;	  Alves	  and	  Coelho,	  

2001).	  Even	  if	  the	  sample	  size	  was	  larger	  and	  was	  able	  to	  discriminate	  between	  the	  

three	  forms	  present,	  it	  would	  not	  be	  able	  to	  be	  possible	  to	  use	  for	  any	  predicMons	  as	  it	  

would	  potenMally	  misclassify	  15%	  of	  the	  sample.	  	  

3.4.4	  Sado

As	  with	  the	  Tejo	  dataset	  it	  was	  not	  possible	  to	  draw	  many	  conclusions	  from	  the	  Sado	  

drainage,	  due	  to	  the	  sample	  being	  almost	  solely	  composed	  of	  triploid	  individuals.	  This	  

dataset	  was	  however	  included	  as	  a	  way	  of	  demonstraMng	  the	  differences	  in	  populaMon	  

structure	  and	  potenMal	  variaMon	  in	  shape	  between	  all	  river	  basins.	  In	  the	  event	  of	  this	  

technique	  being	  used	  in	  the	  Sado	  basin,	  it	  would	  be	  first	  necessary	  to	  gather	  a	  much	  

larger	  sample,	  which	  also	  includes	  diploid	  males	  that	  are	  normally	  present	  in	  the	  

Guadiana	  basin	  (Sousa-‐Santos,	  Collares-‐Pereira,	  and	  Almada,	  2006a).
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3.4.5	  All	  datasets

The	  results	  found	  that	  when	  the	  Tejo,	  Guadiana	  and	  Sado	  river	  basins	  were	  combined,	  

results	  were	  similar	  to	  those	  from	  the	  Guadiana	  river,	  where	  diploid	  males	  are	  easily	  

idenMfiable	  by	  both	  the	  plot	  and	  the	  LDA	  funcMon	  as	  well	  as	  significant	  overlap	  

between	  the	  remaining	  three	  groups.	  By	  examining	  the	  average	  scale	  shapes	  of	  ploidy	  

levels	  for	  each	  basin,	  it	  was	  possible	  to	  determine	  whether	  it	  would	  be	  accurate	  to	  

group	  the	  Southern	  rivers	  of	  Portugal	  when	  performing	  morphological	  idenMficaMon.	  

The	  superimposiMon	  plots	  of	  ploidy	  levels	  from	  the	  Guadiana	  and	  Tejo	  basins	  showed	  

that	  for	  comparable	  levels,	  the	  average	  shapes	  were	  similar	  but	  notable	  differences	  did	  

exist.	  For	  all	  ploidy	  levels,	  scales	  from	  the	  Tejo	  river	  basin	  were	  the	  most	  different	  to	  

Guadiana	  and	  Sado	  scales,	  generally	  showing	  more	  elongaMon	  of	  the	  scale	  towards	  the	  

posterior	  edge.	  Differences	  between	  Guadiana	  and	  Sado	  scales	  were	  not	  as	  

pronounced	  but	  were	  sMll	  clearly	  visible.	  The	  findings	  here	  support	  the	  idea	  of	  previous 	  

work	  that	  hypothesised	  independent	  hybridisaMon	  events	  for	  different	  geographical	  

areas	  of	  the	  Iberian	  Peninsula.	  	  Cunha	  et	  al.	  (Cunha	  et	  al.,	  2004)	  suggested	  five	  

independent	  origins,	  one	  being	  present	  in	  each	  of	  the	  basins	  studied	  here.	  Contrary	  to	  

this,	  Alves	  et	  al.	  (Alves	  et	  al.,	  1997)	  had	  previously	  suggested	  that	  at	  least	  two	  separate	  

events	  had	  occurred,	  one	  in	  the	  Sado	  and	  the	  other	  in	  the	  Tejo	  drainage,	  which	  then	  

dispersed	  into	  other	  basins,	  including	  those	  in	  the	  north	  of	  the	  Peninsula.	  The	  data	  

collected	  here	  did	  not	  support	  this	  hypothesis,	  due	  to	  the	  great	  differences	  found	  

between	  fish	  from	  the	  Tejo	  and	  the	  other	  drainages.	  Differing	  evoluMonary	  origins	  help	  

to	  confirm	  the	  hypothesis	  that	  fish	  of	  different	  basins	  should	  be	  analysed	  separately	  

with	  regards	  to	  scale	  shape.	  
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Another	  factor	  that	  must	  be	  considered,	  is	  the	  diversity	  present	  within	  the	  drainage	  as	  

well	  as	  the	  inclusion	  of	  the	  genome	  of	  potenMal	  sperm	  donors	  that	  to	  not	  always	  

belong	  to	  the	  same	  species	  (Pala	  and	  Coelho,	  2005).	  A	  number	  of	  studies	  have	  shown	  

that	  genotypic	  diversity	  varies	  greatly	  from	  basin	  to	  basin	  (Pala	  and	  Coelho,	  2005;	  

Sousa-‐Santos,	  Collares-‐Pereira,	  and	  Almada,	  2006a;	  Crespo-‐Lopez	  et	  al.,	  2007),	  

increasing	  the	  chance	  that	  phenotypic	  diversity	  will	  also	  be	  present.	  A	  study	  of	  rostrum	  

dace,	  Leuciscus	  leuciscus	  burdigalensis,	  on	  an	  isolated	  secMon	  of	  river	  in	  France,	  found	  

that	  scale	  shape	  could	  differ	  within	  a	  river	  basin,	  based	  on	  geneMc	  factors	  (Poulet	  et	  al.,	  

2005).	  To	  add	  to	  this,	  it	  has	  been	  shown	  that	  environmental	  condiMons	  also	  play	  a	  role	  

in	  scale	  characterisMcs	  (Ihssen	  et	  al.,	  1981),	  further	  enhancing	  differences	  present	  

between	  river	  basins.	  

As	  such,	  the	  idenMficaMon	  of	  S.	  alburnoides	  ploidy	  levels	  must	  be	  done	  among	  

individuals	  originaMng	  from	  the	  same	  river	  basin,	  due	  to	  geneMc	  and	  environmental	  

influences.	  Not	  only	  has	  this	  chapter	  shown	  that	  it	  is	  feasible	  to	  differenMate	  ploidy	  

levels	  by	  looking	  at	  scale	  shape,	  it	  also	  provides	  the	  possibility	  of	  idenMfying	  regional	  

differences	  that	  are	  present	  within	  the	  S.	  alburnoides	  species	  complex.
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Chapter	  4:	  Body	  shape	  discrimina=on	  using	  geometric	  

morphometrics

4.1	  Introduc4on

It	  has	  been	  previously	  shown,	  both	  in	  this	  thesis	  and	  in	  the	  literature,	  that	  the	  

idenMficaMon	  of	  S.	  alburnoides	  ploidy	  levels	  can	  be	  achieved	  using	  geneMc	  

methodologies	  and	  using	  scale	  morphology.	  This	  chapter	  examines	  whether	  

discriminaMon	  between	  groups	  can	  be	  achieved	  using	  other	  aspects	  of	  morphology,	  

specifically	  by	  observing	  the	  shape	  of	  the	  head	  and	  the	  whole	  body	  of	  the	  fish.	  If	  

successful,	  this	  will	  provide	  another	  method	  that	  can	  be	  used	  to	  idenMfy	  individuals,	  

without	  looking	  at	  the	  genome,	  which	  can	  be	  a	  costly	  process.	  This	  method	  will	  also	  be	  

a	  cheap	  and	  non-‐destrucMve	  method,	  by	  taking	  photos	  of	  individuals	  in	  the	  field	  and	  

returning	  them	  to	  their	  original	  habitat.	  The	  photos	  taken	  can	  then	  be	  used	  to	  idenMfy	  

ploidy	  level	  in	  the	  field	  or	  in	  the	  laboratory.	  An	  a<empt	  will	  also	  be	  made	  to	  idenMfy	  

seasonal	  differences	  in	  morphology,	  more	  specifically	  relaMng	  to	  the	  reproducMve	  

season,	  where	  variaMons	  within	  ploidy	  groups	  may	  occur.	  

Only	  one	  study	  has	  previously	  described	  the	  morphology	  of	  S.	  alburnoides	  using	  

geometric	  morphometric	  techniques,	  where	  an	  a<empt	  was	  made	  to	  differenMate	  

between	  ploidy	  groups	  and	  the	  sperm	  donor,	  S.	  caroliterCi,	  using	  the	  overall	  body	  

shape	  (Cunha	  et	  al.,	  2010).	  Despite	  successful	  discriminaMon,	  the	  results	  are	  not	  

applicable	  to	  the	  southern	  river	  basins	  of	  Portugal	  due	  to	  the	  varying	  populaMon	  

composiMon	  as	  well	  as	  the	  presence	  of	  the	  maternal	  ancestor	  S.	  pyrenaicus	  as	  the	  

principal	  sperm	  donor.	  
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The	  study	  on	  S.	  alburnoides	  joins	  a	  number	  of	  studies	  that	  have	  successfully	  used	  

geometric	  morphometrics	  to	  idenMfy	  differences	  in	  body	  shape	  within	  species.	  Several	  

have	  been	  carried	  out	  on	  Poecilia	  vivipara,	  a	  live-‐bearing	  guppy,	  invesMgaMng	  whether	  

shape	  differences	  are	  influenced	  by	  environmental	  factors	  (Neves	  and	  Monteiro,	  2003;	  

Gomes	  and	  Monteiro,	  2008)	  or	  using	  the	  differences	  found	  to	  elucidate	  possible	  causes 	  

for	  evoluMon	  among	  the	  species	  (Monteiro	  and	  Gomes,	  2005).	  It	  is	  also	  possible	  to	  

idenMfy	  subtle	  differences	  between	  species	  occupying	  the	  same	  habitat	  using	  body	  

morphology	  (Helland	  et	  al.,	  2009;	  CavalcanM	  et	  al.,	  1999).	  Head	  shape	  alone	  has	  been	  

less	  used	  in	  geometric	  morphometrics	  on	  fish,	  however	  it	  has	  been	  used	  to	  idenMfy	  

differences	  within	  the	  species	  Coregonus	  lavaretus,	  commonly	  known	  as	  powan,	  in	  

response	  to	  ecological	  shiKs	  and	  feeding	  regimes	  (Etheridge	  et	  al.,	  2010).	  In	  fact,	  one	  

study	  has	  managed	  to	  accurately	  discriminate	  between	  two	  closely	  related	  species	  of	  

Acipenseridae	  sturgeon	  and	  their	  hybrid	  using	  head	  shape	  alone	  (Costa	  et	  al.,	  2006).	  

The	  literature	  suggests	  that	  geometric	  morphometric	  methods	  are	  effecMve	  at	  picking	  

up	  subtle	  differences	  in	  shape	  that	  are	  oKen	  difficult	  to	  disMnguish	  in	  the	  field.	  This	  

chapter	  relies	  extensively	  on	  geometric	  techniques	  laid	  out	  in	  Chapter	  3	  to	  highlight	  

differences	  in	  S.	  alburnoides	  populaMons,	  with	  the	  aim	  of	  facilitaMng	  the	  idenMficaMon	  

of	  ploidy	  groups	  of	  this	  species	  for	  future	  studies	  relaMng	  to	  conservaMon	  efforts.

4.2	  Methods

Fish	  used	  for	  analyses	  of	  shape	  for	  this	  chapter	  were	  collected	  from	  Ribeira	  da	  Murtega 	  

in	  2009	  of	  which	  74	  were	  collected	  in	  April	  and	  a	  further	  89	  were	  collected	  in	  October.	  

Details	  regarding	  sampling	  can	  be	  found	  in	  the	  General	  Methods	  secMon	  of	  this	  thesis.	  

Where	  the	  ploidy	  of	  the	  fish	  was	  known,	  it	  was	  predicted	  from	  scale	  shape	  analysis	  as	  

described	  in	  Chapter	  3.	  Any	  fish	  for	  which	  ploidy	  was	  not	  predicted	  with	  over	  60%	  
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accuracy	  previously	  was	  categorised	  as	  being	  of	  unknown	  ploidy.	  Images	  used	  to	  

collect	  morphometric	  data	  were	  taken	  by	  placing	  all	  fish	  collected	  on	  graduated	  paper	  

with	  their	  leK	  side	  facing	  upwards	  and	  photographed	  from	  a	  fixed	  distance	  using	  a	  

Canon	  EOS	  1000D	  digital	  SLR	  camera.	  The	  distance	  used	  was	  different	  for	  the	  April	  and	  

October	  samples	  due	  to	  equipment	  availability,	  however	  the	  recommended	  distance	  

should	  allow	  the	  photographs	  to	  be	  taken	  of	  the	  enMre	  fish,	  with	  minimal	  white	  space	  

around	  the	  fish.	  Photographs	  were	  then	  imported	  into	  TPSDig2	  (Rohlf,	  2010a)	  and	  

calibrated	  for	  size	  using	  the	  standard	  length	  for	  each	  fish,	  measured	  in	  the	  field,	  to	  

avoid	  errors	  due	  to	  shrinking	  during	  preservaMon.	  

Two	  geometric	  morphometric	  analyses	  were	  performed	  in	  this	  chapter,	  using	  body	  

shape	  and	  head	  shape	  to	  discriminate	  between	  ploidy	  groups.	  For	  analyses	  involving	  

body	  shape,	  a	  total	  of	  thirteen	  landmarks	  were	  placed	  in	  repeatable	  points	  along	  the	  

body	  of	  the	  fish	  (Figure	  4.1	  -‐	  A).	  The	  analyses	  involving	  head	  shape	  used	  the	  same	  

images	  but	  focus	  only	  on	  landmarks	  around	  the	  head.	  In	  total,	  eight	  landmarks	  were	  

used	  to	  define	  the	  shape	  of	  the	  head	  (Figure	  4.2	  -‐	  B).	  For	  both	  analyses	  the	  landmark	  

coordinates	  were	  exported	  to	  MorphoJ	  (Klingenberg,	  2011)	  and	  a	  Procrustes	  fit	  

performed	  to	  find	  the	  mean	  shape	  of	  fish	  sampled	  and	  how	  deviaMons	  from	  this	  shape	  

occurred	  (Klingenberg	  et	  al.,	  2002).	  A	  pooled	  PCA	  analysis,	  with	  ploidy	  level	  as	  the	  

pooled	  variable,	  was	  performed	  and	  the	  resulMng	  principal	  components	  exported	  to	  R	  

(R	  Development	  Core	  Team,	  2011)	  for	  further	  staMsMcal	  analyses.	  Analyses	  performed	  

were	  CVA,	  to	  determine	  differences	  in	  shape	  between	  the	  groups	  analysed,	  and	  LDA	  

which	  created	  a	  classificaMon	  funcMon.	  The	  classificaMon	  funcMon	  was	  then	  used	  to	  

predict	  the	  ploidy	  of	  individuals	  whose	  ploidy	  could	  not	  be	  determined	  using	  scale	  

shape.
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A)

B)

 

Figure	  4.1:	  A)	  PosiMon	  of	  landmarks	  on	  individuals	  of	  S.	  alburnoides	  to	  describe	  body	  
morphology.	  B)	  PosiMon	  of	  landmarks	  to	  describe	  head	  morphology	  of	  S.	  alburnoides	  
individuals.	  Size	  of	  landmarks	  have	  been	  increased	  on	  both	  images	  for	  clarity.
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4.3	  Results

A	  total	  of	  163	  fish	  were	  collected	  for	  shape	  analysis,	  during	  two	  different	  Mme	  periods,	  

April	  and	  October.	  The	  intenMon	  of	  this	  chapter	  was	  to	  analyse	  both	  seasons	  together,	  

and	  include	  disMncMons	  within	  ploidy	  groups	  at	  different	  Mme	  periods,	  as	  well	  as	  

disMncMons	  between	  ploidy	  levels.	  Unfortunately,	  due	  to	  equipment	  availability,	  

photographs	  of	  fish	  from	  different	  seasons	  were	  not	  taken	  under	  the	  same	  condiMons.	  

This	  discrepancy	  in	  sampling	  introduced	  supplementary	  variaMon	  in	  shape	  when	  the	  

two	  seasons	  were	  analysed	  together.	  It	  was	  therefore	  decided	  that	  the	  two	  seasons	  

would	  be	  analysed	  separately,	  so	  as	  to	  not	  introduce	  unnecessary	  bias	  in	  the	  

discriminaMon	  between	  ploidy	  groups	  and	  seasons.	  As	  a	  result,	  the	  dataset	  for	  April	  

consisted	  of	  74	  individuals,	  of	  which	  19	  were	  classed	  as	  diploid	  male,	  37	  as	  triploid	  and	  

the	  remaining	  18	  as	  being	  of	  unknown	  ploidy.	  The	  October	  dataset	  was	  made	  up	  of	  30	  

diploid	  males,	  37	  triploid	  individuals	  and	  22	  of	  unknown	  ploidy.

4.3.1	  Body	  shape

4.3.1.1	  April

Once	  landmarked	  and	  rotated	  for	  GLS	  Procrustes	  superimposiMon,	  a	  pooled	  within-‐

group	  PCA	  was	  performed	  on	  fish	  collected	  in	  April,	  to	  determine	  variaMon	  present	  

within	  both	  ploidy	  groups	  present	  (Figure	  4.2).	  Both	  groups	  show	  similar	  amounts	  of	  

variaMon	  within	  each	  group,	  with	  triploid	  individuals	  generally	  having	  higher	  scores	  

along	  the	  second	  principal	  component.	  
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Figure	  4.2:	  PCA	  plot	  of	  individuals	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  collected	  in	  
April,	  grouped	  by	  ploidy,	  showing	  within-‐group	  shape	  variaMon.	  Triploids	  appear	  to	  
have	  higher	  PC2	  scores	  in	  general.

Using	  the	  first	  13	  principal	  components,	  which	  account	  for	  95.8%	  of	  the	  total	  variance,	  

a	  linear	  discriminant	  funcMon	  and	  leave-‐one-‐out	  cross-‐validaMon	  were	  performed,	  to	  

determine	  whether	  diploid	  male	  and	  triploid	  individuals	  could	  be	  separated	  by	  shape	  

alone.	  Both	  the	  CVA	  plot	  (Figure	  4.3)	  and	  cross-‐validaMon	  (Table	  4.1)	  show	  excellent	  

disMncMon	  between	  the	  two	  groups,	  with	  100%	  and	  97.3%	  of	  diploid	  male	  and	  triploids 	  

respecMvely	  being	  correctly	  idenMfied.
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Figure	  4.3:	  CVA	  plot	  of	  fish	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  collected	  in	  April,	  
showing	  variaMon	  in	  shape	  present	  between	  diploid	  male	  and	  triploid	  individuals.

Table	  4.1:	  Cross-‐validaMon	  of	  diploid	  male	  (2AA)	  and	  triploid	  (3n)	  individuals	  collected	  
in	  April	  from	  Ribeira	  da	  Murtega.

2AA 3n

2AA	  (N	  =	  19)

3n	  (N	  =	  37)

19 0

1 36

A	  transformaMon	  grid	  (Figure	  4.4),	  displaying	  shape	  changes	  between	  the	  two	  groups,	  

show	  that	  triploids	  had	  less	  slender	  bodies	  than	  their	  diploid	  male	  counterparts,	  who	  

despite	  having	  smaller	  average	  lengths	  had	  a	  longer	  tail	  relaMve	  to	  the	  rest	  of	  the	  body.
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Figure	  4.4:	  Comparison	  of	  average	  shape	  of	  diploid	  males	  and	  triploids	  collected	  in	  
April,	  represented	  by	  a	  transformaMon	  grid,	  displaying	  the	  shape	  deformaMon	  of	  
triploids,	  when	  applied	  to	  diploid	  males.	  Numbers	  correspond	  to	  landmarks,	  the	  lines	  
show	  the	  direcMon	  of	  the	  shape	  deformaMon.

Using	  the	  linear	  discriminant	  funcMon,	  the	  remaining	  18	  individuals	  of	  unknown	  ploidy	  

were	  assigned	  a	  ploidy	  group	  based	  on	  their	  body	  shape.	  All	  achieved	  over	  60%	  

confidence	  of	  accuracy,	  with	  most	  achieving	  over	  95%	  (see	  Appendix	  2	  for	  predicMon	  

values).

4.3.1.2	  October

The	  same	  analyses	  were	  performed	  on	  the	  67	  fish	  of	  known	  ploidy	  from	  October	  as	  

those	  collected	  in	  April.	  The	  pooled-‐within	  groups	  PCA	  showed	  slightly	  more	  variaMon	  

present	  within	  diploid	  males	  than	  seen	  in	  the	  April	  sample	  (Figure	  4.5).	  As	  a	  result,	  

both	  the	  CVA	  (Figure	  4.6)	  and	  the	  cross-‐validaMon	  (Table	  4.2)	  did	  not	  discriminate	  as	  

clearly	  between	  groups	  as	  for	  April.	  However	  the	  results	  were	  sMll	  encouraging,	  with	  

83.3%	  of	  diploid	  males	  correctly	  reclassified	  and	  94.6%	  of	  triploid	  individuals	  assigned	  

to	  the	  correct	  group.
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Figure	  4.5:	  PCA	  plot	  of	  individuals	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  collected	  in	  
October,	  grouped	  by	  ploidy,	  showing	  the	  within-‐group	  shape	  variaMon.	  As	  with	  the	  
April	  sample,	  triploids	  appear	  to	  show	  higher	  values	  on	  the	  second	  PC	  axis.

Table	  4.2:	  Cross-‐validaMon	  of	  diploid	  male	  (2AA)	  and	  triploid	  (3n)	  individuals	  collected	  
in	  October	  from	  Ribeira	  da	  Murtega.

2AA 3n

2AA	  (N	  =	  30)

3n	  (N	  =	  37)

25 5

2 35

The	  transformaMon	  grid	  displayed	  similar	  differences	  in	  shape	  as	  for	  fish	  collected	  in	  

April,	  however	  these	  differences	  were	  less	  pronounced	  (Figure	  4.7).	  The	  ploidy	  level	  of	  

22	  individuals	  was	  predicted	  using	  the	  funcMon	  created,	  with	  only	  one	  individual	  not	  

achieving	  the	  60%	  confidence	  cut-‐off.
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Figure	  4.6:	  CVA	  plot	  of	  fish	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  collected	  in	  
October,	  showing	  variaMon	  in	  shape	  present	  between	  diploid	  male	  and	  triploid	  
individuals.

Figure	  4.7:	  Comparison	  of	  average	  shape	  of	  diploid	  males	  and	  triploids	  collected	  in	  
October,	  represented	  by	  a	  transformaMon	  grid,	  displaying	  the	  shape	  deformaMon	  of	  
triploids,	  when	  applied	  to	  diploid	  males.
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4.3.2	  Head	  shape

4.3.2.1	  April

The	  56	  fish	  collected	  in	  April	  displayed	  a	  large	  amount	  of	  within-‐group	  variaMon,	  

especially	  on	  the	  first	  principal	  component	  (Figure	  4.8),	  and	  the	  first	  8	  principal	  

components	  accounted	  for	  95.7%	  of	  the	  variance	  present	  within	  the	  samples	  collected.

Figure	  4.8:	  PCA	  plot	  of	  individuals	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  collected	  in	  
April,	  grouped	  by	  ploidy,	  showing	  the	  within-‐group	  shape	  variaMon.

When	  a	  CVA	  was	  performed,	  the	  plot	  showed	  that	  some	  discriminaMon	  was	  possible,	  

however	  a	  substanMal	  amount	  of	  overlap	  was	  present	  between	  the	  two	  groups	  (Figure	  

4.9).	  The	  cross-‐validaMon	  (Table	  4.3)	  mirrored	  these	  findings,	  by	  effecMvely	  idenMfying	  

triploid	  individuals	  (81.1%)	  but	  did	  not	  perform	  as	  well	  in	  idenMfying	  diploid	  males	  

(57.7%).
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Figure	  4.9:	  CVA	  plot	  of	  fish	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  collected	  in	  April,	  
showing	  variaMon	  in	  shape	  present	  between	  diploid	  male	  and	  triploid	  individuals.

Table	  4.3:	  Cross-‐validaMon	  of	  diploid	  male	  (2AA)	  and	  triploid	  (3n)	  individuals	  collected	  
in	  April	  from	  Ribeira	  da	  Murtega.

2AA 3n

2AA	  (N	  =	  19)

3n	  (N	  =	  37)

11 8

7 30

The	  transformaMon	  grid,	  displaying	  the	  shape	  differences	  between	  the	  two	  groups,	  

showed	  that	  triploids	  had	  a	  slightly	  more	  elongated	  head	  than	  diploid	  males,	  and	  that	  

the	  top	  of	  the	  mouth	  was	  situated	  further	  down	  relaMve	  to	  the	  rest	  of	  the	  head	  on	  

triploids	  than	  on	  diploid	  males	  (Figure	  4.10).	  
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Figure	  4.10:	  Comparison	  of	  average	  shape	  of	  diploid	  males	  and	  triploids	  collected	  in	  
April,	  represented	  by	  a	  transformaMon	  grid,	  displaying	  the	  shape	  deformaMon	  of	  
triploids,	  when	  applied	  to	  diploid	  males.

Despite	  confidence	  of	  discriminaMon	  being	  lower	  than	  had	  previously	  been	  achieved	  

using	  other	  methods,	  the	  percentage	  of	  discriminaMon	  achieved	  was	  deemed	  sufficient	  

to	  create	  a	  predicMon	  funcMon	  and	  predict	  the	  ploidy	  of	  fish	  of	  unknown	  ploidy	  levels.	  

This	  was	  confirmed	  as	  17	  of	  the	  18	  individuals	  analysed	  achieved	  over	  60%	  confidence	  

in	  the	  probability	  of	  predicMon.	  

4.3.2.2	  October

Fish	  sampled	  in	  October	  showed	  similar	  within-‐group	  variaMon,	  irrespecMve	  of	  their	  

ploidy	  level,	  and	  the	  first	  9	  principal	  components	  accounted	  for	  95.3%	  of	  the	  total	  

variance	  (Figure	  4.11).

95



Figure	  4.11:	  PCA	  plot	  of	  individuals	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  collected	  
in	  October,	  grouped	  by	  ploidy,	  showing	  the	  within-‐group	  shape	  variaMon.

The	  CVA	  plot	  showed	  that	  a	  significant	  overlap	  in	  shape	  between	  diploid	  males	  and	  

triploids	  did	  occur	  (Figure	  4.12	  -‐	  A),	  which	  was	  also	  displayed	  in	  the	  transformaMon	  grid	  

showing	  differences	  in	  shape	  (Figure	  4.12	  -‐	  B).	  This	  grid	  showed	  that	  triploid	  individuals 	  

had	  longer	  heads	  and	  less	  upturned	  mouths	  than	  diploid	  male	  individuals,	  however	  

differences	  were	  not	  as	  large	  as	  those	  present	  in	  fish	  collected	  in	  April.
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A)

B)

Figure	  4.12:	  A)	  CVA	  plot	  of	  fish	  of	  known	  ploidy	  from	  Ribeira	  da	  Murtega	  collected	  in	  
October,	  showing	  variaMon	  in	  shape	  present	  between	  diploid	  male	  and	  triploid	  
individuals.	  B)	  Comparison	  of	  average	  shape	  of	  diploid	  males	  and	  triploids	  collected	  in	  
October,	  represented	  by	  a	  transformaMon	  grid,	  displaying	  the	  shape	  deformaMon	  of	  
triploids,	  when	  applied	  to	  diploid	  males.

Despite	  the	  overlap	  present,	  the	  linear	  discriminant	  analysis	  did	  manage	  to	  effecMvely	  

discriminate	  between	  the	  two	  groups,	  accurately	  classifying	  73.3%	  and	  86.5%	  of	  

diploid	  males	  and	  triploids	  respecMvely	  (Table	  4.4).	  The	  LDA	  funcMon	  was	  then	  used	  to	  
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predict	  the	  ploidy	  of	  22	  individuals	  of	  unknown	  ploidy,	  of	  which	  21	  achieved	  over	  60%	  

confidence	  of	  the	  predicMon	  being	  accurate.

Table	  4.4:	  Cross-‐validaMon	  of	  diploid	  male	  (2AA)	  and	  triploid	  (3n)	  individuals	  collected	  
in	  October	  from	  Ribeira	  da	  Murtega.

2AA 3n

2AA	  (N	  =	  30)

3n	  (N	  =	  37)

22 8

5 32

4.4	  Discussion

DiscriminaMon	  between	  ploidy	  levels	  using	  either	  body	  shape	  or	  head	  shape	  appears	  to	  

accurate	  show	  where	  differences	  can	  be	  found	  on	  the	  body,	  contrary	  to	  using	  scale	  

shape,	  and	  confirms	  previous	  findings	  that	  illustrate	  that	  measurable	  differences	  in	  

body	  shape	  of	  S.	  alburnoides	  between	  ploidy	  levels	  exist,	  notably	  in	  posiMon	  of	  the	  

mouth	  and	  body	  depth	  (Cunha	  et	  al.,	  2010).	  However,	  the	  study	  by	  Cunha	  et	  al.	  (2010)	  

did	  not	  include	  non-‐hybrid	  diploid	  male	  individuals,	  as	  these	  are	  not	  found	  in	  the	  

Northern	  basins	  of	  Portugal	  where	  the	  study	  was	  carried	  out.	  The	  findings	  presented	  

here	  show	  that	  there	  is	  a	  very	  clear	  disMncMon	  between	  the	  body	  shape	  of	  diploid	  male	  

when	  compared	  to	  other	  available	  ploidy	  levels.	  This	  disMncMon	  can	  someMmes	  be	  

made	  in	  the	  field,	  however	  is	  reliant	  on	  examining	  the	  pa<ern	  of	  coloraMon	  on	  the	  fish	  

rather	  than	  the	  body	  shape	  of	  the	  fish	  itself	  (pers.	  observaMon).	  It	  is	  unfortunate	  that	  

no	  individuals	  were	  present	  where	  it	  was	  certain	  that	  their	  geneMc	  makeup	  

corresponded	  to	  diploid	  females.	  The	  discriminate	  funcMon	  could	  have	  potenMally	  also	  

been	  able	  to	  discriminate	  between	  diploid	  females	  and	  triploids.	  The	  lack	  of	  diploid	  

females	  is	  most	  likely	  due	  to	  uncertainMes	  in	  the	  predicMon	  of	  fish	  ploidy	  using	  scale	  
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shape.	  It	  was	  surmised	  in	  Chapter	  3	  that	  some	  diploid	  female	  fish	  may	  have	  been	  

classified	  as	  triploids,	  thus	  obscuring	  differences	  in	  this	  chapter.	  It	  is	  unknown	  whether	  

a	  disMncMon	  could	  be	  made,	  but	  the	  presence	  of	  diploid	  females	  may	  account	  for	  some	  

of	  the	  variaMon	  in	  shape	  that	  is	  found	  amongst	  the	  triploid	  individuals	  analysed.

Overall,	  body	  and	  head	  shape	  show	  similar	  disMncMons	  and	  predicMon	  of	  ploidy	  

(Appendix	  2),	  despite	  body	  shape	  showing	  more	  effecMve	  discriminaMon.	  This	  is	  due	  to	  

some	  of	  the	  biggest	  differences	  between	  the	  two	  groups	  being	  present	  in	  the	  tail	  area	  

of	  the	  fish	  and	  diploid	  males	  having	  more	  slender	  bodies.	  Differences	  between	  the	  two	  

groups	  were	  also	  visible	  by	  only	  examining	  the	  head	  of	  S.	  alburnoides,	  where	  

differences	  in	  shape	  were	  concentrated	  around	  the	  posiMon	  of	  the	  mouth.	  Diploid	  

males	  displayed	  a	  slightly	  more	  superior	  mouth,	  which	  could	  be	  related	  to	  feeding	  

preferences	  (Karpouzi	  and	  Stergiou,	  2003).	  The	  slender	  form	  of	  diploid	  males	  might	  be	  

due	  to	  differences	  in	  habitat	  preferences	  and	  current	  velocity	  in	  S.	  alburnoides	  (MarMns	  

et	  al.,	  1998).	  However,	  this	  tends	  to	  contradict	  the	  majority	  of	  the	  literature	  that	  

suggests	  that	  streamlined	  fish	  are	  more	  likely	  to	  be	  found	  in	  areas	  of	  higher	  water	  

velocity	  (Morinville	  and	  Rasmussen,	  2008).	  Despite	  this	  statement	  being	  largely	  true,	  

other	  reports	  have	  found	  that	  fish	  present	  in	  higher	  currents	  have	  shorter	  caudal	  

regions	  (Dieterman	  and	  Galat,	  2005),	  as	  is	  the	  case	  with	  triploid	  individuals	  of	  S.	  

alburnoides.	  Due	  to	  reports	  on	  opMmum	  body	  morphology	  largely	  contradicMng	  the	  

known	  habitat	  preferences	  of	  S.	  alburnoides,	  it	  is	  suggested	  that	  the	  variaMon	  in	  body	  

shape	  may	  also	  be	  due	  to	  more	  specific	  factors.	  Non-‐hybrid	  diploid	  males	  do	  not	  

possess	  the	  genome	  of	  their	  maternal	  ancestor	  S.	  pyrenaicus,	  a	  much	  larger	  and	  

generally	  broader	  fish,	  but	  only	  the	  genome	  of	  their	  paternal	  ancestor.	  Despite	  this	  

paternal	  ancestor	  not	  being	  known,	  as	  it	  is	  most	  likely	  now	  exMnct,	  it	  has	  been	  shown	  
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that	  Anaecypris	  hispanica	  is	  a	  close	  relaMve	  to	  this	  ancestor	  (Robalo	  et	  al.,	  2006).	  In	  

fact,	  the	  body	  shape	  of	  diploid	  male	  S.	  alburnoides	  present	  many	  similariMes	  with	  that	  

of	  A.	  hispanica,	  including	  the	  small	  size	  and	  slender	  body.	  It	  is	  to	  be	  concluded	  that	  

although	  environmental	  factors	  may	  play	  a	  part	  in	  determining	  shape	  of	  the	  fish,	  the	  

majority	  of	  differenMaMon	  must	  be	  explained	  by	  geneMc	  factors.

Having	  established	  the	  differences	  in	  morphology	  between	  ploidy	  groups	  it	  is	  

necessary	  to	  examine	  potenMal	  seasonal	  differences.	  It	  has	  not	  been	  possible	  to	  

directly	  compare	  the	  morphology	  of	  individual	  ploidy	  levels	  across	  season	  due	  to	  

sampling	  difficulMes	  with	  photographs	  of	  the	  fish	  as	  described	  above.	  However,	  the	  

data	  does	  demonstrate	  that	  disMncMons	  between	  the	  two	  ploidy	  levels	  were	  much	  

more	  pronounced	  in	  April,	  during	  the	  reproducMve	  season.	  It	  is	  believed	  that	  this	  

disMncMon	  is	  largely	  due	  to	  the	  presence	  of	  eggs	  in	  females,	  which	  have	  been	  

previously	  linked	  to	  a	  greater	  body	  depth	  in	  other	  species	  of	  fish	  (Wesner	  et	  al.,	  2011).	  

By	  definiMon,	  diploid	  males	  do	  not	  have	  eggs	  present	  during	  the	  sampling	  period,	  thus	  

potenMally	  greatly	  increasing	  exisMng	  differences	  in	  slenderness	  between	  the	  two	  

groups.	  As	  the	  majority	  of	  triploid	  individuals	  collected	  were	  more	  than	  likely	  to	  be	  

female	  (Crespo-‐Lopez	  et	  al.,	  2007),	  any	  differences	  found	  between	  female	  and	  male	  

diploids	  have	  more	  than	  likely	  been	  incorporated	  into	  the	  total	  shape	  variaMon	  present	  

within	  the	  sample.	  The	  hypothesis	  that	  the	  more	  accurate	  disMncMon	  is	  due	  to	  the	  

presence	  of	  eggs	  is	  further	  supported	  by	  previous	  reports	  whereby	  non-‐invasive	  sexing	  

of	  S.	  alburnoides	  is	  not	  possible	  outside	  the	  reproducMve	  period	  (Collares-‐Pereira	  et	  al.,	  

2007).

In	  conclusion,	  body	  and	  head	  shape	  analyses	  are	  effecMve	  in	  discriminaMng	  between	  

ploidy	  levels	  of	  S.	  alburnoides.	  It	  should	  be	  combined	  with	  scale	  shape	  analyses,	  which	  
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would	  provide	  a	  large	  degree	  of	  accuracy	  in	  the	  predicMon	  of	  unknown	  ploidy.	  Future	  

work	  should	  focus	  on	  improving	  the	  funcMons	  associated	  with	  body	  and	  head	  shape	  by	  

including	  individuals	  where	  ploidy	  has	  been	  determined	  by	  geneMc	  methods	  and	  not	  

inferred	  solely	  from	  scale	  shape	  morphology.	  As	  with	  scale	  shape,	  it	  is	  likely	  that	  

separate	  funcMons	  will	  have	  to	  be	  created	  to	  disMnguish	  between	  river	  basins	  and	  

taking	  into	  account	  the	  varied	  evoluMonary	  history	  and	  reproducMve	  preferences	  of	  S.	  

alburnoides.
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Chapter	  5:	  Growth	  and	  ecology	  of	  S.	  alburnoides

5.1	  Introduc4on

It	  has	  been	  established	  in	  Chapters	  3	  and	  4	  that	  the	  different	  ploidy	  levels	  of	  S.	  

alburnoides	  have	  different	  morphological	  features	  by	  which	  they	  can	  be	  discriminated.	  

Li<le	  is	  known	  as	  to	  how	  the	  differences	  found	  in	  S.	  alburnoides	  may	  be	  related	  to	  

ecological	  condiMons	  such	  as	  dietary	  and	  habitat	  preference	  as	  morphological	  features	  

are	  known	  to	  be	  associated	  with	  feeding	  adaptaMons	  (Karpouzi	  and	  Stergiou,	  2003)	  and	  

habitat	  selecMon	  (Winemiller,	  1991;	  Carlson	  and	  Wainwright,	  2010),	  in	  many	  animals,	  

and	  fish	  in	  parMcular.	  Size	  differences	  have	  been	  shown	  to	  influence	  predator	  

avoidance	  tacMcs,	  with	  regards	  to	  microhabitat	  selecMon	  (Burns	  et	  al.,	  2009;	  Coyne	  and	  

Orr,	  2004).	  It	  therefore	  seems	  plausible	  that	  the	  morphological	  differences	  idenMfied	  in	  

S.	  alburnoides	  may	  be	  associated	  with	  a	  separaMon	  of	  ecological	  niches	  between	  ploidy	  

levels,	  specifically	  with	  respect	  to	  dietary	  composiMon	  and	  habitat	  preference.	  If	  

differences	  in	  resource	  use	  are	  to	  be	  found,	  they	  will	  help	  contribute	  towards	  the	  

understanding	  of	  a	  species	  with	  a	  complex	  life	  and	  reproducMve	  cycle.	  Individuals	  of	  

different	  ploidy	  levels	  contribute	  varying	  amounts	  of	  geneMc	  material	  to	  S.	  alburnoides	  

offspring,	  influencing	  the	  evoluMonary	  pa<ern	  of	  the	  species	  complex	  and	  the	  

conMnuaMon	  of	  the	  ploidy	  levels	  found	  therein.	  If	  differing	  ploidy	  levels	  demonstrate	  

varying	  levels	  of	  adaptability	  to	  changing	  environmental	  demands,	  specifically	  those	  

related	  to	  habitat	  and	  dietary	  requirements,	  then	  these	  may	  influence	  reproducMve	  

choices	  and	  outcomes	  within	  the	  species.	  Ecological	  choices,	  such	  as	  habitat	  or	  dietary	  

selecMon,	  may	  also	  be	  dependent	  on	  what	  stage	  of	  life	  an	  individual	  is	  at.	  Therefore,	  

knowing	  the	  age	  and	  growth	  pa<erns	  of	  a	  species	  can	  help	  to	  be<er	  idenMfy	  ecological	  

preferences	  and	  where	  potenMal	  intra-‐specific	  compeMMon	  can	  occur.	  	  
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Analyses	  of	  growth	  rates	  and	  length	  at	  age	  values	  are	  a	  useful	  tool	  to	  disMnguish	  

between	  populaMons	  within	  species	  of	  fish,	  both	  for	  species	  that	  have	  a	  large	  range	  

(Restrepo	  et	  al.,	  2010;	  Kendall	  and	  Quinn,	  2009)	  and	  species	  confined	  to	  small	  riverine	  

and	  lake	  systems	  (Robinson	  et	  al.,	  2010).	  Many	  methods	  have	  been	  used	  to	  determine	  

growth	  rates	  of	  fish.	  Direct	  observaMon	  of	  fish	  age	  is	  the	  simplest	  method	  of	  data	  

collecMon,	  oKen	  used	  in	  aquaculture,	  where	  fish	  of	  known	  age	  are	  measured	  in	  both	  

length	  and	  weight	  (Hurvitz	  et	  al.,	  2008).	  However,	  this	  method	  cannot	  be	  used	  for	  the	  

majority	  of	  ecological	  studies.	  Instead,	  length-‐frequency	  methods	  are	  more	  commonly	  

used	  in	  fisheries	  biology.	  By	  looking	  at	  length-‐distribuMon	  pa<erns	  and	  their	  

distribuMon	  peaks,	  different	  cohorts	  (years	  in	  which	  fish	  were	  born)	  can	  be	  potenMally	  

idenMfied	  (e.g.	  Alarcón	  et	  al.,	  2011;	  Nunn	  et	  al.,	  2002).	  This	  method	  can	  also	  have	  its	  

drawbacks	  as	  it	  may	  not	  be	  able	  to	  disMnguish	  between	  different	  populaMons	  or	  may	  

miss	  out	  cohorts	  from	  within	  the	  populaMon	  distribuMon	  (Heery	  and	  Berkson,	  2009).	  As	  

such,	  the	  most	  widely	  used	  method	  is	  the	  esMmaMon	  of	  age	  by	  observing	  the	  hard	  

parts	  of	  fish.	  The	  hard	  parts	  of	  fish	  show	  pa<erns	  that	  can	  be	  used	  to	  age	  individual	  

fish	  and	  determine	  their	  growth	  rate.	  A	  number	  of	  different	  parts	  have	  been	  used	  for	  

many	  species,	  ranging	  from	  scales	  (Bri<on,	  2007)	  and	  otoliths	  (Mercier	  et	  al.,	  2011),	  to	  

vertebrae	  (Hale	  and	  Lowe,	  2008)	  and	  fin	  rays	  (Weber	  and	  M.	  L.	  Brown,	  2011).	  The	  

structure	  used	  may	  oKen	  depend	  on	  the	  species	  sampled	  and	  ease	  of	  collecMng	  the	  

necessary	  sample.	  Comparisons	  have	  been	  made	  to	  determine	  which	  part	  is	  the	  most	  

accurate	  for	  age	  esMmaMon.	  Most	  methodologies	  show	  comparable	  results	  within	  a	  

species,	  but	  there	  is	  no	  hard	  part	  that	  is	  more	  informaMve	  across	  the	  majority	  of	  

species,	  as	  different	  species	  have	  been	  reliably	  aged	  using	  different	  parts	  (Spiegel	  et	  al.,	  

2010;	  Zymonas	  and	  McMahon,	  2009).	  The	  analysis	  of	  scales	  has	  advantages	  in	  that	  it	  

does	  not	  require	  that	  the	  fish	  be	  killed,	  and	  that	  any	  scales	  removed	  will	  regenerate	  
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(Sire	  and	  Akimenko,	  2004).	  As	  such,	  this	  method	  is	  likely	  to	  cause	  minimal	  harm	  and	  

distress	  to	  the	  fish.	  Circular	  pa<erns	  can	  be	  seen	  on	  scales	  that	  correspond	  to	  the	  

deposiMon	  of	  collagenous	  material	  at	  different	  stages	  of	  an	  individual’s	  life	  (Sire	  and	  

Akimenko,	  2004).	  To	  a	  trained	  observer,	  these	  pa<erns	  can	  be	  idenMfied	  as	  year	  marks	  

(annuli),	  providing	  a	  representaMon	  of	  the	  age	  of	  the	  fish.	  Pa<erns	  of	  growth	  and	  food	  

availability	  can	  also	  be	  seen	  on	  scales,	  which	  in	  some	  cases	  may	  lead	  to	  inaccurate	  

aging	  (Zymonas	  and	  McMahon,	  2009).	  However,	  these	  pa<erns	  also	  have	  their	  use	  

when	  idenMfying	  food	  availability	  for	  a	  populaMon	  (Ibáñez	  et	  al.,	  2008).	  The	  

combinaMon	  of	  the	  above	  factors	  mean	  that	  the	  hard	  parts	  of	  fish,	  whether	  from	  scales 	  

as	  described	  or	  from	  other	  available	  structures,	  are	  a	  useful	  tool	  to	  piece	  together	  the	  

life	  history	  and	  specific	  growth	  pa<erns	  of	  individual	  fish	  and	  the	  populaMons	  they	  

come	  from.	  

Ribeiro	  et	  al.	  (2003)	  examined	  the	  growth	  rate	  of	  S.	  alburnoides	  from	  the	  Guadiana	  

river	  basin	  in	  Portugal	  using	  scales	  in	  an	  a<empt	  to	  idenMfy	  whether	  different	  ploidy	  

groups	  had	  different	  growth	  rates.	  They	  found	  that	  diploid	  males	  have	  slower	  growth	  

rates	  than	  both	  diploid	  females	  and	  triploid	  individuals.	  However,	  li<le	  work	  has	  been	  

done	  since	  to	  obtain	  more	  data	  on	  the	  growth	  of	  these	  fish.	  Cohorts	  may	  vary	  in	  their	  

growth	  pa<erns	  significantly	  and	  environmental	  changes,	  on	  habitat	  and	  diet,	  may	  also	  

modify	  the	  growth	  rate,	  when	  compared	  to	  previous	  research.	  A	  secMon	  of	  this	  chapter	  

will	  a<empt	  to	  idenMfy	  whether	  diploid	  males	  have	  a	  slower	  growth	  rate	  than	  other	  

ploidy	  groups,	  and	  to	  corroborate	  the	  findings	  of	  Ribeiro	  et	  al.	  (2003).	  If	  possible,	  

disMncMons	  in	  growth	  rates	  between	  diploid	  females	  and	  triploids	  will	  also	  be	  made,	  

with	  the	  aim	  that	  this	  may	  help	  reliably	  idenMfy	  geneMc	  groups	  without	  the	  need	  for	  

geneMc	  analyses.	  The	  chapter	  will	  also	  a<empt	  to	  idenMfy	  whether	  ploidy	  groups	  have	  
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different	  life	  expectancies	  as	  it	  is	  anMcipated	  (Collares-‐Pereira	  et	  al.,	  2007)	  that	  diploid	  

males	  will	  not	  live	  as	  long	  as	  other	  ploidy	  levels,	  in	  part	  due	  to	  their	  small	  size	  which	  

may	  increase	  the	  risk	  of	  predaMon,	  inclusive	  by	  conspecifics,	  as	  well	  as	  inherent	  life	  

expectancies	  related	  to	  ploidy.

Niche	  parMMoning	  in	  S.	  alburnoides	  is	  also	  likely	  to	  exist,	  except	  during	  the	  reproducMve	  

period	  when	  ploidy	  levels	  share	  habitat	  resources	  when	  breeding	  (MarMns	  et	  al.,	  1998;	  

Gomes-‐Ferreira	  et	  al.,	  2005).	  CondiMons	  in	  the	  rivers	  for	  the	  rest	  of	  the	  year	  are	  highly	  

variable,	  with	  different	  ploidy	  levels	  of	  S.	  alburnoides	  reacMng	  differently	  to	  the	  

changes.	  The	  Guadiana	  river	  basin	  has	  Mediterranean	  climaMc	  condiMons,	  

characterised	  by	  seasonal	  fluctuaMons	  in	  river	  flow,	  which	  causes	  the	  rivers	  in	  summer	  

to	  almost	  dry	  out.	  Remaining	  habitats	  are	  reduced	  to	  pools	  where	  high	  densiMes	  of	  fish	  

can	  be	  found	  (Godinho	  et	  al.,	  2000).	  In	  winter,	  the	  rivers	  are	  subjected	  to	  large	  winter	  

floods	  (Magalhaes,	  1993b).	  The	  idenMficaMon	  of	  niche	  requirements	  in	  a	  relaMvely	  

untouched	  system,	  such	  as	  that	  of	  the	  Ribeira	  da	  Murtega,	  could	  be	  then	  applied	  to	  

affected	  systems,	  ensuring	  that	  populaMons	  from	  other	  river	  systems	  have	  be<er	  

chances	  of	  conMnued	  survival.	  The	  increasing	  number	  of	  dams	  and	  water	  abstracMon	  

faciliMes,	  specifically	  the	  creaMon	  of	  the	  Alqueva	  dam,	  has	  modified	  the	  natural	  flow	  

pa<ern	  of	  the	  river	  (Mar�nez-‐Capel	  et	  al.,	  2009;	  Chícharo	  et	  al.,	  2006)	  and	  may	  have	  

modified	  the	  number	  of	  pools	  available	  during	  the	  summer	  season,	  reducing	  the	  

number	  and	  type	  of	  available	  habitats	  for	  all	  species	  present	  in	  affected	  parts	  of	  the	  

river	  system.	  Increasing	  the	  knowledge	  on	  the	  biology	  of	  the	  species	  is	  thus	  imperaMve,	  

as	  many	  of	  the	  habitats	  occupied	  by	  S.	  alburnoides	  are	  likely	  to	  be	  affected	  by	  the	  

creaMon	  of	  new	  structures	  on	  and	  along	  the	  river.	  Such	  conservaMon	  measures	  can	  only	  

be	  implemented	  when	  the	  biology	  of	  the	  species	  is	  fully	  understood,	  relaMng	  to	  
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growth,	  reproducMve	  and	  feeding	  characterisMcs.	  This	  chapter	  will	  a<empt	  to	  enhance	  

the	  knowledge	  relaMng	  to	  growth	  and	  feeding	  characterisMcs.

Clear	  separaMons	  have	  been	  shown	  between	  ploidy	  levels	  in	  S.	  alburnoides	  with	  

regards	  to	  feeding	  and	  habitat,	  but	  such	  separaMon	  also	  exists	  between	  male	  and	  

female	  individuals	  (Gomes-‐Ferreira	  et	  al.,	  2005).	  This	  disMncMon	  between	  the	  sexes	  is	  

in	  part	  determined	  by	  the	  grouping	  of	  AA	  diploid	  males	  with	  PA	  diploid	  individuals	  in	  

the	  study	  by	  Gomes-‐Ferreira	  et	  al.	  (2005),	  potenMally	  a<ribuMng	  differences	  to	  sex	  that	  

are	  caused	  by	  ploidy	  variaMon,	  despite	  the	  rarity	  of	  male	  PA	  diploids	  (Alves	  et	  al.,	  

2002).	  Differences	  in	  habitat	  and	  feeding	  among	  species	  of	  fish	  does	  not	  have	  to	  occur	  

over	  a	  large	  scale,	  and	  examples	  have	  been	  found	  of	  differences	  in	  both	  habitat	  and	  

diet	  within	  a	  small	  stretch	  of	  river	  system	  (Morán-‐López	  et	  al.,	  2006).	  Such	  small	  scale	  

differences	  can	  be	  determined	  by	  sampling	  microhabitat	  units,	  which	  represent	  disMnct	  

habitats	  within	  a	  stream	  or	  river	  system	  (Copp	  and	  Penaz,	  1988).	  The	  differences	  

between	  these	  habitats	  have	  been	  related	  to	  differences	  in	  fish	  and	  prey	  community	  

assemblages	  (Pires,	  Cowx,	  and	  Coelho,	  2000a;	  Pires	  et	  al.,	  1999).

This	  chapter	  also	  aims	  to	  idenMfy	  further	  differences	  in	  diet	  between	  the	  ploidy	  levels	  

by	  determining	  whether	  certain	  prey	  items	  play	  a	  key	  role	  in	  the	  food	  consumed	  by	  

different	  S.	  alburnoides	  groups	  and	  whether	  prey	  selecMon	  is	  modified	  by	  seasonal	  

variaMons.	  It	  will	  also	  aim	  to	  establish	  where,	  if	  they	  exist,	  differences	  in	  habitat	  

preferences	  lie,	  and	  which	  factors,	  such	  as	  current	  velocity	  and	  substrate	  composiMon,	  

influence	  S.	  alburnoides	  the	  most.	  In	  addiMon,	  associaMons	  will	  be	  made	  between	  prey	  

items	  and	  habitats.	  
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5.2	  Methods

5.2.1	  Age	  and	  growth

As	  a	  large	  number	  of	  scales	  were	  available	  and	  have	  been	  reliably	  used	  in	  previous	  

aging	  studies,	  these	  were	  the	  parts	  chosen	  to	  be	  used	  for	  aging.	  Scales	  were	  always	  

taken	  from	  the	  shoulder	  area	  of	  the	  fish	  (See	  Chapter	  3	  for	  details).	  Only	  fish	  collected	  

from	  the	  Murtega	  river	  in	  April	  and	  October	  2009	  were	  used	  for	  scale	  aging,	  as	  length	  

data	  was	  not	  available	  for	  all	  other	  fish	  involved	  in	  the	  previous	  analyses.	  The	  standard	  

length	  of	  all	  fish	  was	  measured	  and	  the	  ploidy	  was	  determined	  by	  using	  the	  predicMon	  

funcMon	  created	  in	  the	  scale	  shape	  chapter	  (Chapter	  3).	  Only	  fish	  whose	  ploidy	  had	  

been	  reliably	  predicted	  (using	  the	  60%	  cutoff	  point	  established	  previously)	  were	  

included	  in	  scale	  aging	  analyses.	  In	  total	  121	  fish	  were	  analysed,	  including	  75	  triploids	  

and	  46	  diploid	  males.	  Age	  was	  determined	  by	  observing	  the	  scale	  directly	  under	  a	  Leica 	  

S8APO	  microscope	  or	  at	  a	  later	  date	  from	  the	  pictures	  taken.	  Defined	  lengths	  (total	  

radius	  or	  radius	  to	  annuli)	  on	  the	  scale	  were	  measured	  either	  in	  Leica	  ApplicaMon	  Suite	  

(Leica	  Microsystems,	  2008)	  or	  in	  TPSDig2	  (Rohlf,	  2010a),	  both	  of	  which	  have	  the	  ability	  

to	  calibrate	  distance	  measured	  if	  the	  magnificaMon	  at	  which	  the	  picture	  is	  taken	  is	  

known.	  The	  total	  radius	  was	  measured	  using	  landmarks	  used	  in	  Chapter	  3	  as	  a	  

reference	  guide,	  measuring	  between	  landmarks	  2	  and	  1	  (Figure	  5.1).	  The	  age	  of	  each	  

fish	  was	  determined	  by	  counMng	  the	  number	  of	  annuli	  on	  each	  scale.	  Age	  and	  radial	  

distances	  were	  determined	  by	  measuring	  one	  scale	  per	  fish,	  except	  in	  the	  case	  of	  

uncertain	  aging,	  where	  further	  scales	  were	  used	  to	  confirm	  age.	  This	  was	  done	  by	  

idenMfying	  pa<erns	  within	  the	  scale	  (checks)	  that	  represent	  periods	  of	  fast	  and	  slow	  

growth	  (Bagenal,	  1978).	  For	  each	  scale,	  the	  radial	  distance	  from	  the	  focus	  to	  each	  

annulus	  was	  also	  measured,	  along	  the	  line	  defined	  for	  total	  radius.	  
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Figure	  5.1:	  Example	  scale	  from	  a	  S.	  alburnoides	  individual	  aged	  4+.	  All	  four	  checks	  are	  
shown,	  however	  for	  clarity	  only	  the	  first	  two	  are	  measured,	  as	  well	  as	  the	  total	  scale	  
radius,	  between	  landmarks	  2	  and	  1.

Standard	  length	  of	  fish	  was	  plo<ed	  against	  total	  scale	  radius	  to	  determine	  whether	  all	  

fish	  sampled	  originated	  from	  the	  same	  populaMon	  and	  whether	  different	  ploidy	  groups	  

should	  be	  analysed	  separately.	  This	  was	  determined	  by	  idenMfying	  if	  all	  fish	  sampled	  

followed	  the	  same	  growth	  trend.	  Two	  methods	  were	  used	  to	  back-‐calculate	  length	  at	  

age	  values	  for	  each	  individual	  fish:	  the	  Dahl-‐Lea	  equaMon	  (Lea,	  1910;	  Francis,	  1990)	  

and	  ordinary	  least-‐squares	  linear	  regression.	  The	  Dahl-‐Lea	  equaMon	  (1)	  uses	  the	  fish	  
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length	  at	  capture	  (Lc),	  the	  total	  scale	  radius	  at	  capture	  (Sc)	  and	  the	  scale	  length	  at	  age	  i	  

(Si)	  to	  determine	  lengths	  at	  age	  i	  (Li).	  

(1)

The	  regression	  method	  uses	  the	  linear	  relaMonship	  between	  fish	  standard	  length	  and	  

total	  scale	  radius	  (EquaMon	  2)	  for	  each	  group	  to	  esMmate	  the	  fish	  length	  at	  the	  point	  of	  

laying	  down	  of	  each	  annulus	  along	  the	  scale	  radius:

(2) 	  

where	  a	  represents	  the	  slope	  and	  b	  the	  intercept.	  In	  biological	  terms,	  the	  intercept	  is	  

the	  length	  at	  which	  scales	  are	  first	  deposited	  on	  the	  fish,	  which	  is	  always	  greater	  than	  

0,	  as	  squamaMon	  of	  scales	  occurs	  someMme	  aKer	  hatching	  (Robinson	  et	  al.,	  2010).	  

Using	  the	  Dahl-‐Lea	  equaMon	  for	  growth	  and	  the	  regression	  equaMons,	  mean	  lengths	  for	  

each	  age	  group	  were	  calculated.	  Growth	  curves	  were	  plo<ed	  for	  each	  ploidy	  type	  and	  

an	  ANOVA,	  performed	  in	  R	  (R	  Development	  Core	  Team,	  2011),	  was	  used	  to	  test	  for	  

differences	  in	  length	  between	  groups	  of	  the	  same	  age	  and	  whether	  different	  ploidy	  

levels	  had	  different	  growth	  rates.	  A	  Von	  Bertalanffy	  growth	  model	  was	  applied	  using	  

back-‐calculated	  values	  from	  both	  methodologies,	  which	  created	  a	  growth	  curve	  

(Bri<on,	  2007;	  Bertalanffy,	  1938),	  describing	  the	  growth	  of	  S.	  alburnoides,	  according	  to	  

EquaMon	  3.	  	  L∞	  represented	  the	  maximum	  theoreMcal	  length	  in	  mm,	  K	  represented	  the	  

growth	  coefficient	  per	  year	  and	  t0	  was	  the	  Mme	  when	  the	  length	  theoreMcally	  was	  

equal	  to	  0mm.	  These	  values	  were	  esMmated	  according	  to	  the	  methodology	  described	  

in	  Hickley	  and	  Dexter	  (1979).	  

(3)	   	  as	  in	  Hale	  and	  Lowe	  (2008).
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5.2.2	  Dietary	  composi4on

All	  S.	  alburnoides	  collected	  in	  2009	  were	  dissected	  to	  determine	  sex	  and	  the	  intesMnes	  

removed	  for	  dietary	  analysis.	  As	  cyprinids	  do	  not	  have	  a	  differenMated	  stomach,	  all	  gut	  

contents	  were	  placed	  under	  a	  cold	  light	  source	  a<ached	  to	  a	  Leica	  S8APO	  microscope.	  

The	  gut	  contents	  were	  not	  allowed	  to	  dry	  out	  whilst	  idenMficaMon	  of	  different	  food	  

items	  was	  taking	  place.	  

All	  food	  items	  were	  idenMfied	  to	  the	  lowest	  taxonomic	  level	  possible,	  with	  most	  

organisms	  being	  idenMfied	  to	  the	  family	  level	  using	  keys	  found	  in	  Fi<er	  (1986).	  Several	  

methods	  to	  determine	  dietary	  composiMon	  were	  used,	  all	  of	  which,	  as	  well	  as	  other	  

dietary	  counMng	  opMons,	  are	  described	  in	  further	  detail	  in	  Hynes	  (1950).	  IniMally	  

stomach	  fullness	  was	  assessed	  to	  determine	  the	  intensity	  of	  feeding	  of	  each	  individual.	  

The	  fullness	  method	  demonstrates	  how	  full	  an	  individual’s	  stomach	  is	  at	  the	  Mme	  of	  

capture,	  ranging	  from	  empty	  to	  distended,	  examined	  upon	  dissecMon	  of	  the	  stomach	  

(Table	  5.1).

Table	  5.1:	  DescripMon	  of	  values	  used	  in	  the	  fullness	  method.

Ranking DescripMon	  of	  stomach

0 Empty	  stomach

2 Quarter	  full	  stomach

4 Half	  full	  stomach

6 Three-‐quarter	  full	  stomach

8 Full	  stomach

10 Distended	  stomach

The	  volumetric	  method	  was	  used	  to	  determine	  the	  quanMty	  of	  each	  food	  item	  present	  

in	  the	  stomach.	  A	  percentage	  value,	  directly	  relaMng	  to	  volume,	  was	  esMmated	  by	  eye,	  
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ensuring	  the	  total	  volume	  added	  up	  to	  100%.	  In	  addiMon	  to	  this,	  the	  numerical	  method	  

was	  iniMally	  used,	  where	  the	  number	  of	  each	  food	  item	  eaten	  was	  determined.	  

However,	  this	  method	  was	  abandoned	  as	  the	  presence	  of	  large	  quanMMes	  of	  

filamentous	  algae	  in	  certain	  individuals	  did	  not	  lead	  itself	  to	  be	  counted.	  

The	  length	  of	  all	  fish	  dissected	  was	  measured	  to	  the	  nearest	  millimetre	  whilst	  sMll	  alive,	  

during	  the	  sampling	  field	  trips.	  Ploidy	  level	  was	  determined	  by	  scale	  shape	  (See	  

Chapter	  3),	  therefore	  only	  fish	  whose	  ploidy	  was	  predicted	  to	  at	  least	  60%	  accuracy	  

were	  included	  in	  the	  analysis	  (121	  individuals,	  47	  of	  which	  were	  diploid	  male	  and	  74	  

that	  were	  triploid).	  Forty	  disMnct	  diet	  items	  were	  idenMfied,	  of	  which	  a	  large	  number	  

were	  found	  in	  small	  amounts.	  As	  such,	  following	  the	  methodology	  described	  in	  Gomes-‐

Ferreira	  et	  al.	  (2005),	  items	  that	  had	  an	  occurrence	  of	  less	  than	  5%	  in	  both	  diploid	  male 	  

and	  triploid	  groups	  were	  pooled	  to	  form	  a	  group	  named	  “Other”.	  This	  pooling	  resulted	  

in	  22	  prey	  groups	  being	  used	  for	  dietary	  analyses,	  according	  to	  the	  following	  

categories:	  Simuliidae	  larvae,	  Hydropsyche	  larvae,	  Chironomid	  larvae,	  BaeMdae	  larvae,	  

Corixidae,	  Simuliidae	  adult,	  Formicidae,	  benthic	  algae,	  Diptera	  adult,	  Culicidae	  adult,	  

Coleoptera	  adult,	  Elmidae	  larvae,	  Chydoridae,	  Ostracoda,	  Ephemerellidae	  nymphs,	  

Caenidae	  nymphs,	  Ephemeroptera	  nymphs,	  eggs,	  HarpacMcoida,	  fish,	  Dixidae	  adult	  and	  

Other.

Diversity	  of	  organisms	  consumed	  was	  esMmated	  using	  the	  Shannon-‐Wiener	  index	  of	  

diversity	  (H’,	  EquaMon	  4),	  which	  allows	  an	  assessment	  of	  the	  range	  of	  organisms	  

consumed,	  taking	  into	  account	  both	  the	  quanMty	  of	  prey	  consumed	  and	  evenness	  of	  

prey	  among	  the	  sample	  (Merkel	  et	  al.,	  2007;	  Zar,	  1999).	  The	  higher	  the	  value	  of	  H’,	  the	  

greater	  the	  diversity	  in	  prey	  eaten	  by	  S.	  alburnoides	  individuals.	  Values	  of	  H’	  were	  log-‐

transformed	  for	  normality	  before	  t-‐tests	  were	  performed	  to	  assess	  whether	  significant	  
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differences	  in	  dietary	  diversity	  existed	  between	  ploidy	  levels,	  as	  in	  Jiangfeng	  et	  al	  

(2011).	  Overlap	  in	  dietary	  choice	  between	  the	  two	  ploidy	  levels,	  as	  well	  as	  between	  

different	  Mme	  periods	  was	  esMmated	  using	  Schoener’s	  Index	  of	  overlap	  (Schoener,	  

1970),	  described	  by	  EquaMon	  5.	  This	  index	  ranges	  from	  0	  to	  1,	  where	  0	  represents	  no	  

overlap	  and	  1	  represents	  idenMcal	  dietary	  preferences.	  It	  is	  oKen	  expressed	  as	  a	  

percentage	  of	  shared	  resources	  and	  considered	  to	  be	  biologically	  significant	  if	  the	  

overlap	  is	  greater	  than	  60%	  (Wallace,	  1981).

(4)

! 

H '= " pi
i
# ln pi

	   as	  in	  Washington	  (1984).

(5)	  
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Cxy =1" 0.5 pxi " pyi
i=1

n

#
$ 

% 
& 

' 

( 
) 
as	  in	  Madurell	  and	  Cartes	  (2005).

A	  number	  of	  ordinaMon	  methods	  are	  used	  in	  studies	  of	  both	  diet	  and	  habitat	  choice	  

(e.g.	  Beamish	  et	  al.,	  2006;	  Bolger	  et	  al.,	  1990;	  Vilizzi	  and	  Copp,	  2008;	  Pusey	  et	  al.,	  2010)	  

to	  highlight	  factors	  that	  may	  influence	  the	  studied	  species.	  Canonical	  correspondence	  

analysis	  (CCA)	  is	  one	  such	  method	  that	  allows	  the	  extracMon	  of	  environmental	  

variables	  that	  maximise	  niche	  separaMon	  among	  species.	  Data	  used	  in	  a	  CCA	  is	  typically	  

occurrence	  data	  of	  species	  (oKen	  counts	  of	  individuals)	  at	  a	  number	  of	  different	  “sites”	  

and	  the	  environmental	  variables	  taken	  at	  each	  site	  to	  explain	  the	  variaMon	  present	  

among	  species	  (Braak	  and	  Verdonschot,	  1995).	  In	  the	  case	  of	  dietary	  analysis,	  site	  

scores	  correspond	  to	  individual	  fish	  and	  species	  scores	  are	  representaMve	  of	  the	  prey	  

items	  consumed.	  	  The	  magnitude	  of	  the	  influence	  of	  environmental	  variables	  on	  

species	  and	  site	  variables	  is	  determined	  by	  the	  length	  of	  the	  arrows	  displayed	  in	  the	  

CCA	  plot,	  indicaMng	  where	  differences	  in	  diet	  lie.
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5.2.3	  Habitat	  preference

A	  total	  of	  50	  disMnct	  sampling	  points,	  of	  approximately	  1m2	  each,	  were	  sampled	  in	  

Ribeira	  da	  Murtega	  in	  April	  and	  October	  2009.	  Detailed	  sampling	  methodology	  can	  be	  

found	  in	  the	  General	  Methods	  secMon	  of	  this	  thesis.	  Environmental	  variables	  were	  

measured	  and	  community	  composiMon	  was	  assessed	  by	  idenMfying	  all	  fish	  collected	  to	  

species	  level.	  All	  fish	  were	  measured	  (standard	  length)	  in	  the	  field,	  and	  all	  fish	  other	  

than	  S.	  alburnoides	  were	  subsequently	  returned	  to	  the	  stream	  as	  close	  as	  possible	  to	  

the	  microhabitat	  where	  they	  were	  captured.	  All	  S.	  alburnoides	  were	  removed	  for	  

subsequent	  examinaMon	  and	  the	  majority	  were	  then	  idenMfied	  to	  ploidy	  level	  using	  the 	  

techniques	  described	  in	  Chapter	  3.	  Seventeen	  S.	  alburnoides	  were	  not	  idenMfied	  to	  

ploidy	  level	  as	  they	  were	  used	  in	  another	  study	  at	  the	  Universidade	  de	  Lisboa	  in	  

Portugal	  (Morgado-‐Santos	  et	  al.,	  2010)	  and	  no	  scales	  were	  removed	  for	  morphological	  

idenMficaMon.	  CCA	  was	  performed	  to	  idenMfy	  which	  environmental	  variables,	  if	  any,	  

played	  a	  role	  in	  habitat	  preference	  of	  the	  S.	  alburnoides	  species	  complex.	  DisMncMons	  

within	  S.	  alburnoides	  were	  made,	  as	  previous	  work	  has	  shown	  habitat	  segregaMon	  

within	  the	  species	  (MarMns	  et	  al.,	  1998),	  therefore	  individuals	  were	  split	  into	  six	  

disMnct	  groups.	  Diploid	  males	  were	  separated	  from	  triploids	  and	  within	  these	  groups	  

individuals	  were	  separated	  according	  to	  age	  classes.	  Individuals	  less	  than	  one	  year	  old	  

were	  considered	  to	  be	  juveniles,	  as	  these	  were	  only	  found	  in	  fish	  sampled	  in	  October,	  

which	  would	  have	  been	  born	  in	  April	  or	  May	  of	  the	  same	  year.	  A	  disMncMon	  was	  also	  

made	  between	  individuals	  over	  one	  year	  old	  and	  those	  of	  three	  years	  and	  above.	  The	  

majority	  of	  individuals	  reach	  sexual	  maturity	  in	  their	  second	  year	  of	  life,	  but	  many	  

diploid	  males	  do	  not	  live	  longer	  than	  three	  years	  (Collares-‐Pereira	  et	  al.,	  2007).	  It	  was	  

thus	  felt	  important	  that	  a	  disMncMon	  be	  made	  between	  individuals	  at	  the	  beginning	  

and	  end	  of	  their	  reproducMve	  life	  cycle.	  Individuals	  that	  could	  not	  be	  idenMfied	  to	  
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ploidy	  level	  (See	  Chapter	  3)	  were	  grouped	  as	  “UnidenMfied	  S.	  alburnoides”	  and	  may	  

have	  included	  fish	  of	  both	  ploidy	  levels	  and	  varying	  ages.

All	  analyses	  to	  determine	  ecological	  preferences	  and	  variaMons	  were	  performed	  using	  

R	  (R	  Development	  Core	  Team,	  2011).

5.3	  Results

5.3.1	  Age	  and	  growth

The	  standard	  length	  of	  each	  fish	  was	  plo<ed	  against	  scale	  radius	  to	  determine	  whether	  

all	  fish	  sampled	  followed	  the	  same	  relaMonship	  between	  scale	  dimension	  and	  length	  

(Figure	  5.2).	  In	  general,	  diploid	  males	  were	  of	  shorter	  length	  than	  the	  majority	  of	  

triploids,	  with	  a	  mean	  length	  of	  45mm	  (±	  1.3	  mm	  SE),	  as	  opposed	  to	  72mm	  (±	  1.8	  mm	  

SE)	  for	  triploids.	  Length-‐frequency	  histograms	  for	  each	  sampling	  period	  showed	  a	  

wider	  range	  of	  lengths	  in	  October,	  including	  juveniles	  smaller	  than	  40	  mm,	  which	  were	  

not	  present	  in	  April	  (Figure	  5.3).	  The	  sample	  collected	  in	  October	  also	  contained	  a	  

greater	  number	  of	  larger	  fish,	  with	  a	  length	  greater	  than	  80	  mm.	  The	  length-‐frequency	  

distribuMons	  indicated	  that	  the	  majority	  of	  the	  fish	  sampled	  in	  April	  were	  probably	  in	  

their	  third	  year,	  with	  few	  individuals	  from	  that	  sampling	  trip	  reaching	  ages	  greater	  than	  

four.
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Figure	  5.2:	  Standard	  length	  of	  individuals	  at	  capture	  against	  scale	  radius	  at	  capture.	  
Regression	  lines	  are	  calculated	  according	  to	  ploidy	  and	  sampling	  period,	  and	  all	  R2	  
values	  have	  p	  <	  0.05.

For	  the	  Dahl-‐Lea	  method,	  the	  mean	  length	  at	  age	  was	  compared	  between	  triploids	  and	  

male	  diploids	  using	  ANOVA.	  The	  average	  yearly	  growth	  for	  each	  cohort	  was	  calculated,	  

showing	  that	  in	  the	  sample	  available	  there	  has	  been	  an	  increase	  in	  the	  size	  of	  fish	  at	  

age	  one	  between	  cohorts	  from	  2004	  up	  to	  2008,	  irrespecMve	  of	  ploidy	  (Table	  5.2).	  No	  

difference	  was	  found	  in	  the	  length	  of	  fish	  at	  age	  1	  (F1,107	  =	  0.637,	  p	  =	  0.427).	  However,	  

differences	  were	  found	  between	  the	  two	  groups	  at	  age	  2	  (F1,84	  =	  9.067,	  p	  =	  0.003)	  and	  

at	  age	  3	  (F1,64	  =	  4.504,	  p	  =	  0.038).	  	  There	  was	  insufficient	  data	  for	  fish	  at	  ages	  4	  and	  5	  to	  

accurately	  compare	  differences.
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Figure	  5.3:	  Length-‐frequency	  histogram	  of	  fish	  collected	  from	  Ribeira	  da	  Murtega	  in	  
April	  (top)	  and	  October	  (bo<om).	  Each	  break	  corresponds	  to	  a	  length	  class	  difference	  
of	  2	  mm.

Figure	  5.2	  indicated	  that	  the	  Dahl-‐Lea	  equaMon	  for	  back-‐calculated	  growth	  was	  valid,	  as 	  

both	  ploidy	  levels	  displayed	  isometric	  growth.	  Regressions,	  calculaMng	  growth	  for	  each	  

of	  the	  two	  ploidy	  groups	  were	  also	  calculated	  and	  the	  length	  for	  age	  using	  both	  

methods	  of	  back-‐calculaMon	  were	  compared.	  

The	  back-‐calculated	  values	  were	  used	  to	  calculate	  Von	  Bertalanffy	  growth	  curves	  for	  

diploid	  males	  and	  triploids	  (Figure	  5.4).	  EsMmated	  L∞,	  the	  theoreMcal	  maximum	  length,	  

was	  55	  mm	  for	  diploid	  males	  and	  90	  mm	  for	  triploid	  individuals.	  The	  growth	  coefficient	  
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for	  diploid	  males	  was	  0.95	  years-‐1,	  which	  was	  larger	  than	  that	  found	  for	  triploids,	  which	  

was	  esMmated	  at	  0.45	  years	  -‐1.

Figure	  5.4:	  Von	  Bertalanffy	  growth	  curves	  for	  diploid	  males	  and	  triploids,	  calculated	  
using	  Dahl-‐Lea	  back-‐calculated	  values,	  superimposed	  on	  measured	  length-‐at-‐age	  
values	  from	  fish	  collected	  in	  April	  and	  October	  in	  Ribeira	  da	  Murtega.	  Fish	  collected	  in	  
October	  were	  offset	  by	  0.5	  years	  to	  account	  for	  plus	  growth	  and	  are	  represented	  by	  the	  
points	  between	  age	  values.	  This	  was	  done	  to	  account	  for	  fish	  born	  that	  same	  year	  that	  
had	  not	  yet	  reached	  one	  year	  in	  age.
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Table	  5.2:	  Mean	  back-‐calculated	  standard	  lengths	  and	  standard	  errors	  (S.E.)	  at	  age,	  
using	  the	  Dahl-‐Lea	  equaMon,	  and	  annual	  increment	  for	  each	  cohort	  from	  diploid	  male	  
and	  triploid	  individuals,	  from	  the	  Ribeira	  da	  Murtega.	  

Cohorts Age	  GroupsAge	  GroupsAge	  GroupsAge	  GroupsAge	  GroupsAge	  Groups

N 1 2 3 4 5

SL	  ±	  SE	  
(mm)

SL	  ±	  SE	  
(mm)

SL	  ±	  SE	  
(mm)

SL	  ±	  SE	  
(mm)

SL	  ±	  SE	  
(mm)

Diploid	  males 43

2006 3 31.1	  ±	  4.2 41.83	  ±	  5.2 53.67	  ±	  4

2007 12 33.24	  ±	  1.2 44.88	  ±	  1.1

2008 16 36.56	  ±	  1

Average 34.75	  ±	  0.9 44.27	  ±	  1.3 53.67	  ±	  4

Annual	  
increment

9.52 9.40

Triploids 78

2004 6 33.33	  ±	  3 47.85	  ±	  2.8 65.25	  ±	  2 74.57	  ±	  1.9 83.93	  ±	  2.2

2005 16 32.62	  ±	  2.1 47.06	  ±	  2.4 60.79	  ±	  2.4 71.29	  ±	  2.2

2006 41 35.28	  ±	  1.1 52.83	  ±	  1.3 67.32	  ±	  1.4

2007 8 39.40	  ±	  2.1 52.04	  ±	  1.1

2008 7 46.59	  ±	  3.6

Average 36.02	  ±	  0.9 51.02	  ±	  1 65.18	  ±	  1.2 72.18	  ±	  1.7 83.93	  ±	  2.2

Annual	  
increment

15 14.06 7 11.75

The	  regression	  method	  (EquaMon	  2)	  provided	  slightly	  different	  results,	  with	  ANOVA	  

showing	  differences	  between	  ploidy	  levels	  at	  all	  ages	  (Table	  5.3).	  Mean	  lengths-‐at-‐age	  

for	  each	  cohort	  are	  displayed	  in	  Table	  5.4,	  where	  the	  greatest	  variaMon	  in	  length	  

between	  ages	  was	  found	  between	  ages	  1	  and	  2,	  showing	  that	  the	  most	  rapid	  period	  of	  

growth	  is	  in	  the	  early	  stages	  of	  life.
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Figure	  5.5:	  Von	  Bertalanffy	  growth	  curves	  for	  diploid	  males	  and	  triploids,	  calculated	  
using	  linear	  regression	  back-‐calculated	  values,	  superimposed	  on	  measured	  length-‐at-‐
age	  values	  from	  fish	  collected	  in	  April	  and	  October	  in	  Ribeira	  da	  Murtega.	  Fish	  collected	  
in	  October	  were	  offset	  by	  0.5	  years	  to	  account	  for	  plus	  growth.

Table	  5.3:	  Results	  from	  the	  ANOVA,	  comparing	  mean	  lengths	  calculated	  using	  the	  
regression	  line	  between	  ploidy	  levels	  (diploid	  males	  and	  triploids).	  

Age	  1 Age	  2 Age	  3

ANOVA F	  =	  20.27

d.f.	  =	  1,	  107

p	  <	  0.001

F	  =	  24.58

d.f.	  =	  1,	  84

p	  <	  0.001

F	  =	  8.21

d.f.	  =	  1,	  64

p	  <	  0.05

The	  Von	  Bertalanffy	  growth	  model	  was	  also	  performed	  on	  back-‐calculated	  values	  from	  

the	  regression	  equaMon	  (Figure	  5.5).	  Diploid	  males	  were	  calculated	  to	  have	  a	  L∞	  of	  54	  

mm,	  a	  growth	  coefficient	  K	  of	  1.46	  years-‐1	  and	  t0	  of	  0.20	  years.	  Triploids	  had	  a	  greater	  

L∞	  	  at	  77	  mm,	  a	  lower	  growth	  coefficient	  (K)	  of	  0.88	  years-‐1	  and	  a	  value	  of	  0.29	  for	  t0.
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Table	  5.4:	  Mean	  back-‐calculated	  standard	  lengths	  and	  standard	  errors	  (S.E.)	  at	  age,	  
using	  the	  regression	  method,	  and	  annual	  increment	  for	  each	  cohort	  from	  diploid	  male	  
and	  triploid	  individuals,	  from	  the	  Ribeira	  da	  Murtega.	  

Cohorts Age	  GroupsAge	  GroupsAge	  GroupsAge	  GroupsAge	  GroupsAge	  Groups

N 1 2 3 4 5

SL	  ±	  SE	  
(mm)

SL	  ±	  SE	  
(mm)

SL	  ±	  SE	  
(mm)

SL	  ±	  SE	  
(mm)

SL	  ±	  SE	  
(mm)

Diploid	  males 43

2006 3 43.57	  ±	  2.5 49.12	  ±	  4.1 54.85	  ±	  4.4

2007 12 43.08	  ±	  0.8 48.07	  ±	  1.1

2008 16 40.26	  ±	  1.1

Average 41.67	  ±	  0.7 48.28	  ±	  1.1 54.85	  ±	  4.4

Annual	  increment 6.61 6.57

Triploids 78

2004 6 45.92	  ±	  2.9 55.75	  ±	  2.9 65.50	  ±	  2.6 73.87	  ±	  2.8 80.20	  ±	  2.8

2005 16 46.09	  ±	  1.6 56.48	  ±	  2 66.30	  ±	  2.1 73.86	  ±	  2.1

2006 41 46.58	  ±	  0.9 58.43	  ±	  1.1 68.11	  ±	  1.1

2007 8 51.56	  ±	  2.9 60.57	  ±	  3.2

2008 7 52.04	  ±	  3.2

Average 47.43	  ±	  0.8 58.00	  ±	  0.9 67.40	  ±	  0.9 73.87	  ±	  1.7 80.20	  ±	  2.8

Annual	  increment 10.57 9.40 6.47 6.33

When	  comparing	  the	  regression	  method	  to	  the	  Dahl-‐Lea	  method,	  length	  at	  age	  values	  

were	  higher	  for	  all	  groups	  when	  calculated	  using	  the	  regression	  method.	  However,	  

results	  from	  both	  methods	  indicated	  that	  triploids	  are	  bigger	  at	  all	  ages	  than	  diploid	  

males	  (Figure	  5.6).	  The	  Von	  Bertalanffy	  growth	  models	  displayed	  similar	  results	  using	  

both	  methods,	  where	  the	  growth	  rate	  for	  diploid	  males	  was	  higher	  than	  that	  for	  

triploids.	  However,	  neither	  model	  accurately	  represented	  the	  growth	  pa<ern	  of	  S.	  

alburnoides	  in	  the	  first	  two	  years	  of	  life.
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A)

B)

Figure	  5.6:	  Length	  at	  age	  of	  Murtega	  populaMons	  calculated	  using	  Dahl-‐Lea	  (A)	  and	  
regression	  methods	  (B).

5.3.2	  Dietary	  composi4on

Dietary	  composiMon	  was	  determined	  for	  each	  ploidy	  irrespecMve	  of	  season	  but	  also	  by	  

idenMfying	  seasonal	  differences	  in	  dietary	  intake.	  Simuliidae	  larvae	  predominated	  in	  

the	  diets	  of	  both	  diploid	  males	  and	  triploids	  (22.31%	  and	  19.17%	  of	  total	  stomach	  

contents	  respecMvely).	  However,	  the	  most	  abundant	  item	  found	  in	  the	  gut	  of	  diploid	  

males	  were	  Chydoridae	  (25.56%),	  which	  only	  accounted	  for	  2.23%	  in	  triploids.	  Diploid	  

males	  also	  consumed	  large	  quanMMes	  of	  HarpacMcoida	  (22.13%)	  over	  both	  seasons,	  as	  

did	  triploids	  (18.26%).	  Triploids	  had	  a	  high	  proporMon	  of	  benthic	  algae	  (19.18%)	  in	  their	  
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gut	  contents,	  which	  were	  rarely	  present	  in	  diploid	  males	  (0.68%).	  Triploid	  individuals	  

showed	  preference	  for	  a	  wider	  range	  of	  diet	  items	  than	  diploid	  males,	  consuming	  

Coleoptera	  adults	  (2.36%),	  Ephemeroptera	  nymphs	  (1.25%)	  and	  other	  fish	  (3.26%),	  all	  

of	  which	  were	  not	  consumed	  by	  diploid	  males.	  

Figure	  5.7:	  Dietary	  composiMon	  of	  S.	  alburnoides	  diploid	  males	  and	  triploids	  from	  two	  

sampling	  seasons,	  April	  and	  October.	   	  Simuliidae	  larvae	   	  Hydropsyche	  larvae	   	  

Chironomidae	  larvae	   	  BaeMdae	  larvae	   	  Corixidae	   	  Simuliidae	  adult	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  Formicidae	   	  benthic	  algae	   Diptera	  adult	   	  Culicidae	  adult	   	  Coleoptera	  

adult	   	  Elmidae	  larvae	   	  Chydoridae	   	  Ostracoda	   	  Ephemerellidae	  nymphs	   	  

Caenidae	  nymph	   	  Ephemeroptera	  nymph	   	  Eggs	   	  HarpacMcoida	   	  Fish	   	  
Dixidae	  adult	   	  Other.	  Percentage	  occurrence	  only	  indicated	  on	  items	  over	  2.5%,	  for	  
clarity.

When	  seasonal	  variaMon	  was	  taken	  into	  account	  (Figure	  5.7),	  in	  April	  40.60%	  of	  the	  

items	  consumed	  by	  diploid	  males	  were	  Simuliidae	  larvae,	  followed	  by	  Chironomidae	  
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larvae	  (12.50%).	  Triploids	  consumed	  mostly	  Simuliidae	  larvae	  (36.90%)	  and	  benthic	  

algae	  (34.22%),	  followed	  by	  Chironomidae	  larvae	  (5.14%).	  In	  October,	  the	  gut	  contents	  

of	  diploid	  male	  individuals	  contained	  mostly	  Chydoridae	  (43.26%)	  and	  HarpacMcoida	  

(37.46%).	  Triploid	  individuals	  also	  consumed	  a	  large	  quanMty	  of	  HarpacMcoida	  (37.57%)	  

but	  did	  not	  show	  any	  preference	  for	  any	  other	  individual	  food	  item,	  eaMng	  small	  

quanMMes	  of	  a	  wide	  variety	  of	  organisms,	  including	  other	  fish	  (6.71%).	  Not	  all	  fish	  

found	  in	  the	  stomach	  contents	  could	  be	  reliably	  idenMfied	  to	  species	  level,	  due	  to	  

varying	  stages	  of	  decomposiMon,	  however	  those	  that	  could	  be	  idenMfied	  were	  

Gambusia	  holbrookii	  and	  S.	  alburnoides.	  One	  sample	  was	  in	  very	  good	  condiMon	  and	  

was	  idenMfied	  as	  a	  diploid	  male	  S.	  alburnoides	  due	  to	  size	  and	  markings	  present	  on	  the	  

body.

Triploids	  consumed	  a	  wider	  range	  of	  prey	  items	  than	  diploid	  males,	  even	  in	  October,	  

where	  prey	  diversity	  consumed	  was	  greatly	  reduced	  when	  compared	  to	  April.	  This	  was	  

demonstrated	  by	  the	  Shannon-‐Wiener	  index	  of	  diversity,	  with	  higher	  values	  for	  

triploids	  when	  both	  months	  sampled	  were	  considered	  together	  and	  for	  sampling	  from	  

October	  only	  (Table	  5.5).

Table	  5.5:	  Shannon-‐Wiener	  dietary	  diversity	  index	  for	  prey	  items	  consumed	  by	  S.	  
alburnoides.

Diploid	  
male

Triploid Diploid	  
male	  April

Triploid	  
April

Diploid	  
male	  
October

Triploid	  
October

Index 0.703 0.775 1.246 1.013 0.327 0.524

In	  April,	  diploid	  males	  showed	  a	  higher	  diversity	  than	  triploids,	  most	  likely	  due	  to	  a	  

tendency	  for	  triploids	  to	  consume	  benthic	  algae,	  which	  generally	  accounted	  for	  at	  least	  

50	  %	  of	  the	  total	  gut	  contents.	  Many	  individuals	  that	  ate	  algae	  also	  presented	  full	  or	  
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distended	  stomachs	  (8	  or	  10	  on	  the	  fullness	  method	  scale).	  The	  greatest	  difference	  in	  

prey	  diversity	  was	  between	  seasons,	  with	  diversity	  of	  prey	  consumed	  in	  April	  much	  

higher	  than	  in	  October.	  A	  t-‐test	  was	  performed	  to	  demonstrate	  if	  and	  where	  

differences	  were	  found	  between	  ploidy	  groups.	  When	  both	  seasons	  were	  pooled	  

together,	  there	  was	  no	  difference	  found	  in	  the	  range	  of	  items	  eaten	  by	  diploid	  male	  

and	  triploid	  individuals	  (t	  =	  -‐0.871,	  p	  =	  0.386).	  No	  differences	  were	  found	  between	  

ploidy	  levels	  sampled	  during	  the	  same	  season	  (April:	  t	  =	  1.381,	  p	  =	  0.177;	  October:	  t=	  

-‐1.616,	  p	  =	  0.112).	  Differences	  were	  however	  found	  between	  different	  seasons,	  both	  

within	  the	  same	  ploidy	  and	  between	  both	  ploidy	  levels	  (Table	  5.6).

Table	  5.6:	  Results	  of	  t-‐tests	  showing	  differences	  in	  diet	  diversity	  between	  and	  within	  
ploidy	  groups	  sampled	  at	  different	  seasons.

t	  -‐	  value df Significance	  (p)

Diploid	  male	  April	  vs	  
Diploid	  male	  October

6.250 36.341 <	  0.001

Diploid	  male	  April	  vs	  
Triploid	  October

4.748 39.418 <	  0.001

Triploid	  April	  vs	  
Diploid	  male	  October

6.117 52.486 <	  0.001

Triploid	  April	  vs	  
Triploid	  October

4.265 65.46 <	  0.001

Schoener’s	  index	  of	  dietary	  overlap	  showed	  that	  there	  was	  li<le	  similarity	  (<60%	  

overlap)	  in	  the	  species	  of	  prey	  eaten	  by	  both	  ploidy	  levels	  between	  April	  and	  October.	  

When	  both	  sampling	  seasons	  were	  analysed	  together,	  the	  overlap	  in	  dietary	  

composiMon	  represented	  just	  over	  half	  of	  the	  prey	  consumed.	  The	  same	  result	  was	  

found	  when	  seasons	  were	  analysed	  separately	  and	  dietary	  overlap	  between	  ploidy	  

levels	  examined	  (Table	  5.7).
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Table	  5.7:	  Dietary	  overlap	  between	  varying	  ploidy	  levels	  and	  seasons	  of	  S.	  alburnoides.

Schoener’s	  index Schoener’s	  index

Triploid	  vs	  
Diploid	  male

0.583 Diploid	  April	  vs	  
Diploid	  October

0.138

Triploid	  April	  vs	  
Diploid	  April

0.616 Triploid	  April	  vs	  
Diploid	  October

0.158

Triploid	  October	  vs	  
Diploid	  October

0.510 Diploid	  April	  vs	  
Triploid	  October

0.090

Triploid	  April	  vs	  
Triploid	  October

0.120

CCA	  was	  performed	  to	  show	  where	  variability	  existed	  in	  the	  sampled	  data	  and	  

demonstrate	  how	  prey	  items	  were	  correlated	  with	  individuals	  and	  their	  characterisMcs.	  

The	  CCA	  model	  accounted	  for	  17%	  of	  the	  total	  variability	  in	  the	  sample,	  using	  ploidy,	  

length,	  age	  and	  season	  as	  explanatory	  variables.	  The	  plot	  showed	  differences	  in	  the	  

diet	  of	  S.	  alburnoides	  between	  seasons,	  represented	  by	  variaMon	  along	  the	  first	  axis	  

(Figure	  5.8).	  There	  was	  also	  a	  separaMon	  along	  the	  second	  axis	  that	  correlated	  to	  

ploidy,	  age	  and	  length,	  creaMng	  a	  disMncMon	  between	  the	  two	  ploidy	  levels.	  The	  plot	  

also	  highlighted	  food	  items	  such	  as	  fish	  that	  were	  exclusive	  to	  a	  parMcular	  group	  or	  

items	  like	  Simuliidae	  and	  Chironomidae	  larvae	  that	  were	  consumed	  by	  both	  ploidy	  

levels	  in	  similar	  amounts.
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Figure	  5.8:	  RepresentaMon	  of	  the	  CCA	  performed	  on	  the	  diet	  of	  S.	  alburnoides,	  using	  
ploidy,	  length,	  age	  and	  season	  as	  factors	  to	  explain	  the	  variaMon	  in	  the	  sample.	  Diet	  
items	  represented	  by	  numbers	  are:	  1.	  Simuliidae	  larvae	  2.	  Hydropsyche	  larvae	  3.	  
Chironomidae	  larvae	  4.	  BaeMdae	  larvae	  5.	  Corixidae	  6.	  Simuliidae	  adult	  7.	  Formicidae	  8.	  
Benthic	  algae	  9.	  Diptera	  adult	  10.	  Culicidae	  adult	  11.	  Coleoptera	  adult	  12.	  Elmidae	  
larvae	  13.	  Chydoridae	  14.	  Ostracoda	  15.	  Ephemerellidae	  nymph	  16.	  Caenidae	  nymph	  
17.	  Ephemeroptera	  nymph	  18.	  Eggs	  19.	  HarpacMcoida	  20.	  Fish	  21.	  Dixidae	  adult	  22.	  
Other.

5.3.3	  Habitat	  preferences

Of	  the	  50	  microhabitats	  sampled,	  47	  contained	  fish	  and	  were	  used	  to	  assess	  species	  

preferences	  according	  to	  a	  number	  of	  environmental	  variables.	  In	  addiMon	  to	  S.	  

alburnoides,	  a	  further	  six	  species	  were	  found	  in	  Ribeira	  da	  Murtega:	  Squalius	  

pyrenaicus,	  Lepomis	  gibbosus,	  Gambusia	  holbrookii,	  Barbus	  sp.,	  B.	  microcephalus	  and	  

B.	  steindachneri.	  Barbus	  sp.	  encompasses	  individuals	  that	  could	  not	  be	  idenMfied	  to	  the	  

species	  level	  within	  the	  genus	  Barbus	  due	  to	  the	  morphological	  similarity	  between	  
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species.	  Table	  5.8	  provides	  the	  number	  of	  individuals	  found	  in	  all	  microhabitats	  for	  

each	  species	  taxon.

Table	  5.8:	  Number	  of	  each	  species	  found	  in	  Ribeira	  da	  Murtega,	  irrespecMve	  of	  
microhabitat	  and	  season,	  and	  maximum	  and	  minimum	  lengths	  for	  each	  species.

Species	  grouping N Lmin	  (mm) Lmax	  (mm)

Squalius	  alburnoides

Diploid	  male	  <	  1	  year 11 28 41

Diploid	  male	  1	  -‐2	  years 29 36 55

Diploid	  male	  ≥	  3	  years 6 51 78

Triploid	  1	  -‐2	  years 13 49 83

Triploid	  ≥	  3	  years 60 59 100

UnidenMfied 66 27 99

Squalius	  pyrenaicus 1 108 108

Lepomis	  gibbosus 5 42 60

Gambusia	  holbrookii 57 19 42

Barbus	  sp. 117 55 248

Barbus	  microcephalus 40 101 182

Barbus	  steindachneri 40 94 182

The	  ordinaMon	  of	  species	  and	  environmental	  variables	  according	  to	  the	  CCA	  showed	  

that	  the	  variables	  explained	  26.31%	  of	  the	  total	  variaMon	  within	  the	  sample,	  with	  the	  

first	  two	  axes	  represenMng	  67.6%	  of	  that	  variaMon.	  Younger	  diploid	  male	  S.	  alburnoides	  

appeared	  to	  occupy	  different	  habitats	  from	  older	  diploid	  males,	  triploid	  S.	  alburnoides	  

and	  all	  other	  species	  present	  in	  the	  Ribeira	  da	  Murtega	  (Figure	  5.9).	  The	  percentage	  of	  

gravel	  present	  in	  the	  substrate	  showed	  a	  very	  strong	  influence	  on	  the	  microhabitat	  

choice	  of	  species	  sampled.	  High	  current	  velociMes	  and	  depths	  also	  influenced	  the	  type	  

of	  fish	  present,	  with	  parMcular	  a<enMon	  to	  S.	  alburnoides	  individuals	  older	  than	  three	  
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years,	  irrespecMve	  of	  ploidy.	  Therefore,	  the	  majority	  of	  diploid	  males	  preferred	  areas	  of	  

low	  depth	  and	  flow,	  as	  well	  as	  the	  presence	  of	  cover	  and	  coarse	  substratum	  such	  as	  

gravel	  and	  stones.	  Triploid	  individuals	  had	  a	  marked	  preference	  for	  deeper	  areas	  and	  

greater	  current	  velociMes	  than	  their	  diploid	  male	  counterparts.

Figure	  5.9:	  RepresentaMon	  of	  the	  CCA	  showing	  influence	  of	  habitat	  variables	  on	  the	  
presence	  of	  species.	  
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-4 -2 0 2 4

-4
-2

0
2

4

-5

0

	  B.	  
steindachneri.	  Veg1	  is	  emergent	  vegetaMon,	  Veg2	  represents	  floaMng	  vegetaMon	  and	  
Veg3	  represents	  submerged	  vegetaMon.

5.3.4	  Diet	  and	  habitat	  correla4ons

CCA	  was	  performed	  to	  determine	  associaMons	  between	  food	  items	  consumed	  and	  the	  

characterisMcs	  of	  the	  microhabitat	  that	  the	  fish	  were	  sampled	  from.	  The	  first	  axis	  was	  

most	  highly	  correlated	  with	  depth,	  showing	  that	  surface	  dwelling	  and	  non-‐aquaMc	  
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organisms	  were	  consumed	  by	  fish	  found	  in	  shallow	  waters	  and	  a	  high	  degree	  of	  tree	  

cover	  (Figure	  5.10).	  The	  second	  axis	  was	  mostly	  influenced	  by	  the	  proporMon	  of	  stones	  

found	  in	  the	  substrate.	  The	  presence	  and	  quanMty	  of	  vegetaMon,	  either	  emergent,	  

floaMng	  or	  submerged,	  played	  a	  role	  on	  both	  axes,	  influencing	  prey	  preference	  on	  a	  

large	  number	  of	  organisms,	  including	  prey	  such	  as	  Simuliidae	  and	  Chironomid	  larvae	  

that	  were	  found	  in	  large	  quanMMes	  in	  all	  ploidy	  groups.	  Terrestrial	  insects	  were	  also	  

consumed	  in	  microhabitat	  areas	  with	  li<le	  or	  no	  vegetaMon.

Figure	  5.10:	  RepresentaMon	  of	  the	  CCA	  performed	  on	  the	  diet	  of	  S.	  alburnoides,	  using	  
habitat	  factors	  to	  explain	  the	  variaMon	  in	  the	  sample.	  Veg1	  is	  emergent	  vegetaMon,	  
Veg2	  represents	  floaMng	  vegetaMon	  and	  Veg3	  represents	  submerged	  vegetaMon.	  
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5.4	  Discussion

Ecological	  and	  growth	  data	  of	  S.	  alburnoides	  showed	  that	  differences	  between	  the	  two	  

ploidy	  levels	  studied,	  diploid	  males	  and	  triploids,	  exist	  beyond	  those	  idenMfied	  in	  their	  

morphologies	  (Chapters	  3	  and	  4).	  

Previous	  studies	  concluded	  that	  growth	  rates	  between	  ploidy	  levels	  differed	  

significantly	  (Collares-‐Pereira	  et	  al.,	  2007;	  Ribeiro	  et	  al.,	  2003),	  therefore	  it	  was	  

considered	  necessary	  to	  conMnue	  making	  the	  disMncMon	  between	  ploidy	  levels	  when	  

analysing	  S.	  alburnoides,	  as	  inherent	  size	  differences	  existed	  between	  diploid	  males	  

and	  other	  ploidy	  levels,	  with	  diploid	  males	  being	  of	  much	  smaller	  size,	  and	  only	  

growing	  to	  a	  maximum	  of	  90	  mm	  compared	  to	  130	  mm	  for	  triploids	  (Collares-‐Pereira	  et	  

al.,	  2007).	  The	  results	  from	  aging	  the	  fish	  also	  provide	  another	  reason	  to	  disMnguish	  

between	  ploidy	  levels,	  as	  diploid	  males	  do	  not	  live	  as	  long	  as	  other	  ploidy	  levels	  and	  no	  

individuals	  of	  more	  than	  four	  years	  were	  found.	  This	  finding	  was	  also	  confirmed	  by	  

previous	  studies,	  such	  as	  by	  Ribeiro	  et	  al.	  (2003),	  where	  the	  oldest	  diploid	  males	  found	  

were	  three	  years	  old.	  The	  reasons	  why	  diploid	  males	  might	  tend	  to	  have	  a	  shorter	  

lifespan	  are	  numerous.	  GeneMc	  differences	  are	  implicit,	  the	  genome	  of	  diploid	  males	  

being	  different	  to	  its	  hybrid	  diploid	  and	  triploid	  counterparts.	  In	  S.	  alburnoides,	  diploid	  

individuals	  have	  smaller	  genome	  sizes	  than	  triploids	  (Prospero	  and	  Collares-‐Pereira,	  

2000)	  and	  the	  quanMty	  of	  DNA	  in	  a	  cell	  can	  significantly	  influence	  the	  longevity	  of	  a	  

number	  of	  animal	  orders	  (Griffith	  et	  al.,	  2003).	  Another	  reason	  for	  differences	  in	  

lifespan	  may	  be	  related	  to	  feeding	  behaviour,	  especially	  during	  dry	  summers,	  where	  

there	  is	  increased	  compeMMon	  for	  food	  and	  alteraMons	  in	  the	  community	  structure	  of	  

fish	  present	  (Collares-‐Pereira	  et	  al.,	  2000;	  Pires	  et	  al.,	  1999).	  Triploid	  individuals	  have	  a	  

much	  broader	  diet,	  which	  may	  increase	  chances	  of	  survival	  in	  condiMons	  of	  drought	  
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(Gomes-‐Ferreira	  et	  al.,	  2005).	  The	  small	  size	  of	  diploid	  males	  could	  be	  disadvantageous	  

in	  intraspecific	  compeMMon	  for	  food,	  but	  it	  may	  also	  increase	  the	  risk	  of	  predaMon,	  

notably	  from	  introduced	  species	  such	  as	  the	  largemouth	  bass	  Micropterus	  salmoides	  

(Godinho	  et	  al.,	  1997).	  Risk	  of	  interspecific	  predaMon	  may	  also	  occur	  in	  periods	  when	  

food	  is	  scarce,	  as	  large	  S.	  alburnoides	  consume	  fish,	  including	  diploid	  male	  S.	  

alburnoides	  (details	  in	  this	  chapter,	  secMon	  5.3.2).

Significant	  differences	  in	  size	  between	  ploidy	  groups	  become	  apparent	  beyond	  the	  first	  

year	  of	  growth,	  irrespecMve	  of	  the	  method	  with	  which	  average	  lengths-‐at-‐age	  were	  

calculated.	  This	  reinforces	  the	  idea	  that	  growth	  for	  ploidy	  levels	  should	  be	  viewed	  

separately,	  as	  they	  lead	  different	  life	  histories	  that	  have	  a	  significant	  effect	  on	  overall	  

growth.	  These	  results	  are	  comparable	  to	  those	  found	  by	  Ribeiro	  et	  al.	  (2003),	  who	  

found	  differences	  in	  growth	  between	  diploid	  males	  and	  other	  ploidy	  levels.	  They	  also	  

demonstrated	  that	  growth	  slowed	  for	  triploids	  aKer	  the	  second	  year,	  hypothesised	  to	  

be	  due	  to	  increased	  reproducMve	  effort.	  A	  similar	  trend	  was	  found	  in	  the	  populaMons	  

studied	  here,	  in	  which	  growth	  slowed	  later	  on	  in	  life.

Stomach	  contents	  analysis	  was	  used	  to	  examine	  the	  diversity	  of	  food	  intake	  in	  the	  

species,	  which	  may	  represent	  diversity	  due	  to	  definable	  morphological	  and	  geneMc	  

features	  or	  may	  represent	  diversity	  due	  to	  factors	  that	  influence	  prey	  availability	  such	  

as	  season	  or	  riverine	  habitat	  characterisMcs	  (Pires,	  Cowx,	  and	  Coelho,	  2000a;	  Esteves	  et	  

al.,	  2000).	  In	  the	  study	  performed	  here,	  it	  is	  possible	  that	  the	  diet	  diversity	  found	  in	  S.	  

alburnoides	  is	  due	  to	  seasonal	  differences	  in	  prey	  availability.	  Although	  confirmaMon	  of	  

this	  is	  not	  possible,	  due	  to	  a	  lack	  of	  macroinvertebrate	  sampling	  in	  this	  thesis,	  the	  items	  

that	  are	  the	  most	  commonly	  consumed	  are	  congruent	  with	  a	  previous	  report	  of	  prey	  

availability	  in	  the	  same	  study	  area	  (Pires,	  Cowx,	  and	  Coelho,	  2000a).	  
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In	  addiMon	  to	  variaMon	  between	  seasons,	  S.	  alburnoides	  dietary	  data	  displayed	  a	  

measure	  of	  diversity	  between	  ploidy	  groups	  within	  a	  season.	  The	  overlap	  between	  

diets	  of	  both	  ploidy	  levels	  showed	  that	  around	  half	  of	  the	  diet	  was	  consMtuted	  by	  the	  

same	  items,	  the	  other	  half	  represenMng	  prey	  consumed	  only	  by	  one	  group.	  One	  of	  the	  

most	  notable	  differences	  in	  dietary	  composiMon	  was	  the	  consumpMon	  of	  fish	  by	  

triploid	  individuals	  in	  October	  when	  the	  overall	  diversity	  and	  abundance	  of	  food	  was	  

no	  doubt	  lower	  (Pires,	  Cowx,	  and	  Coelho,	  2000a).	  This	  suggests	  that	  when	  food	  is	  

scarce,	  triploids,	  due	  to	  their	  larger	  size	  and	  more	  aggressive	  nature	  (Gomes-‐Ferreira	  et	  

al.,	  2005),	  are	  able	  to	  consume	  a	  wider	  variety	  of	  prey.	  

Results	  of	  habitat	  preferences	  of	  S.	  alburnoides	  have	  not	  only	  shown	  segregaMon	  based	  

on	  ploidy,	  but	  also	  one	  based	  on	  size	  and	  age,	  with	  older	  diploid	  male	  individuals	  

sharing	  some	  habitat	  characterisMcs	  with	  triploid	  individuals.	  This	  mirrors	  findings	  from	  

S.	  pyrenaicus	  that	  display	  varied	  dietary	  and	  habitat	  preferences	  relaMng	  to	  size	  

(Magalhaes,	  1993a).	  In	  many	  respects,	  such	  as	  morphology,	  dietary	  composiMon	  and	  

habitat	  selecMon,	  triploid	  S.	  alburnoides	  could	  be	  associated	  with	  their	  maternal	  

ancestor	  S.	  pyrenaicus	  and	  diploid	  males	  with	  A.	  hispanica,	  presumed	  to	  be	  similar	  to	  

the	  paternal	  ancestor	  of	  the	  species	  complex	  (Collares-‐Pereira	  and	  Coelho,	  2010).	  

Niche	  segregaMon	  may	  have	  occurred	  between	  the	  ancestors	  of	  S.	  alburnoides	  and	  

such	  segregaMons	  may	  have	  been	  transferred	  to	  the	  species	  complex,	  influencing	  niche	  

selecMon.	  This	  could	  help	  to	  determine	  whether	  differences	  in	  ecological	  niches	  are	  

due	  to	  behavioural	  preferences	  inherent	  to	  the	  ploidy	  level	  or	  determined	  by	  

morphological	  features,	  including	  size.

Triploids	  and	  diploid	  males	  appeared	  to	  occupy	  different	  microhabitats,	  which	  were	  

also	  occupied	  by	  other	  species.	  A	  review	  of	  the	  literature	  of	  the	  preferred	  habitats	  of	  
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species	  found	  in	  the	  Murtega	  suggested	  that	  triploids	  used	  similar	  habitat	  

characterisMcs	  to	  those	  of	  several	  species	  of	  the	  genus	  Barbus,	  especially	  fast	  flowing	  

and	  deep	  water	  condiMons,	  which	  was	  also	  confirmed	  by	  the	  CCA	  analysis	  (Table	  5.9).	  

Diploid	  males	  occupied	  similar	  habitats	  to	  those	  of	  introduced	  species	  L.	  gibbosus	  and	  

G.	  holbrookii,	  which	  could	  be	  a	  major	  source	  of	  compeMMon	  regarding	  dietary	  

composiMon.	  L.	  gibbosus	  has	  a	  very	  wide	  dietary	  range,	  feeding	  extensively	  on	  any	  prey	  

items	  available	  (Blanco-‐Garrido	  et	  al.,	  2009),	  which	  could	  lead	  to	  extensive	  compeMMon	  

with	  naMve	  species	  such	  as	  S.	  alburnoides,	  dependent	  on	  food	  availability	  (Garcia-‐

Berthou	  and	  Moreno-‐Amich,	  2000;	  Fox	  et	  al.,	  2007).	  The	  overlap	  in	  microhabitat	  

means	  that	  diploid	  males	  are	  more	  likely	  to	  be	  influenced	  by	  L.	  gibbosus,	  however	  it	  

does	  consume	  similar	  prey	  to	  that	  preferred	  by	  triploids	  as	  well	  (Table	  5.10).	  
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Table	  5.9:	  Habitat	  preferences	  for	  fish	  species	  found	  in	  the	  community	  assemblage	  of	  
the	  Murtega	  river.

Species Depth Flow Substrate Other	  
characterisMcs

Species	  
origin

Source

Squalius	  
alburnoides	  
diploid	  male

Shallow Low Gravel	  
and	  
stones

Presence	  of	  
aquaMc	  
vegetaMon

NaMve/
Endemic	  to	  
Iberian	  
Peninsula

See	  SecMon	  
5.3.3;	  
Collares-‐
Pereira	  et	  
al.	  (2007)

Squalius	  
alburnoides	  
triploids

Deep High Stones	  
and	  
boulder

NaMve/
Endemic	  to	  
Iberian	  
Peninsula

See	  SecMon	  
5.3.3;	  
Collares-‐
Pereira	  et	  
al.	  (2007)

Squalius	  
pyrenaicus

Rivers	  
with	  
shallow	  
depths

Low	  -‐	  
medium

Stones	  
and	  
boulder

Presence	  of	  
aquaMc	  
vegetaMon

NaMve/
Endemic	  to	  
Iberian	  
Peninsula

Collares-‐
Pereira	  et	  
al.	  (2007),	  
Magalhaes	  
(1993)

Lepomis	  
gibbosus

Shallow Low Sand	  and	  
mud

Murky	  and	  
brackish	  
waters

Introduced	  
exoMc

Collares-‐
Pereira	  et	  
al.	  (2007),	  
Maitland	  
and	  
Campbell	  
(1992)

Barbus	  
microcephalus

Deep High Gravel	  
and	  
stones

NaMve/
Endemic	  to	  
Iberian	  
Peninsula

Collares-‐
Pereira	  et	  
al.	  (2007),	  
Cabral	  et	  al.	  
(2005)

Barbus	  
steindachneri

Deep High Boulder	  
and	  
bedrock

Smaller	  
individuals	  
prefer	  areas	  
with	  high	  
vegetaMon	  
abundance

NaMve/
Endemic	  to	  
Iberian	  
Peninsula

Collares-‐
Pereira	  et	  
al.	  (2007),	  
Cabral	  et	  al.	  
(2005)

Gambusia	  
holbrookii

Shallow Low All	  types	  
of	  
substrate

Lots	  of	  
aquaMc	  
vegetaMon

Introduced	  
exoMc

Collares-‐
Pereira	  et	  
al.	  (2007)
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Table	  5.10:	  Dietary	  preferences	  for	  fish	  species	  found	  in	  the	  community	  assemblage	  of	  
the	  Murtega	  river.

Species Typical	  diet	  consumpMon Source

Squalius	  alburnoides	  
diploid	  male

Insects,	  including	  many	  
dipteran	  adults

See	  SecMon	  5.3.2;	  
Collares-‐Pereira	  et	  al.	  
(2007)

Squalius	  alburnoides	  
triploids

Insect	  larvae,	  occasionally	  
opportunist

See	  SecMon	  5.3.2;	  
Collares-‐Pereira	  et	  al.	  
(2007)

Squalius	  pyrenaicus Dipteran	  larvae,	  
Ephemeroptera

Collares-‐Pereira	  et	  al.	  
(2007)

Lepomis	  gibbosus Dipteran	  larvae,	  
occasionally	  opportunist

Collares-‐Pereira	  et	  al.	  
(2007),	  Godinho	  et	  al.	  
(1997)

Barbus	  microcephalus Generalist	  feeder,	  algae	  and	  
macroinvertebrates

Collares-‐Pereira	  et	  al.	  
(2007),	  Pires	  et	  al.	  
(2001)

Barbus	  steindachneri Algae	  and	  crustaceans Collares-‐Pereira	  et	  al.	  
(2007),	  Pires	  et	  al.	  
(2001)

Gambusia	  holbrookii Crustaceans	  (October	  to	  
May),	  Dipteran	  larvae	  (June	  
to	  September)

Collares-‐Pereira	  et	  al.	  
(2007)

As	  with	  triploid	  S.	  alburnoides,	  S.	  pyrenaicus	  can	  be	  found	  in	  many	  different	  

microhabitats	  but	  prefers	  regions	  of	  moderate	  water	  flow	  and	  coarse	  substrate	  (Pires,	  

Cowx,	  and	  Coelho,	  2000b;	  Morán-‐López	  et	  al.,	  2006).	  Although	  microhabitat	  

characterisMcs	  will	  affect	  prey	  species	  present,	  it	  is	  possible	  to	  compare	  dietary	  

preferences	  between	  species.	  Li<le	  data	  has	  been	  achieved	  on	  the	  dietary	  pa<erns	  of	  

S.	  pyrenaicus,	  but	  that	  available	  does	  bear	  some	  resemblance	  to	  dietary	  preferences	  

found	  in	  S.	  alburnoides	  triploids,	  especially	  for	  the	  autumn	  and	  winter	  months,	  when	  

prey	  diversity	  present	  in	  streams	  is	  reduced	  (Pires,	  Cowx,	  and	  Coelho,	  2000a).	  Both	  S.	  

alburnoides	  triploids	  collected	  in	  October	  and	  S.	  pyrenaicus	  sampled	  in	  the	  same	  
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season	  showed	  that	  although	  overall	  dietary	  diversity	  decreased	  when	  compared	  to	  

summer	  and	  spring,	  the	  consumpMon	  of	  species	  less	  abundant	  in	  the	  gut	  increased,	  

indicaMng	  generalist	  and	  opportunisMc	  feeding	  behaviour	  (Magalhaes,	  1993a).	  This	  

opportunisMc	  nature	  is	  most	  readily	  seen	  in	  S.	  alburnoides	  by	  cannibalism	  of	  smaller	  

fish,	  as	  found	  in	  the	  research	  presented	  here.	  

In	  many	  aspects,	  the	  habitat	  preferences	  of	  diploid	  male	  S.	  alburnoides	  are	  similar	  to	  

those	  of	  A.	  hispanica,	  especially	  relaMng	  to	  the	  preference	  for	  low	  flow	  and	  shallow	  

depth	  (Collares-‐Pereira	  et	  al.,	  2000;	  Ribeiro	  et	  al.,	  2000;	  Blanco-‐Garrido	  et	  al.,	  2009).	  

Body	  size	  is	  likely	  an	  influencing	  factor	  for	  these	  preferences,	  as	  older	  and	  larger	  diploid	  

males	  were	  also	  found	  in	  areas	  of	  greater	  depth.	  However,	  due	  to	  the	  highly	  

endangered	  nature	  of	  A.	  hispanica	  (Collares-‐Pereira	  et	  al.,	  1999),	  there	  have	  not	  been	  

any	  opportuniMes	  to	  carry	  out	  detailed	  dietary	  studies.	  However,	  it	  can	  be	  assumed,	  by	  

examining	  habitat	  preferences,	  that	  some	  similariMes	  will	  be	  found.	  The	  data	  presented	  

here	  showed	  that	  dipteran	  adults	  are	  more	  likely	  to	  be	  consumed	  by	  individuals	  found	  

in	  shallow	  depths,	  many	  of	  which	  are	  diploid	  males.	  The	  preference	  of	  A.	  hispanica	  to	  

inhabit	  such	  habitats	  leads	  to	  the	  conclusion	  that	  dietary	  preferences	  between	  these	  

species	  may	  overlap	  significantly.	  In	  addiMon,	  both	  the	  morphology	  of	  diploid	  male	  S.	  

alburnoides	  and	  A.	  hispanica	  is	  adapted	  to	  consume	  terrestrial	  insects	  from	  the	  

surface,	  due	  to	  the	  upturned	  posiMon	  of	  the	  mouth	  (Karpouzi	  and	  Stergiou,	  2003;	  

Collares-‐Pereira	  et	  al.,	  2007;	  see	  Chapter	  4.3.2).

Other	  polyploid	  fish	  species	  display	  similar	  pa<erns	  to	  those	  found	  for	  S.	  alburnoides,	  

where	  differences	  between	  ploidy	  levels	  or	  between	  the	  hybrid	  and	  their	  parental	  

species	  are	  found	  at	  a	  number	  of	  ecological	  levels.	  The	  hybrid	  Phoxinus	  eos-‐neogaeus	  

lives	  in	  sympatry	  with	  both	  of	  its	  parental	  ancestors	  and	  presents	  mostly	  clonally-‐
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reproducing	  diploids	  and	  some	  triploids	  that	  arise	  due	  to	  further	  hybridisaMon	  of	  the	  

hybrid	  with	  one	  of	  the	  parental	  ancestors	  (Doeringsfeld	  et	  al.,	  2004).	  Phoxinus	  eos-‐

neogaeus	  also	  displays	  habitat	  segregaMon	  between	  ploidy	  levels,	  similar	  to	  S.	  

alburnoides,	  with	  diploids	  occupying	  a	  much	  broader	  niche	  than	  triploids,	  which	  have	  

similar	  habitat	  preferences	  to	  the	  parental	  species	  (Doeringsfeld	  et	  al.,	  2004).	  The	  

dietary	  preferences	  of	  polyploid	  species	  tend	  to	  indicate	  that	  differences	  are	  found	  

between	  the	  hybrid	  species	  and	  their	  sympatric	  parental	  ancestors,	  reducing	  

interspecies	  compeMMon,	  such	  as	  for	  fish	  of	  the	  genus	  Poeciliopsis	  (Weeks	  et	  al.,	  1992;	  

Gray	  and	  Weeks,	  2001).	  Differences	  in	  the	  growth	  of	  S.	  alburnoides,	  however,	  do	  not	  

corroborate	  the	  results	  from	  growth	  pa<erns	  of	  the	  polyploid	  spined-‐loach	  complex	  

(genus	  CobiCs),	  where	  no	  differences	  were	  found	  between	  the	  available	  ploidy	  levels	  

(Ri<erbusch	  and	  Bohlen,	  2000).

Previous	  work	  on	  the	  species,	  (e.g.	  MarMns	  et	  al.,	  1998;	  Gomes-‐Ferreira	  et	  al.,	  2005)	  

suggest	  that	  for	  the	  major	  porMon	  of	  the	  year	  there	  are	  differences	  in	  resource	  use	  by	  

different	  ploidy	  forms	  of	  S.	  alburnoides,	  however,	  results	  here	  show	  that	  interacMons	  

between	  ploidy	  levels	  also	  frequently	  occur	  outside	  of	  the	  reproducMve	  period,	  

including	  those	  relaMng	  to	  habitat	  selecMon.	  A	  number	  of	  life	  history	  differences	  also	  

exist	  between	  diploid	  males	  and	  triploids,	  visible	  in	  growth	  rates	  and	  longevity.	  These	  

differences	  may	  be	  affected	  by	  a	  number	  of	  variables	  that	  may	  vary	  between	  

populaMons	  of	  the	  same	  species,	  such	  as	  resource	  use	  in	  early	  life	  stages.	  	  With	  the	  

data	  available	  it	  was	  not	  possible	  to	  determine	  if	  growth	  and	  ecological	  differences	  

were	  also	  present	  between	  other	  ploidy	  forms,	  such	  as	  triploids	  and	  diploid	  females.	  

However,	  the	  literature	  suggests	  that	  no	  differences	  would	  be	  found,	  as	  these	  groups	  

have	  similar	  behavioural	  and	  dietary	  preferences	  (Ribeiro	  et	  al.,	  2003).	  By	  necessity,	  
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both	  ploidy	  levels	  of	  S.	  alburnoides	  studied	  (diploid	  male	  and	  triploid)	  are	  well	  adapted	  

to	  cope	  with	  variability	  in	  prey	  and	  habitat	  availability	  of	  the	  Guadiana	  river	  basin,	  

influenced	  by	  the	  ever	  changing	  hydrological	  regime.	  This	  does	  not	  however	  mean	  that	  

their	  future	  is	  assured,	  as	  the	  pressure	  exerted	  by	  the	  increase	  in	  dams	  and	  water	  

abstracMon	  faciliMes	  may	  reduce	  habitat	  availability	  in	  summer	  even	  further	  and	  

increase	  intra-‐species	  compeMMon.	  This	  chapter	  has	  demonstrated	  that	  triploid	  S.	  

alburnoides	  occupy	  a	  wide	  range	  of	  habitats	  within	  a	  river,	  which	  has	  been	  linked	  to	  

improved	  chances	  of	  survival	  and	  adaptaMon	  in	  other	  polyploid	  species	  (Gray	  and	  

Weeks,	  2001).	  However,	  the	  reproducMve	  mechanisms	  present	  within	  the	  species	  

complex	  currently	  indicate	  that	  triploids	  rely	  on	  the	  presence	  of	  diploid	  males	  to	  

acMvate	  ferMlisaMon	  (Sousa-‐Santos,	  Collares-‐Pereira,	  and	  Almada,	  2006c),	  especially	  if	  

other	  potenMal	  sperm	  donors,	  such	  as	  S.	  pyrenaicus,	  are	  not	  present,	  as	  is	  the	  case	  for	  

this	  study.	  
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Chapter	  6:	  General	  discussion

6.1	  Morphological	  conclusions

This	  thesis	  has	  mostly	  focused	  on	  morphological	  characterisMcs	  of	  S.	  alburnoides	  and	  

a<empted	  to	  relate	  these	  to	  geneMc	  composiMon,	  habitat	  and	  dietary	  preferences.	  A	  

number	  of	  more	  specific	  quesMons	  were	  posed	  in	  individual	  chapters,	  with	  the	  aim	  of	  

improving	  knowledge	  about	  the	  S.	  alburnoides	  species	  complex,	  not	  only	  for	  

conservaMon	  purposes	  but	  to	  aid	  future	  studies	  in	  terms	  of	  ploidy	  idenMficaMon	  within	  

the	  species	  complex.	  Both	  Chapters	  3	  and	  4	  successfully	  demonstrated	  that	  differences 	  

in	  geneMc	  composiMon	  of	  S.	  alburnoides	  individuals	  could	  be	  seen	  in	  scale,	  head	  and	  

body	  morphology	  of	  individuals	  from	  the	  same	  river	  basin.	  Using	  scale	  morphology	  of	  

fish	  of	  known	  ploidy,	  a	  predicMon	  funcMon	  was	  created	  that	  could	  idenMfy	  individuals	  

of	  unknown	  ploidy	  within	  the	  Guadiana	  river	  basin.	  While	  scales	  of	  three	  disMnct	  ploidy	  

groups	  were	  available,	  the	  predicMon	  funcMon	  was	  successful	  (with	  sufficient	  

confidence)	  in	  predicMng	  the	  ploidy	  of	  diploid	  male	  and	  triploid	  individuals.	  Diploid	  

females	  were	  not	  idenMfied	  to	  the	  required	  level	  of	  precision,	  in	  part	  due	  to	  differences 	  

in	  morphology	  between	  diploid	  female	  individuals	  and	  triploid	  individuals	  that	  were	  

not	  as	  great	  as	  between	  non-‐hybrid	  diploid	  males	  and	  all	  other	  ploidy	  groups.	  The	  

number	  of	  diploid	  females	  available	  to	  provide	  morphological	  scale	  data	  was	  also	  lower	  

than	  the	  number	  of	  triploids	  samples	  available,	  meaning	  that	  less	  informaMon	  on	  

diploid	  female	  shape	  could	  be	  used	  to	  refine	  the	  predicMon	  funcMon.	  

In	  addiMon	  to	  idenMfying	  differences	  in	  ploidy	  in	  the	  Guadiana	  river,	  scale	  morphology	  

was	  also	  used	  to	  idenMfy	  differences	  between	  fish	  in	  the	  Tejo	  and	  the	  Sado	  river	  

systems.	  Data	  from	  both	  of	  these	  rivers	  were	  able	  to	  provide	  some	  disMncMons	  
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between	  ploidy	  levels,	  however	  neither	  were	  capable	  of	  differenMaMng	  tetraploid	  

individuals	  from	  other	  ploidy	  levels	  due	  to	  low	  numbers	  of	  tetraploid	  individuals	  

available	  for	  morphological	  analysis.	  The	  low	  numbers	  of	  fish	  available	  from	  the	  Tejo	  

and	  Sado	  rivers	  did	  not	  provide	  sufficient	  accuracy	  for	  the	  creaMon	  of	  predicMon	  

funcMons	  as	  for	  the	  Guadiana	  river	  system.	  However,	  the	  results	  found	  are	  

encouraging,	  demonstraMng	  that	  if	  more	  morphological	  data	  were	  to	  be	  collected,	  an	  

accurate	  predicMon	  funcMon	  for	  both	  rivers	  could	  be	  created,	  with	  the	  ability	  to	  

disMnguish	  between	  most,	  if	  not	  all,	  ploidy	  levels	  present	  in	  the	  river	  basin.

The	  morphometric	  technique	  developed	  successfully	  allowed	  differenMaMon	  within	  the	  

species	  and	  also	  revealed	  morphological	  differences	  not	  previously	  idenMfied.	  The	  

geometric	  methods	  involving	  body	  shape	  succeeded	  in	  morphological	  idenMficaMon	  of	  

S.	  alburnoides	  in	  the	  Guadiana	  river	  basin	  of	  Portugal	  where	  all	  previous	  ploidy	  

idenMficaMons	  involved	  the	  use	  of	  flow	  cytometry	  or	  the	  counMng	  of	  merisMc	  

characterisMcs	  (Prospero	  and	  Collares-‐Pereira,	  2000;	  Collares-‐Pereira,	  1984;	  Ribeiro	  et	  

al.,	  2003).	  The	  work	  performed	  here	  confirmed	  findings	  that	  differenMaMon	  could	  be	  

made	  (Cunha	  et	  al.,	  2010)	  using	  such	  techniques	  and	  added	  informaMon	  about	  the	  

morphology	  of	  non-‐hybrid	  diploid	  males.	  The	  knowledge	  gained	  here	  has	  shown	  that	  

morphological	  differences	  between	  ploidy	  levels	  are	  not	  confined	  to	  a	  specific	  area	  of	  

the	  body,	  such	  as	  the	  head,	  but	  are	  distributed	  across	  the	  whole	  of	  the	  body,	  such	  as	  in	  

the	  caudal	  peduncle,	  body	  depth	  and	  posiMon	  of	  the	  mouth.	  A	  comparison	  of	  

morphological	  characterisMcs	  between	  river	  systems	  was	  performed,	  demonstraMng	  

that	  differences	  do	  exist,	  although	  the	  exact	  reasons	  for	  this	  difference	  are	  sMll	  not	  

clear,	  as	  this	  may	  be	  an	  influence	  of	  ecological	  adaptaMon	  or	  due	  to	  geneMc	  divergence	  

within	  the	  species.	  The	  creaMon	  of	  these	  techniques	  has	  provided	  a	  novel	  framework	  
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for	  the	  idenMficaMon	  of	  S.	  alburnoides	  ploidy	  levels	  using	  geometric	  morphometrics,	  

involving	  the	  use	  of	  scale,	  head	  and	  body	  morphology.	  The	  data	  has	  however	  shown	  

that	  seasonal	  differences	  are	  also	  displayed	  in	  the	  morphology	  of	  the	  species,	  

especially	  with	  regards	  to	  female	  individuals,	  and	  as	  such	  seasonality	  must	  be	  taken	  

into	  account	  when	  using	  body	  morphology	  to	  idenMfy	  S.	  alburnoides,	  whether	  

tradiMonal	  measurement	  based	  techniques	  or	  geometric	  morphometric	  methods	  be	  

used.	  

The	  data	  available	  from	  the	  three	  rivers	  studies	  provided	  results	  that	  demonstrated	  

that	  morphological	  differences	  not	  only	  existed	  between	  ploidy	  levels	  in	  a	  system,	  but	  

also	  between	  the	  riverine	  systems.	  Differences	  in	  the	  average	  shape	  of	  each	  ploidy	  

group	  could	  be	  seen	  between	  rivers,	  indicaMng	  that	  the	  varying	  populaMon	  

composiMons	  between	  rivers	  were	  affecMng	  morphological	  factors	  for	  each	  ploidy	  

group.	  These	  differences	  in	  shape	  could	  also	  be	  explained	  by	  differing	  environmental	  

condiMons	  between	  rivers.

6.2.	  Ecological	  conclusions

Chapter	  5	  aimed	  in	  part	  to	  corroborate	  previous	  research	  that	  indicated	  that	  growth	  

pa<erns	  between	  ploidy	  groups	  varied	  within	  the	  species,	  with	  diploid	  males	  having	  

smaller	  length-‐at-‐age	  than	  all	  other	  ploidy	  groups.	  Due	  to	  only	  two	  groups	  within	  the	  

species,	  diploid	  males	  and	  triploids,	  having	  been	  successfully	  idenMfied	  in	  Chapter	  3,	  

comparisons	  in	  Chapter	  5	  could	  only	  be	  made	  between	  these	  two	  groups.	  Results	  

successfully	  demonstrated	  that	  diploid	  males	  and	  triploids	  have	  different	  growth	  

pa<erns,	  with	  triploids	  growing	  to	  longer	  lengths	  and	  living	  to	  greater	  ages	  than	  diploid	  

males.	  The	  research	  showed	  that	  these	  differences	  usually	  became	  present	  aKer	  the	  

first	  year	  of	  growth	  and	  that	  lengths	  before	  that	  were	  similar,	  irrespecMve	  of	  ploidy	  
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group.	  Due	  to	  the	  sample	  sizes	  from	  cohorts	  being	  small,	  it	  is	  possible	  that	  some	  

growth	  pa<erns,	  especially	  for	  later	  years,	  are	  not	  fully	  represented	  in	  the	  data	  

available	  here.	  However,	  the	  growth	  pa<erns	  calculated	  within	  this	  thesis	  were	  

performed	  on	  all	  individuals	  available,	  irrespecMve	  of	  cohort,	  and	  provide	  an	  insight	  

into	  expected	  growth	  pa<erns	  of	  S.	  alburnoides.	  

The	  segregaMon	  of	  ploidy	  groups	  using	  ecological	  variables	  was	  also	  examined	  in	  

Chapter	  5.	  Between	  the	  two	  ploidy	  groups	  available,	  the	  results	  indicated	  that	  some	  

dietary	  segregaMon	  occurred,	  idenMfying	  prey	  that	  were	  consumed	  exclusively	  by	  one	  

ploidy	  or	  the	  other.	  Prey	  items	  consumed	  by	  diploid	  males	  included	  dipteran	  adults,	  

which	  are	  associated	  with	  shallow	  habitat	  areas,	  generally	  the	  preferred	  habitat	  of	  

younger	  diploid	  males.	  The	  consumpMon	  of	  these	  items	  is	  also	  related	  to	  

morphological	  adaptaMons	  found	  amongst	  individuals	  of	  that	  ploidy	  group,	  such	  as	  the	  

more	  upturned	  posiMon	  of	  the	  mouth	  when	  compared	  to	  triploid	  individuals.	  Such	  

adapMons	  have	  been	  found	  in	  other	  species	  of	  fish,	  from	  a	  wide	  range	  of	  genera	  

(Czerwinski	  et	  al.,	  2008;	  Winemiller,	  1991)	  and	  can	  be	  related	  to	  feeding	  at	  specific	  

trophic	  levels	  (Karpouzi	  and	  Stergiou,	  2003).	  Individuals	  of	  triploid	  ploidy	  were	  shown	  

to	  be	  more	  generalist	  feeders,	  which	  could	  also	  be	  related	  to	  the	  morphology	  of	  the	  

mouth,	  as	  the	  prey	  items	  consumed	  could	  be	  found	  in	  all	  levels	  of	  the	  water	  column	  

with	  preferences	  for	  a	  variety	  of	  substrates	  (Longo	  S	  et	  al.,	  2010;	  Bae	  et	  al.,	  2011).	  

Habitat	  segregaMon	  within	  S.	  alburnoides	  was	  successfully	  demonstrated	  and	  was	  

found	  to	  be	  associated	  with	  size	  as	  well	  as	  ploidy.	  Numerous	  species	  of	  freshwater	  fish	  

have	  been	  shown	  to	  modify	  their	  habitat	  preferences	  between	  juvenile	  and	  adult	  

stages,	  such	  as	  the	  closely	  related	  Squalius	  pyrenaicus	  (Magalhaes,	  1993a)	  and	  the	  

polyploid	  hybrid	  Phoxinus	  eos-‐neogaeus	  (Schlosser,	  1982).	  Older	  diploid	  male	  
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individuals	  were	  more	  likely	  to	  be	  found	  sharing	  a	  habitat	  with	  triploid	  individuals	  than	  

young	  diploid	  male	  individuals	  were.	  

The	  results	  achieved	  here,	  from	  both	  habitat	  and	  dietary	  aspects,	  confirmed	  previously	  

published	  work,	  with	  S.	  alburnoides	  displaying	  a	  degree	  of	  separaMon	  for	  these	  

ecological	  factors	  between	  non-‐hybrid	  diploid	  males	  and	  other	  groups	  present	  (MarMns 	  

et	  al.,	  1998;	  Gomes-‐Ferreira	  et	  al.,	  2005).	  A	  certain	  amount	  of	  seasonal	  differences	  in	  

diet	  consumpMon	  was	  found.	  The	  seasonal	  diet	  variaMon	  hinted	  at	  the	  possibility	  of	  

further	  dietary	  variaMon	  by	  season.	  Unfortunately,	  logisMc	  constraints,	  relaMng	  to	  Mme	  

and	  availability	  of	  collaborators,	  made	  sampling	  on	  more	  than	  two	  occasions	  

impossible.	  The	  highly	  variable	  nature	  of	  the	  river	  system	  and	  the	  extreme	  weather	  

condiMons	  present	  in	  winter	  and	  summer	  (Morais	  et	  al.,	  2009)	  would	  have	  no	  doubt	  

also	  displayed	  an	  impact	  on	  the	  dietary	  preferences	  and	  intra-‐species	  compeMMon.	  This 	  

would	  be	  especially	  true	  in	  summer,	  where	  interspecies	  compeMMon	  is	  known	  to	  

increase,	  due	  to	  limitaMon	  of	  resources	  caused	  by	  the	  drought	  (Morán-‐López	  et	  al.,	  

2005).	  

The	  differences	  in	  habitat	  and	  diet	  within	  the	  Guadiana	  river	  basin	  are	  mostly	  also	  

found	  in	  other	  river	  systems,	  such	  as	  the	  Tejo	  and	  Sado	  drainages.	  Sampling	  of	  these	  

other	  rivers	  could	  have	  revealed	  alternaMve	  resource	  use	  for	  S.	  alburnoides	  individuals	  

that	  may	  be	  highly	  dependant	  on	  the	  resources	  present	  within	  the	  system.	  This	  thesis	  

did	  not	  focus	  on	  the	  comparison	  of	  how	  ploidy	  levels	  from	  different	  river	  basins	  

selected	  their	  preferred	  habitats	  and	  whether	  this	  had	  an	  influence	  on	  prey	  choice.	  In	  

addiMon,	  other	  rivers	  and	  stretches	  of	  the	  Guadiana	  have	  exoMc	  introduced	  predators,	  

such	  as	  Micropterus	  salmoides,	  that	  may	  play	  a	  role	  in	  habitat	  choice	  for	  predator	  

avoidance,	  as	  demonstrated	  in	  numerous	  species	  of	  freshwater	  fish	  (HunMngford	  and	  
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Wright,	  1989;	  C.	  Brown,	  2003;	  Reebs,	  1999).	  No	  M.	  salmoides	  were	  found	  in	  the	  area	  

of	  the	  Guadiana	  sampled,	  suggesMng	  a	  populaMon	  mostly	  undisturbed	  by	  introduced	  

exoMcs.

6.3	  Combining	  morphological	  and	  ecological	  data

The	  S.	  alburnoides	  species	  complex	  is	  part	  of	  a	  small	  group	  of	  vertebrate	  animals	  that	  

present	  polyploidy	  due	  to	  hybridisaMon,	  which	  is	  oKen	  accompanied	  by	  modified	  

reproducMve	  tacMcs	  and	  unisexual	  lineages	  (Dawley,	  1989;	  Vrijenhoek	  and	  Dawley,	  

1989).	  It	  has	  been	  proposed	  that	  these	  complexes	  are	  evoluMonary	  dead-‐ends	  due	  to	  

their	  reproducMve	  methods	  and	  interspecies	  compeMMon	  with	  their	  parental	  species	  

for	  limited	  ecological	  resources	  (AA	  Echelle	  and	  AF	  Echelle,	  1997;	  Vrijenhoek,	  1989).	  

Other	  research	  suggests	  that	  this	  is	  not	  the	  case,	  with	  polyploid	  complexes	  living	  

separate	  from	  their	  parental	  ancestors	  (Adams	  et	  al.,	  2003)	  and	  evidence	  to	  show	  that	  

polyploids	  can	  occupy	  a	  wider	  range	  of	  niches	  than	  their	  ancestors	  (Gray	  and	  Weeks,	  

2001;	  Weeks	  et	  al.,	  1992),	  potenMally	  gaining	  an	  advantage	  over	  these.	  This	  appears	  to	  

be	  the	  case	  with	  S.	  alburnoides,	  which	  not	  only	  shows	  an	  ability	  to	  occupy	  a	  number	  of	  

habitats	  and	  thrive,	  but	  also	  shows	  some	  habitat	  segregaMon	  within	  the	  species,	  thus	  

potenMally	  reducing	  intraspecific	  compeMMon.	  Extensive	  evidence	  of	  niche	  parMMoning	  

has	  been	  demonstrated	  for	  fish	  of	  the	  genus	  Poeciliopsis	  (Weeks	  et	  al.,	  1992;	  Gray	  and	  

Weeks,	  2001)	  and	  those	  of	  the	  P.	  eos-‐neogaeus	  complex	  (Schlosser	  et	  al.,	  1998;	  

Doeringsfeld	  et	  al.,	  2004).	  The	  differences	  in	  resource	  use	  of	  S.	  alburnoides	  are	  also	  

evident	  in	  morphology,	  where	  differences	  in	  a	  number	  of	  morphological	  characterisMcs	  

are	  visible,	  some	  of	  which,	  such	  as	  posiMon	  of	  the	  mouth,	  can	  be	  correlated	  directly	  to	  

ecological	  preferences.	  The	  morphological	  differences	  were	  expected,	  as	  work	  on	  a	  

similar	  polyploid	  complex	  of	  the	  genus	  CobiCs	  shows	  a	  number	  of	  morphological	  
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variaMons	  on	  fin	  rays,	  spines	  and	  scales	  (Kotusz,	  2008).	  One	  aspect	  of	  morphology	  that	  

the	  geometric	  morphometrics	  conducted	  in	  this	  thesis	  did	  not	  take	  into	  account	  was	  

the	  inherent	  difference	  in	  size	  between	  the	  two	  ploidy	  levels	  available	  for	  study.	  

Analyses	  of	  age	  and	  growth	  succeeded	  in	  confirming	  previous	  findings	  that	  indicated	  

that	  non-‐hybrid	  diploid	  males	  systemaMcally	  had	  a	  smaller	  length	  at	  age	  than	  other	  

ploidy	  groups	  found	  within	  the	  same	  river	  system	  (Ribeiro	  et	  al.,	  2003).

The	  S.	  alburnoides	  species	  complex	  displays	  a	  lot	  of	  evidence	  of	  on-‐going	  evoluMon,	  

which	  may	  play	  a	  vital	  understanding	  in	  our	  overall	  view	  of	  evoluMonary	  processes.	  The	  

study	  here	  has	  shown	  that	  different	  ploidy	  levels,	  with	  their	  differing	  morphological	  

features,	  have	  varied	  ecological	  traits,	  which	  can	  oKen	  be	  directly	  related	  to	  their	  

morphological	  features.	  An	  example	  of	  this	  would	  be	  for	  the	  apparent	  preference	  for	  

adult	  diptera	  by	  non-‐hybrid	  AA	  males,	  that	  display	  a	  superior	  mouth	  posiMon.	  The	  

abundance	  of	  S.	  alburnoides	  in	  a	  variety	  of	  microhabitats	  confirms	  research	  that	  

postulates	  that	  polyploid	  hybrids	  are	  adaptable	  to	  a	  wider	  range	  of	  condiMons	  than	  

their	  ancestors.	  In	  addiMon	  to	  this,	  S.	  alburnoides	  individuals	  are	  capable	  of	  producing	  a 	  

variety	  of	  viable	  offspring	  without	  S.	  pyrenaicus,	  the	  maternal	  ancestor,	  ensuring	  their	  

conMnued	  survival	  should	  S.	  pyrenaicus	  become	  exMnct.	  S.	  alburnoides	  overall	  shows	  

great	  potenMal	  for	  adaptability,	  not	  only	  at	  a	  reproducMve	  level,	  but	  at	  an	  ecological	  

level.	  Both	  morphology	  and	  dietary	  consumpMon	  indicate	  that	  this	  polyploid	  species	  is	  

capable	  of	  successfully	  inhabiMng	  a	  variety	  of	  habitats	  throughout	  its	  range.	  These	  

conclusions	  can	  also	  be	  applied	  to	  a	  number	  of	  other	  polyploid	  species,	  showing	  that	  

these	  species	  are	  an	  important	  step	  in	  fish	  evoluMonary	  processes	  and	  should	  not	  be	  

considered	  to	  have	  no	  evoluMonary	  merit.
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6.4	  Limita4ons	  and	  recommenda4ons	  for	  future	  work

Future	  work	  on	  S.	  alburnoides	  scale	  morphology	  should	  look	  to	  improve	  sample	  sizes,	  

especially	  diploid	  females,	  and	  add	  to	  the	  exisMng	  database	  of	  scales,	  with	  the	  hope	  of	  

further	  improving	  the	  predicMon	  funcMon	  and	  creaMng	  a	  clear	  disMncMon	  between	  

diploid	  females	  and	  other	  ploidy	  groups.	  Accurate	  predicMon	  funcMons	  can	  be	  obtained	  

with	  as	  few	  as	  30	  fish	  for	  each	  ploidy	  level,	  however	  a	  sample	  size	  of	  75	  for	  each	  would	  

allow	  greater	  discriminaMon	  between	  ploidy	  levels	  with	  similar	  morphology.

One	  of	  the	  main	  limitaMons	  of	  the	  present	  work	  was	  that	  the	  only	  predicMon	  funcMon	  

created	  used	  scale	  morphology	  from	  fish	  caught	  in	  the	  Guadiana	  river.	  Currently,	  fish	  

caught	  in	  any	  other	  river	  basin	  may	  only	  be	  idenMfied	  using	  more	  tradiMonal	  methods	  

rather	  than	  morphology.	  Despite	  this,	  the	  framework	  laid	  out	  here	  has	  shown	  that	  the	  

creaMon	  of	  predicMon	  funcMons	  is	  possible	  and	  that	  they	  have	  a	  high	  degree	  of	  

accuracy.	  If	  a	  thorough	  comparison	  of	  scale	  and	  body	  shape	  between	  rivers	  were	  to	  be	  

carried	  out,	  it	  would	  not	  only	  provide	  an	  extremely	  useful	  tool	  for	  idenMficaMon	  of	  S.	  

alburnoides	  ploidy	  levels	  but	  may	  also	  shed	  light	  on	  how	  the	  different	  populaMons	  have	  

evolved	  since	  their	  original	  hybridisaMon	  event	  (Sousa-‐Santos,	  Collares-‐Pereira,	  and	  

Almada,	  2007b).	  In	  comparisons	  between	  the	  Tejo	  river	  and	  the	  northern	  basins	  of	  the	  

Douro	  and	  the	  Mondego,	  analysis	  of	  morphology	  may	  provide	  insight	  on	  how	  these	  

populaMons	  have	  diverged	  since	  the	  original	  colonisaMon	  of	  the	  northern	  basins,	  and	  

what	  influence	  the	  sperm	  donor	  S.	  caroliterCi	  has	  had	  on	  the	  morphology	  	  (Sousa-‐

Santos,	  Collares-‐Pereira,	  and	  Almada,	  2007b).

The	  differences	  in	  populaMon	  composiMon	  between	  river	  basins	  also	  highlights	  the	  

problem	  that	  in	  the	  scales	  available	  for	  the	  Tejo	  river	  basin,	  there	  were	  no	  examples	  

from	  non-‐hybrid	  diploid	  males,	  a	  form	  that	  is	  found	  in	  this	  river	  (Gromicho	  and	  
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Collares-‐Pereira,	  2004).	  In	  both	  the	  Sado	  and	  Tejo	  drainages,	  examples	  of	  scales	  from	  

tetraploid	  individuals	  were	  discarded	  from	  the	  final	  analysis,	  due	  to	  insufficient	  sample	  

sizes.	  This	  missing	  informaMon	  means	  that	  it	  is	  not	  possible	  to	  provide	  a	  complete	  

picture	  of	  the	  morphological	  variaMon	  that	  exists	  within	  a	  river	  basin.	  On	  the	  same	  

note,	  although	  female	  diploids	  were	  present	  in	  the	  available	  sample,	  they	  were	  not	  

sufficient	  in	  number	  to	  accurately	  predict	  individuals.	  This	  may	  have	  also	  led	  to	  some	  

misidenMficaMon,	  whereby	  diploid	  females	  were	  classified	  as	  females.	  It	  was	  deemed	  

that	  this	  would	  not	  cause	  a	  problem	  for	  the	  subsequent	  ecological	  analyses	  as	  previous	  

work	  showed	  li<le	  habitat	  and	  dietary	  differenMaMon	  between	  diploid	  females	  and	  

triploid	  individuals	  (MarMns	  et	  al.,	  1998).	  

Further	  work	  should	  be	  done	  on	  all	  rivers	  where	  S.	  alburnoides	  is	  present,	  highlighMng	  

exisMng	  differences	  between	  rivers	  and	  providing	  explanaMons	  as	  to	  which	  

environmental	  variables	  could	  cause	  these	  differences.	  It	  may	  also	  be	  possible	  to	  

discover	  similariMes	  between	  rivers	  that	  are	  related	  to	  the	  evoluMonary	  history	  of	  the	  

species,	  idenMfying	  populaMons	  that	  remain	  closely	  related	  and	  confirming	  proposed	  

hybridisaMon	  events	  in	  the	  river	  systems	  studied	  (Sousa-‐Santos,	  Collares-‐Pereira,	  and	  

Almada,	  2007b).

	  Despite	  the	  success	  achieved	  using	  body	  morphology	  as	  an	  indicator	  of	  ploidy,	  a	  

predicMon	  funcMon	  was	  not	  created.	  This	  was	  due	  to	  the	  fact	  that	  the	  ploidy	  of	  

individuals	  used	  for	  body	  shape	  analysis	  was	  inferred	  using	  the	  scale	  shape	  predicMon	  

funcMon,	  rather	  than	  through	  tradiMonal	  methods	  using	  flow	  cytometry	  (Sousa-‐Santos,	  

Collares-‐Pereira,	  and	  Almada,	  2007a).	  Such	  a	  funcMon	  should	  be	  created	  by	  gathering	  

morphological	  informaMon	  from	  individuals	  genotyped	  by	  flow	  cytometry	  in	  future	  

work.	  As	  with	  scale	  shape,	  at	  least	  30	  individuals	  for	  each	  ploidy	  level,	  organised	  by	  
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river	  basin,	  should	  allow	  the	  creaMon	  of	  a	  detailed	  predicMon	  funcMon	  relaMng	  to	  body	  

and	  head	  morphology.	  This	  predicMon	  funcMon	  could	  be	  further	  improved	  by	  gathering	  

scale	  shape	  informaMon	  and	  combining	  all	  morphological	  aspects.	  By	  verifying	  

morphology	  on	  two	  separate	  features	  of	  an	  individual	  fish,	  confidence	  in	  the	  accuracy	  

of	  the	  predicMon	  funcMon	  would	  increase.	  

This	  thesis	  has	  added	  considerable	  knowledge	  to	  the	  ecology	  of	  S.	  alburnoides,	  

specifically	  relaMng	  to	  their	  differences	  according	  to	  ploidy	  level.	  Previous	  research	  on	  

this	  was	  not	  accurate	  enough	  in	  the	  descripMon	  of	  ecological	  data	  collected.	  This	  thesis	  

has	  a<empted	  to	  remedy	  this,	  for	  example,	  by	  idenMfying	  dietary	  items	  consumed	  to	  

the	  lowest	  taxonomic	  level	  possible.	  Future	  work	  should	  conMnue	  this,	  with	  parMcular	  

focus	  on	  habitat	  characterisMcs,	  such	  as	  accurately	  measuring	  depth	  and	  flow.	  

This	  should	  also	  be	  applied	  to	  dietary	  analyses.	  Due	  to	  logisMcal	  reasons	  this	  study	  was	  

not	  able	  to	  sampled	  the	  macroinvertebrate	  fauna	  present	  in	  the	  rivers	  when	  sampling	  

occurred.	  Detailed	  informaMon	  on	  macroinvertebrate	  presence	  and	  its	  seasonal	  

variability	  would	  allow	  future	  studies	  to	  draw	  detailed	  conclusions	  about	  dietary	  

preferences	  of	  S.	  alburnoides	  and	  whether	  compeMMon	  or	  resource	  parMMoning	  exists	  

between	  ploidy	  levels.	  This	  dietary	  informaMon	  could	  also	  be	  applied	  to	  determine	  

whether	  differences	  exist	  in	  diet	  at	  different	  life	  stages.	  Molecular	  studies	  can	  be	  used	  

to	  idenMfy	  diet	  composiMon	  in	  larval	  stages.	  

The	  recommendaMons	  established	  for	  S.	  alburnoides	  can	  also	  be	  applied	  to	  a	  number	  

of	  other	  polyploid	  species	  as	  well	  as	  non-‐polyploid	  species	  of	  fish.	  The	  morphometric	  

techniques	  developed	  within	  this	  thesis	  can	  be	  used	  on	  a	  number	  of	  species,	  allowing	  

the	  idenMficaMon	  of	  fish	  within	  and	  between	  species.	  The	  aim	  is	  that	  this	  tool	  can	  be	  
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used	  by	  field	  operaMves,	  provided	  a	  digital	  camera	  and	  laptop	  are	  available.	  This	  would	  

allow	  for	  sample	  sizes	  to	  be	  more	  evenly	  distributed,	  by	  ensuring	  researchers	  know	  

beforehand	  the	  characterisMcs	  of	  the	  fish	  being	  sampled.	  It	  is	  evident	  that	  this	  

technique	  is	  not	  for	  sole	  use	  in	  the	  field,	  and	  that	  where	  possible,	  more	  detailed	  

confirmaMon,	  conMnuing	  using	  morphometric	  techniques,	  should	  be	  performed	  in	  the	  

laboratory.

In	  summary,	  the	  aims	  of	  the	  thesis	  were	  successfully	  fulfilled,	  adding	  knowledge	  to	  the	  

field	  of	  study	  of	  S.	  alburnoides	  and	  to	  the	  idenMficaMon	  of	  individuals	  within	  a	  polyploid	  

species	  using	  geometric	  morphometric	  methods.	  The	  methodology	  used	  to	  idenMfy	  

ploidy	  levels	  within	  a	  species	  using	  scale	  morphology	  had	  never	  been	  performed	  

previously.	  Geometric	  morphometric	  methods	  are	  very	  reliant	  on	  finding	  points	  that	  

can	  be	  repeatably	  idenMfied	  throughout	  the	  data	  sample	  provided.	  The	  addiMon	  of	  

semilandmarks	  to	  describe	  scale	  shape	  has	  allowed	  the	  development	  of	  a	  method	  that	  

can	  be	  used	  for	  scales	  that	  do	  not	  display	  clearly	  defined	  lateral	  Mps	  (Ibañez	  et	  al.,	  

2007),	  as	  was	  the	  case	  with	  scales	  of	  S.	  alburnoides.	  The	  development	  of	  this	  method,	  

and	  its	  success	  on	  S.	  alburnoides,	  has	  allowed	  the	  creaMon	  of	  an	  idenMficaMon	  method	  

that	  is	  rapid,	  easily	  performed	  in	  the	  field,	  relaMvely	  inexpensive	  and	  does	  not	  harm	  

the	  fish	  in	  any	  discernible	  way.
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Appendix

Appendix	  1:	  Discriminant	  analysis	  in	  two	  steps

Guadiana

This	  methodology	  describes	  another	  possible	  way	  of	  classifying	  the	  ploidy	  levels	  of	  S.	  

alburnoides.	  The	  results	  presented	  here	  are	  comparable	  to	  the	  results	  found	  in	  the	  

main	  body	  of	  the	  thesis.	  This	  methodology	  is	  included	  for	  informaMon	  purposes.	  

PredicMons	  may	  be	  carried	  out	  in	  the	  same	  manner	  as	  previously	  described,	  also	  

yielding	  similar	  results.	  It	  was	  however	  deemed	  that	  the	  approach	  presented	  

previously	  was	  a	  simpler	  and	  more	  effecMve	  way	  of	  discriminaMng	  and	  classifying	  

individuals.

This	  method	  iniMally	  separated	  fish	  by	  diploid	  and	  triploid	  individuals.	  Following	  this,	  all 	  

diploid	  individuals	  were	  reclassified	  to	  discriminate	  them	  between	  diploid	  males	  (AA)	  

and	  other	  diploids	  (PA).	  

The	  first	  discriminant	  analysis	  contained	  132	  diploid	  individuals,	  all	  for	  which	  sex	  was	  

known,	  and	  199	  triploid	  individuals.	  Diploid	  individuals	  of	  unknown	  sex	  present	  in	  

previous	  analyses	  were	  removed	  in	  order	  to	  avoid	  diploid	  males	  (AA)	  being	  incorrectly	  

labeled	  as	  diploids	  (PA)	  and	  influencing	  the	  accuracy	  of	  the	  linear	  discriminant	  

funcMon.	  Table	  1A.1	  shows	  that	  66.7%	  of	  diploid	  individuals	  and	  87%	  of	  triploid	  

individuals	  were	  classified	  correctly	  by	  cross-‐validaMon.	  The	  CVA	  plot	  disMnguishes	  

between	  individuals	  of	  different	  ploidy	  with	  minimal	  overlap	  (Figure	  1A.1).	  

172



Diploid 2n

Fr
eq
ue
nc
y

-4 -2 0 2 4

0
10

20
30

Triploid 3n

Fr
eq
ue
nc
y

-4 -2 0 2 4

0
20

40

Figure	  1A.1:	  CVA	  plot	  of	  Guadiana	  river,	  showing	  shape	  differences	  between	  diploid	  (2)	  
and	  triploid	  (3)	  individuals.

Table	  1A.1:	  Cross-‐validaMon	  of	  diploid	  individuals	  of	  known	  sex	  (2n)	  and	  triploid	  
individuals	  from	  the	  Guadiana	  river	  basin.

2n 3n

2n

3n

88 44

24 175

AKer	  this	  discriminant	  analysis	  was	  performed,	  triploid	  individuals	  were	  removed	  from	  

the	  dataset	  so	  that	  only	  diploid	  individuals	  remained.	  84	  individuals	  were	  classed	  as	  

diploid	  males	  (AA)	  and	  48	  individuals	  were	  known	  to	  be	  female	  diploids,	  thus	  were	  

classed	  as	  PA	  individuals.	  The	  canonical	  variates	  analysis,	  discriminant	  analysis	  and	  

cross-‐validaMon	  were	  able	  to	  effecMvely	  separate	  the	  diploid	  individuals	  into	  two	  
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disMnct	  groups	  (Figure	  1A.2).	  86%	  of	  diploid	  males	  were	  correctly	  idenMfied	  and	  64%	  of	  

diploid	  females	  were	  also	  found	  to	  be	  correct	  (Table	  1A.2).
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Figure	  1A.2:	  CVA	  plot	  of	  Guadiana	  river,	  showing	  shape	  differences	  between	  diploid	  
females	  (2n)	  and	  diploid	  males	  (AA)	  individuals.

Table	  1A.2:	  Cross-‐validaMon	  of	  diploid	  females	  (2n)	  and	  diploid	  males	  (AA)	  from	  the	  
Guadiana	  river	  basin.

AA 2n

AA

2n

73 11

17 31
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The	  two	  discriminant	  funcMons	  combined	  accurately	  classified	  the	  majority	  of	  

individuals.	  The	  linear	  discriminant	  funcMons	  created	  using	  this	  dataset	  could	  then	  be	  

used	  to	  predict	  the	  ploidy	  of	  unknown	  fish	  by	  analysing	  the	  scale	  shape.	  

All	  datasets

As	  with	  the	  Guadiana	  dataset,	  a	  two-‐step	  discriminant	  analysis	  was	  performed,	  to	  see	  

if	  this	  approach	  could	  potenMally	  improve	  the	  classificaMon	  between	  triploids	  and	  

diploid	  females.	  The	  cross-‐validaMon	  for	  the	  first	  step	  showed	  good	  accuracy	  in	  

discriminaMng	  between	  diploid	  males	  and	  the	  other	  groups	  (Table	  1A.3	  -‐	  A	  and	  Figure	  

1A.3	  -‐	  A).	  However,	  the	  second	  step	  showed	  very	  li<le	  accuracy	  in	  discriminaMng	  

diploid	  females	  from	  triploids	  (Table	  1A.3	  -‐	  B	  and	  Figure	  1A.3	  -‐	  B).	  

Table	  1A.3:	  A)	  Cross-‐validaMon	  table	  for	  all	  river	  basins,	  between	  diploid	  male	  (2AA)	  
and	  triploid	  and	  diploid	  female	  (2n	  -‐	  3n)	  individuals.	  B)	  Cross-‐validaMon	  table	  for	  all	  
river	  basins,	  between	  female	  diploid	  (2n)	  and	  triploid	  (3n)	  individuals.

A) B)

2AA

2n	  -‐	  3n

2AA 2n	  -‐	  3n 2n 3n

58 28 2n 7 43

18 260 3n 5 223
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A) B)

Figure	  1A.3:	  A)	  CVA	  plot	  for	  all	  river	  basins,	  between	  diploid	  males	  and	  grouped	  triploid	  
and	  diploid	  female	  individuals.	  B)	  CVA	  plot	  for	  all	  river	  basins,	  between	  triploid	  and	  
female	  diploid	  individuals.
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Appendix	  2:	  Predic4on	  values	  and	  probabili4es

Guadiana	  by	  scale	  shape

The	  following	  table	  shows	  the	  individuals	  for	  which	  ploidy	  was	  predicted	  using	  the	  

linear	  discriminant	  funcMon	  in	  Chapter	  3,	  using	  scale	  shape,	  as	  well	  as	  the	  probability	  

of	  the	  predicMon	  being	  accurate.

Table	  2A.1:	  PredicMon	  values	  and	  probabiliMes	  derived	  from	  analysis	  of	  scale	  shape.	  
Individuals	  for	  which	  predicMon	  probability	  is	  over	  60%	  are	  in	  bold.

Specimen Predicted	  ploidy Diploid	  male	  
probability

Diploid	  female	  
probability

Triploid	  
probability

V1 Diploid	  male 0.908256551 0.021931489 0.069811961

V2 Diploid	  male 0.984499072 0.004652165 0.010848763

V3 Diploid	  male 0.996706532 0.001924477 0.001368991

V4 Triploid 0.015811088 0.289536099 0.694652813

V5 Diploid	  male 0.971904132 0.005895084 0.022200784

V7 Triploid 0.185820286 0.280900014 0.5332797

V8 Diploid	  male 0.844642945 0.038641306 0.116715749

V9 Triploid 0.105218358 0.313106235 0.581675406

V10 Triploid 0.037869136 0.305316891 0.656813973

V11 Triploid 0.143770504 0.196920427 0.659309069

V12 Triploid 0.089851124 0.207472652 0.702676225

V13 Diploid	  male 0.964429594 0.003836505 0.031733902

V14 Diploid	  male 0.956348293 0.009823013 0.033828693

V15 Diploid	  male 0.665637162 0.140064116 0.194298722

V16 Triploid 0.106762934 0.143784811 0.749452255

V17 Diploid	  male 0.543697183 0.105493922 0.350808895

V18 Triploid 0.048521101 0.287535882 0.663943017

V19 Triploid 0.010288473 0.129478222 0.860233304

V20 Triploid 0.283120579 0.191223663 0.525655758

V21 Triploid 0.015878905 0.181076446 0.803044648

V22 Triploid 0.010045957 0.470531515 0.519422528

V23 Triploid 0.113418088 0.191281447 0.695300465

V24 Triploid 0.032387187 0.397329956 0.570282857

V25 Triploid 0.099132183 0.317041518 0.583826299
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Specimen Predicted	  ploidy Diploid	  male	  
probability

Diploid	  female	  
probability

Triploid	  
probability

V26 Diploid	  male 0.945186719 0.027605558 0.027207723

V27 Triploid 0.092123766 0.21839086 0.689485374

V28 Diploid	  male 0.996984813 0.001325625 0.001689562

V29 Triploid 0.191524848 0.210529694 0.597945458

V30 Triploid 0.126301841 0.221278894 0.652419265

V31 Triploid 0.022701581 0.275648888 0.701649532

V32 Diploid	  male 0.947109296 0.030373639 0.022517065

V33 Diploid	  male 0.982837659 0.012406232 0.004756109

V34 Diploid	  male 0.871180034 0.036633191 0.092186775

V35 Triploid 0.039535578 0.116650253 0.843814168

V36 Diploid	  male 0.74463043 0.076387659 0.178981911

V37 Triploid 0.041511339 0.233327631 0.72516103

V38 Triploid 0.13961603 0.173211466 0.687172504

V39 Triploid 0.003446657 0.131349589 0.865203754

V40 Triploid 0.013802846 0.198475917 0.787721237

V41 Triploid 0.094152601 0.300890671 0.604956727

V42 Triploid 0.01195309 0.205251191 0.782795718

V43 Diploid	  male 0.949190083 0.018836177 0.03197374

V44 Diploid	  male 0.612792542 0.124993325 0.262214133

V45 Triploid 0.142404089 0.358374421 0.49922149

V46 Triploid 0.227885942 0.339050827 0.433063231

V47 Diploid	  male 0.506541494 0.154773753 0.338684754

V48 Triploid 0.004157939 0.080338953 0.915503109

V49 Triploid 0.004293678 0.156201113 0.839505209

V50 Triploid 0.057754231 0.109883947 0.832361822

V51 Diploid	  female 0.252226338 0.457447692 0.29032597

V52 Triploid 0.025527218 0.367546557 0.606926225

V53 Diploid	  male 0.985264422 0.003536734 0.011198845

V54 Triploid 0.268800772 0.176485303 0.554713925

V55 Triploid 0.00679469 0.323194442 0.670010867

V56 Triploid 0.178505472 0.106236499 0.715258029

V57 Triploid 0.041801398 0.373609919 0.584588682

V58 Triploid 0.265327634 0.155350153 0.579322213

V59 Triploid 0.052439141 0.267894718 0.679666141
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Specimen Predicted	  ploidy Diploid	  male	  
probability

Diploid	  female	  
probability

Triploid	  
probability

V60 Triploid 0.017521123 0.194923858 0.787555019

V61 Triploid 0.008351729 0.158147551 0.83350072

V62 Triploid 0.029808361 0.084997373 0.885194266

V63 Triploid 0.171380804 0.219913411 0.608705785

V64 Triploid 0.159317056 0.233189261 0.607493684

V65 Triploid 0.021999766 0.145613902 0.832386333

V66 Triploid 0.114160518 0.359793898 0.526045584

V67 Triploid 0.00592769 0.267110989 0.726961321

V68 Triploid 0.015942589 0.313991214 0.670066197

V69 Diploid	  male 0.960130374 0.020471665 0.019397961

V70 Triploid 0.075108724 0.100907038 0.823984238

V71 Diploid	  male 0.941028526 0.017832637 0.041138837

V72 Triploid 0.011505839 0.267344379 0.721149782

V73 Diploid	  male 0.015720209 0.239625328 0.744654463

V74 Diploid	  male 0.587327511 0.096100206 0.316572283

V75 Triploid 0.038122179 0.090226294 0.871651527

V76 Triploid 0.098219206 0.207460184 0.69432061

V77 Triploid 0.024297536 0.171020828 0.804681636

V78 Triploid 0.18968362 0.168808121 0.641508259

V79 Triploid 0.041293109 0.249184906 0.709521985

V80 Triploid 0.008779467 0.265917908 0.725302626

V81 Triploid 0.082062321 0.166284688 0.751652992

V82 Triploid 0.121493252 0.155606672 0.722900077

V83 Triploid 0.131828551 0.236447131 0.631724317

V84 Triploid 0.069553213 0.281039226 0.649407562

V85 Diploid	  male 0.515362681 0.183325889 0.30131143

V86 Triploid 0.008155525 0.114653383 0.877191091

V87 Triploid 0.012967291 0.170067182 0.816965527

V88 Diploid	  female 0.104500082 0.514908873 0.380591045

V89 Triploid 0.098506751 0.165368726 0.736124523

V90 Diploid	  male 0.995510321 0.003050974 0.001438705

V91 Diploid	  male 0.562433245 0.193371419 0.244195336

V92 Diploid	  male 0.997895619 0.000475469 0.001628912

V93 Diploid	  male 0.885152544 0.009157992 0.105689465
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Specimen Predicted	  ploidy Diploid	  male	  
probability

Diploid	  female	  
probability

Triploid	  
probability

V94 Diploid	  male 0.908810271 0.023820771 0.067368958

V95 Diploid	  male 0.961880831 0.027538663 0.010580507

V97 Diploid	  male 0.969301658 0.001664309 0.029034032

V98 Diploid	  male 0.500464732 0.055655899 0.443879369

V99 Diploid	  male 0.903758675 0.007460454 0.088780871

V100 Diploid	  male 0.782026241 0.03719785 0.180775909

V101 Diploid	  male 0.551676791 0.105839049 0.342484161

V102 Diploid	  male 0.983728495 0.00165072 0.014620786

V103 Triploid 0.116028271 0.273760301 0.610211429

V104 Diploid	  male 0.949668439 0.01007856 0.040253001

V105 Triploid 0.01207491 0.187990591 0.799934499

V106 Triploid 0.359396208 0.203179532 0.43742426

V107 Diploid	  male 0.983035587 0.007318705 0.009645708

V108 Triploid 0.18156331 0.287585871 0.530850818

V109 Triploid 0.0058972 0.184010559 0.810092241

V110 Diploid	  male 0.827608041 0.08376072 0.088631239

V111 Triploid 0.065736093 0.080345721 0.853918185

V112 Triploid 0.015017483 0.183957603 0.801024914

V113 Triploid 0.240180794 0.191440117 0.568379089

V114 Triploid 0.188865218 0.203249932 0.60788485

V115 Diploid	  male 0.9867029 0.002367226 0.010929874

V116 Diploid	  male 0.995191842 0.000230031 0.004578127

V117 Triploid 0.028146579 0.108957358 0.862896064

V118 Triploid 0.017203101 0.092412357 0.890384542

V119 Diploid	  male 0.984184344 0.005288923 0.010526733

V120 Triploid 0.46578147 0.015140904 0.519077626

V121 Triploid 0.006654951 0.095307509 0.89803754

V122 Diploid	  male 0.666925611 0.118903243 0.214171146

V123 Diploid	  female 0.08539537 0.532229477 0.382375153

V124 Triploid 0.072879536 0.105162279 0.821958185

V125 Diploid	  male 0.860754493 0.022203186 0.117042322

V126 Diploid	  male 0.537072719 0.039843212 0.423084068

V127 Diploid	  male 0.553160536 0.011077269 0.435762196

V128 Triploid 0.021012849 0.276034232 0.702952918
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Specimen Predicted	  ploidy Diploid	  male	  
probability

Diploid	  female	  
probability

Triploid	  
probability

V129 Triploid 0.044323003 0.118513945 0.837163052

V130 Triploid 0.022536074 0.194186679 0.783277248

V131 Triploid 0.167158263 0.334612056 0.498229681

V132 Triploid 0.040135211 0.437397073 0.522467716

V133 Triploid 0.05588864 0.202670527 0.741440834

V134 Triploid 0.297105148 0.342526843 0.36036801

V135 Triploid 0.001926447 0.118355124 0.879718429

V136 Diploid	  male 0.533191548 0.194906923 0.271901529

V137 Diploid	  male 0.651874899 0.024823773 0.323301328

V138 Diploid	  male 0.674848635 0.050472922 0.274678443

V139 Triploid 0.022945218 0.110418767 0.866636015

V140 Diploid	  male 0.94175411 0.016620248 0.041625642

V141 Diploid	  male 0.964589366 0.003805212 0.031605422

V142 Diploid	  male 0.615527053 0.055839763 0.328633185

V143 Triploid 0.008302891 0.062058678 0.929638431

V144 Diploid	  male 0.995348097 0.001676151 0.002975752

V145 Diploid	  male 0.514112264 0.056777929 0.429109807

V146 Diploid	  male 0.984663565 0.004767045 0.01056939

V147 Diploid	  male 0.949247891 0.016893552 0.033858557

V148 Diploid	  male 0.896337894 0.003522837 0.100139269

V149 Diploid	  male 0.91897525 0.016193354 0.064831396

V150 Triploid 0.160448802 0.300856266 0.538694932

V151 Triploid 0.009665379 0.071856317 0.918478304

V152 Diploid	  male 0.665804661 0.054538253 0.279657086

V153 Triploid 0.052286669 0.149643981 0.79806935

V154 Triploid 0.031028721 0.247491137 0.721480142

V155 Triploid 0.096445334 0.291030307 0.612524359

V156 Triploid 0.084568664 0.136856345 0.778574991

V157 Diploid	  male 0.506989993 0.120681477 0.37232853

V158 Diploid	  male 0.903203594 0.04945503 0.047341376

V159 Triploid 0.008789762 0.160542183 0.830668055

V160 Triploid 0.242385136 0.164467662 0.593147202

V161 Diploid	  female 0.080048519 0.591340482 0.328610999

V162 Triploid 0.095634046 0.153608809 0.750757145
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Specimen Predicted	  ploidy Diploid	  male	  
probability

Diploid	  female	  
probability

Triploid	  
probability

V163 Diploid	  male 0.943443167 0.024217584 0.032339249
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Guadiana	  by	  body	  shape

The	  following	  table	  shows	  the	  probability	  of	  predicMon	  for	  fish	  that	  were	  predicted	  

using	  the	  linear	  discriminant	  funcMons	  for	  body	  shape,	  as	  described	  in	  Chapter	  

4.3.1.	  

Table	  2A.2:	  PredicMon	  values	  and	  probabiliMes	  derived	  from	  analysis	  of	  body	  shape.	  
Individuals	  for	  which	  predicMon	  probability	  is	  less	  than	  60%	  are	  in	  bold.

Specimen Predicted	  ploidy Diploid	  male	  
probability

Triploid	  probability

V6 Triploid 2.325712-‐5 9.999767-‐1

V7 Triploid 1.186365-‐8 1.000000

V9 Triploid 1.660314-‐5 9.999834-‐1

V17 Triploid 1.215145-‐2 9.878485-‐1

V20 Triploid 1.959865-‐3 9.980401-‐1

V22 Triploid 2.098933-‐8 1.000000

V24 Triploid 8.806557-‐5 9.999119-‐1

V25 Triploid 1.444322-‐8 1.000000

V29 Triploid 4.149547-‐4 9.995850-‐1

V45 Triploid 7.968583-‐3 9.920314-‐1

V46 Triploid 2.077433-‐5 9.999792-‐1

V47 Triploid 3.058727-‐10 1.000000

V51 Triploid 5.895374-‐6 9.999941-‐1

V54 Triploid 1.672338-‐2 9.832766-‐1

V57 Triploid 2.715970-‐3 9.972840-‐1

V58 Diploid	  male 9.999991-‐1 9.371069-‐7

V66 Triploid 9.392420-‐6 9.999906-‐1

V74 Diploid	  male 9.996891-‐1 3.109034-‐4

V85 Triploid 0.004332876 0.99566712

V88 Triploid 0.021403234 0.97859677

V91 Triploid 0.279861989 0.72013801

V96 Diploid	  male 0.938199796 0.06180020
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Specimen Predicted	  ploidy Diploid	  male	  
probability

Triploid	  probability

V98 Triploid 0.003789328 0.99621067

V101 Diploid	  male 0.556503125 0.44349687

V106 Triploid 0.006590474 0.99340953

V108 Triploid 0.018274874 0.98172513

V113 Triploid 0.007153055 0.99284694

V120 Diploid	  male 0.903695382 0.09630462

V123 Triploid 0.004657150 0.99534285

V126 Diploid	  male 0.989770431 0.01022957

V127 Triploid 0.011546045 0.98845395

V131 Triploid 0.048924626 0.95107537

V132 Triploid 0.021017622 0.97898238

V134 Triploid 0.001043562 0.99895644

V136 Triploid 0.006449394 0.99355061

V145 Diploid	  male 0.989103948 0.01089605

V150 Triploid 0.001125741 0.99887426

V157 Triploid 0.139701484 0.86029852

V160 Diploid	  male 0.849280324 0.15071968

V161 Triploid 0.048878001 0.95112200
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Guadiana	  by	  head	  shape

The	  following	  table	  shows	  the	  probability	  of	  predicMon	  for	  fish	  that	  were	  predicted	  

using	  the	  linear	  discriminant	  funcMons	  for	  head	  shape,	  as	  described	  in	  Chapter	  

4.3.2.

Table	  2A.3:	  PredicMon	  values	  and	  probabiliMes	  derived	  from	  analysis	  of	  head	  shape.	  
Individuals	  for	  which	  predicMon	  probability	  is	  less	  than	  60%	  are	  in	  bold.

Specimen Predicted	  ploidy Diploid	  male	  
probability

Triploid	  probability

V6 Diploid	  male 0.85959759 0.1404014

V7 Triploid 0.04800345 0.9519965

V9 Triploid 0.08853453 0.9114655

V17 Triploid 0.03576680 0.9642332

V20 Triploid 0.23254752 0.7674525

V22 Triploid 0.04228175 0.9577182

V24 Triploid 0.05579993 0.9442001

V25 Triploid 0.03370719 0.9662982

V29 Triploid 0.11007008 0.8899299

V45 Triploid 0.17324554 0.8267545

V46 Triploid 0.04286455 0.9571354

V47 Triploid 0.01167013 0.9883299

V51 Triploid 0.49972248 0.5002775

V54 Triploid 0.27523561 0.7247644

V57 Triploid 0.03820763 0.9617924

V58 Triploid 0.13165762 0.8683424

V66 Triploid 0.15043015 0.8495698

V74 Triploid 0.01215810 0.9878419

V85 Triploid 0.30576174 0.694238262

V88 Triploid 0.01903969 0.980960315

V91 Diploid	  male 0.92942335 0.070576648

V96 Diploid	  male 0.97822356 0.0212776442

V98 Triploid 0.01378669 0.986213315
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Specimen Predicted	  ploidy Diploid	  male	  
probability

Triploid	  probability

V101 Triploid 0.34182462 0.6558175375

V106 Triploid 0.03308192 0.966918085

V108 Triploid 0.07915749 0.920842507

V113 Triploid 0.05741096 0.942589038

V120 Triploid 0.04193356 0.958066439

V123 Triploid 0.08773773 0.912262271

V126 Diploid	  male 0.98892033 0.011079670

V127 Diploid	  male 0.95457108 0.045428916

V131 Triploid 0.01272256 0.987277440

V132 Triploid 0.34686633 0.653133673

V134 Triploid 0.02333340 0.976666598

V136 Triploid 0.07635730 0.923642697

V145 Diploid	  male 0.99728647 0.002713528

V150 Triploid 0.0664763 0.933526367

V157 Diploid	  male 0.53928520 0.460714799

V160 Diploid	  male 0.98078656 0.019213445

V161 Triploid 0.10397766 0.896022336
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