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Abstract 
Islands  have  been  the  inspiration  for  some  of  evolutionary  biology’s  most  

important  advances.    This  is  largely  due  to  the  unique  properties  of  islands  that  promote  

the  differentiation  of  island  species  from  their  mainland  counterparts.    Rodents  are  

widely  distributed  across  even  the  most  remote  islands,  a  rarity  among  mammals,  

making  them  uniquely  suited  to  study  the  factors  leading  to  the  divergence  of  insular  

species.    In  this  dissertation,  I  use  two  case  studies  to  examine  the  morphological  and  

genetic  divergences  that  take  place  in  an  insular  environment.  

In  chapters  one  and  two,  I  examine  how  different  factors  influence  insular  body  

size  change  in  rodents.    In  chapter  one,  I  examine  factors  influencing  the  direction  of  

island  body  size  change  using  classification  tree  and  random  forest  (CART)  analyses.    I  

observe  strong  consistency  in  the  direction  of  size  change  within  islands  and  within  

species,  but  little  consistency  at  broader  taxonomic  scales.    Including  island  and  species  

traits  in  the  CART  analyses,  I  find  mainland  body  mass  to  be  the  most  important  factor  

influencing  size  change.    Other  variables  are  significant,  though  their  roles  seem  to  be  

context-­‐‑dependent.  

In  chapter  two,  I  use  the  distributions  of  mainland  rodent  population  body  sizes  

to  identify  ‘extreme’  insular  rodent  populations  and  compare  traits  associated  with  

those  populations  and  their  islands  with  those  island  populations  of  a  more  typical  size.    
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I  find  that  althought  there  is  no  trend  among  all  insular  rodents  towards  a  larger  or  

smaller  size,  ‘extreme’  populations  are  more  likely  to  increase  in  size.    Using  CART  

methods,  I  develop  a  predictive  model  for  insular  size  change  that  identifies  resource  

limitations  as  the  main  driver  when  insular  rodent  populations  become  ‘extremely  

small’.      

Chapters  three  and  four  shift  their  focus  to  a  single  rodent  species,  the  deer  

mouse  Peromyscus  maniculatus,  as  they  examine  the  genetic  differentiation  of  deer  mice  

across  the  California  Channel  Islands  and  the  nearby  mainland.    In  chapter  three,  I  

sequence  a  region  of  the  mitochondrial  control  region  for  individuals  from  8  populations  

across  the  northern  Channel  Islands  and  two  mainland  sites,  and  I  analyze  these  

sequences  by  calculating  population  genetics  parameters  and  creating  a  Bayesian  

inference  tree  and  a  statistical  parsimony  haplotype  network.    All  of  these  analyses  

reveal  significant  divergences  between  island  and  mainland  populations.    Among  the  

islands,  Santa  Barbara  and  Anacapa  islands  both  display  unique  genetic  signatures,  but  

the  other  northern  islands  remain  relatively  undifferentiated.  

In  chapter  four,  I  genotype  individuals  from  the  previous  chapter  at  5  

microsatellite  loci,  I  calculate  additional  population  genetics  parameters  and  I  utilize  a  

Bayesian  clustering  algorithm  to  examine  the  similarities  and  differences  between  

nuclear  and  mitochondrial  analyses.    I  find  the  nuclear  data  to  be  largely  congruent  with  

the  mitochondrial  analyses;  there  are  significant  differences  between  island  and  
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mainland  populations,  and  Anacapa  Island  is  significantly  differentiated  from  the  other  

islands.    Unlike  the  previous  analyses,  Santa  Barbara  Island  is  not  significantly  different  

from  the  northern  islands,  yet  San  Miguel  Island  has  a  unique  genetic  signature.      

These  studies  underscore  the  importance  of  ecological  processes  and  historical  

biogeography  in  the  generation  of  diversity,  and  they  highlight  the  role  of  islands  as  

drivers  of  evolutionary  divergence.  
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1  

Introduction 
For  over  100  years,  islands  have  been  a  source  of  fascination  and  inspiration  for  

scientists  like  few  other  places  on  earth.    Islands  have  been  the  drivers  of  many  

important  advances  in  evolution  and  ecology  from  Darwin  and  Wallace’s  theories  of  

natural  selection  and  biogeography  (Darwin  1859;  Wallace  1876)  to  more  recent  

advances  in  community  ecology,  and  conservation  biology  (Adler  and  Levins  1994;  

Wang,  Chen,  and  Ding  2011;  Boyer  2010;  Pergams,  Lacy,  and  Ashley  2000).    One  reason  

islands  have  had  such  undue  influence  in  biology  over  the  last  century  is  because  

islands  act  as  natural  laboratories  for  evolution  and  ecology.    In  these  fields,  where  large  

scale  manipulations  are  nearly  impossible,  islands  provide  a  system  free  of  many  of  the  

confounding  factors  found  on  the  mainland,  allowing  scientists  to  develop  new  theories,  

and  test  them  across  a  wide  range  of  biotic  and  abiotic  conditions  (Whittaker  and  

Fernández-­‐‑Palacios  2007).  

One  of  the  most  noteworthy  ways  islands  inform  evolutionary  biology  is  in  their  

role  as  generators  of  diversity.    As  natural  laboratories,  islands  have  produced  some  of  

the  best-­‐‑studied  examples  of  evolutionary  divergence  and  differentiation  such  as  

Darwin’s  finches,  Galapagos  tortoises,  and  Carribean  anoles.    While  islands  are  

generally  species  poor,  they  have  much  higher  rates  of  endemism  than  seen  on  the  

mainland  (Barraclough,  Vogler,  and  Harvey  1998).    In  fact,  of  the  35  regions  designated  

as  biodiversity  hotspots  by  the  Critical  Ecosystem  Partnership  Fund  (one  of  the  criteria  
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being  high  rates  of  endemism,  the  other  being  habitat  destruction),  more  than  a  third  of  

them  are  made  up,  at  least  in  part,  of  island  ecosystems  (CEPF  Report:  A  New  Model  for  

Global  Conservation  2011).    Depauperate  species  pools,  smaller  effective  population  sizes  

and  increased  isolation  all  contribute  to  the  phenotypic  and  genetic  changes  that  lead  to  

high  rates  of  endemism  (Walker  1980).    These  conditions  make  it  possible  to  study  

diversity-­‐‑generating  processes  such  as  niche  shifts,  character  displacement  and  

speciation  in  a  way  that  would  otherwise  be  very  difficult  in  mainland  environments.  

Among  mammals,  rodents  provide  a  unique  opportunity  to  study  evolutionary  

divergences  on  islands.    Excluding  bats,  rodents  make  up  the  majority  of  native  insular  

mammals  (there  are  over  70  species  of  rodents  found  on  the  islands  of  the  Philippines  

alone;  Heaney  et  al.  2002),  and  invasive  rodents  have  spread  to  some  of  the  most  remote  

islands  as  stowaways  on  human  vessels  (Matisoo-­‐‑Smith  et  al.  1998).    Recent  studies  have  

demonstrated  that  insular  rodents  can  undergo  rapid  change  both  in  terms  of  

phenotypic  (Pergams  and  Ashley  1999;  Millien  2006;  Millien  2011)  and  genetic  

differentiation  (Britton-­‐‑Davidian  et  al.  2000).    Their  potential  for  rapid  differentiation  

along  with  the  continued  use  of  rodents  as  model  organisms  in  a  mainland  setting  

(Weber  et  al.  2010)  means  that  insular  rodents  are  uniquely  positioned  to  address  some  

of  the  long-­‐‑standing  questions  about  the  factors  contributing  to  phenotypic  and  genetic  

divergences.  
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In  this  thesis,  I  use  insular  rodents  to  explore  two  very  different  case  studies  

examining  islands  as  drivers  of  evolutionary  divergence.    The  first  case  study  is  a  

synthetic  analysis  of  insular  body  size  in  rodents.    Synthetic  studies  are  increasingly  

important  for  studying  evolutionary  processes  because  they  take  advantage  of  far  more  

data  than  can  be  produced  in  a  single  laboratory-­‐‑  or  field-­‐‑based  study  (Sidlauskas  et  al.  

2010).    Integrating  large  amounts  of  data  from  a  variety  of  sources  makes  it  easier  to  

examine  large-­‐‑scale  questions,  and  can  reveal  patterns  that  would  not  be  evident  from  a  

single  more  focused  study.    In  chapters  1  and  2  of  my  dissertation,  I  take  this  broad  

approach,  synthesizing  hundreds  of  records  of  island  rodent  populations  in  an  attempt  

to  better  understand  the  insular  morphological  changes  known  as  the  island  rule.    In  

Chapter  1,  I  use  classification  trees  and  random  forests  to  examine  the  factors  

influencing  the  direction  of  insular  size  change.    In  Chapter  2  I  focus  on  insular  rodents  

that  have  undergone  “extreme”  size  change,  looking  at  factors  that  lead  to  extreme  size  

change  and  creating  a  model  to  predict  the  directionality  of  changes  in  extreme  size.      

The  second  case  study  focuses  in  on  a  single  species  in  one  location,  examining  

the  genetic  differentiation  of  the  deer  mouse,  Peromyscus  maniculatus,  across  the  Channel  

Islands  in  southern  California.    The  Channel  Islands  provide  an  excellent  background  

for  the  study  of  evolutionary  divergences.    The  islands  occupy  a  unique  position  as  

recent,  temperate  continental  islands  that  have  never  been  connected  to  the  mainland  

(Garth  1965)  and  a  wealth  of  information  exists  regarding  the  geology,  biology  and  
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archaeology  of  this  system  (including  8  symposia  spanning  fifty  years’  worth  of  

research).    By  integrating  bathymetry  data,  archaeological  records  and  molecular  data,  

previous  researchers  have  produced  hypotheses  about  the  patterns  of  evolutionary  

divergence  we  would  expect  to  see  across  the  islands  (Gill  1976;  Collins  1982;  Ashley  

and  Wills  1987).    In  Chapter  3,  I  test  these  hypotheses  for  Peromyscus  maniculatus  by  

constructing  a  molecular  phylogeography  of  Channel  Islands  deer  mice  using  

mitochondrial  sequences.  In  Chapter  4,  I  build  on  that  phylogeography  with  a  

preliminary  analysis  of  nuclear  microsatellite  loci  in  the  same  system.  

   Chapter  1  has  been  published  in  a  peer-­‐‑reviewed  journal,  and  Chapter  2  

is  currently  in  the  process  of  being  submitted.    Both  of  these  chapters  were  written  in  

collaboration  with  Louise  Roth.    I  was  responsible  for  the  initial  study  design  of  the  

chapters,  along  with  the  majority  of  the  computational  analyses  and  manuscript  writing,  

but  as  the  studies  expanded  beyond  their  initial  scope,  Louise’s  input  on  further  

analyses  and  her  contributions  to  sections  of  the  manuscript  were  essential.  
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1. Classification tree methods provide a multifactorial
approach to predicting insular body size evolution in 
rodents 

Durst,   P.A.P.   &   Roth,   V.L.   2012.   Classification   tree   methods   provide   a  

multifactorial   approach   to   predicting   insular   body   size   evolution   in   rodents.  

American  Naturalist.   ©  2012  by  The  University  of  Chicago   Press

1.1 Introduction 

The  “island  rule”  for  mammalian  body-­‐‑size  evolution—a  pattern  of  size  

increases  and  decreases  dramatically  exemplified  in  the  fossil  record  of  Mediterranean  

islands  by  miniature  elephants  and  giant  dormice—is  known  for  both  its  regularity  and  

its  exceptions.    For  instance,  while  dwarfing  of  large  ungulates  has  occurred  in  parallel  

on  multiple  islands  with  law-­‐‑like  regularity,  patterns  of  size  change  for  rodents  are  less  

clear  (Meiri,  Cooper,  and  Purvis  2008).    Proposed  predictors  of  the  direction  of  these  size  

changes  have  included  the  species’  original  body  size  (Mark  V  Lomolino  1985)  or  

phylogenetic  affinities  (Foster  1964;  Meiri,  Cooper,  and  Purvis  2008);  island  area  

(Heaney  1978),  the  number  of  predators  or  competitors  (Raia  and  Meiri  2006),  and  other  

attributes  of  the  habitat  (Lawlor  1982).    With  no  single  explanation  capable  of  predicting  

all  instances  of  insular  body-­‐‑size  change,  Meiri  et  al.  (2008)  concluded  that  no  rule  exists,  

and  that  body-­‐‑size  evolution  on  islands  is  a  function  of  historical  and  ecological  

contingency.  
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The  variables  that  have  been  used  to  explain  insular  size  change  are  

characteristics  of  the  species  and  of  the  island,  but  to  what  extent  does  the  direction  of  

size  change  depend  on  which  species  and  which  islands  are  involved?    Additionally,  to  

what  degree  is  the  dataset  structured  by  the  phylogenetic  relationships  among  the  taxa  

within  it?    Traditional  linear,  correlative  methods  can  be  difficult  to  apply  to  

combinations  of  continuous  and  categorical  variables,  especially  if  the  roles  of  the  

variables  are  context-­‐‑dependent.    Moreover,  if  a  process  is  multifactorial,  its  causes  may  

not  be  revealed  by  correlations.    

The  order  Rodentia  has  presented  particular  challenges  to  the  application  of  any  

‘rule’  because  among  rodents  on  islands  exist  cases  of  both  larger  and  smaller  forms,  

and  previous  attempts  to  disentangle  potential  explanations  have  not  dealt  with  many  

factors  simultaneously.    In  this  paper  we  first  ask  whether  the  direction  of  size  change  in  

insular  rodents  is  consistent  within  islands  and  within  taxa.    We  then  make  use  of  

classification  trees  to  identify  which  among  an  array  of  ‘predictor’  variables  are  most  

useful  in  dichotomously  categorizing  populations  of  island  rodents  that  in  comparison  

to  their  mainland  relatives  are  “large”  or  “small”.  

1.2  Methods 

1.2.1  Data Collection 

We  assembled  135  records  (a  record  or  case  that  is  treated  here  as  a  unit  to  be  

classified  is  the  population  of  a  particular  species  on  a  particular  island)  of  insular  
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rodents  (73  species  on  55  islands  from  across  the  world)  building  on  a  collection  by  

Meiri  et  al.  (2008)  that  included  island:mainland  body-­‐‑size  ratios,  island  areas,  number  

of  carnivoran  species  found  on  the  island,  and  distances  to  the  nearest  mainland.    To  this  

information  we  added  for  each  population  (a)  its  taxonomic  family  according  to  Wilson  

and  Reeder  (2005),  (b)  numbers  of  con-­‐‑familial  species  (assumed  to  be  its  competitors)  

on  the  same  island,  (c)  diet  information,  (d)  mainland  masses  according  to  Smith  et  al.  

(2003);  and  for  each  island  (e)  numbers  of  rodent  species,  and  (f)  19  bioclimatic  variables  

from  the  WorldClim  database  (Hijmans  et  al.  2005),  which  we  summarized  as  PC1  from  

each  of  two  principal  component  analyses  (on  temperature  and  on  precipitation  

variables;  see  Appendix  B).      

Most  of  the  dietary  information  used  in  this  study  was  collected  by  Samantha  

Hopkins  and  Louise  Roth  as  part  of  a  larger  database  compiled  for  another  study  (Price  

et  al.  2012)  for  all  orders  of  mammals.  On  the  basis  of  uniform  criteria  applied  to  records  

compiled  from  the  primary  literature,  species  were  classified  into  trophic  categories  as  

carnivore,  granivore,  herbivore,  or  omnivore.    

To  determine  the  number  of  rodent  species  on  each  island,  we  found  literature  

sources  by  searching  Google  Scholar  with  the  terms  “mammal  checklist”  and  “mammal  

list”  and  the  name  of  each  island.    The  largest  number  of  rodent  species  listed  in  these  

publications  was  used  as  the  number  of  rodent  species  for  the  island,  and  the  number  of  

confamilials  for  each  species/island  record  in  our  data  set  was  tabulated  from  this  list.    In  
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cases  where  no  list  of  mammals  could  be  found  for  an  island,  we  used  the  number  of  

rodent  species  on  the  island  that  were  measured  by  Meiri  et  al  (2008).    

We  used  the  categorical  variable  “Family”  as  a  rough  qualitative  assessment  of  

phylogenetic  relationship,  natural  history,  and  overall  phenotypic  or  ecological  

similarity.    Use  of  this  variable  was  not  intended,  in  itself,  to  provide  information  about  

interspecific  phylogenetic  structure  in  the  dataset.    This  will  be  considered  explicitly  in  

the  following  section.  

1.2.2  Assessing the Phylogenetic and Within-Island Consistency of 
Size Change  

To  examine  phylogenetic  structuring  of  the  tendency  to  increase  or  decrease  in  

size  on  islands,  we  carried  out  a  permutation  test.    For  all  species  in  the  dataset  we  

assembled  a  phylogenetic  tree  (Figure  12)  with  a  topology  obtained  by  splicing  together  

trees  from  multiple  sources  (Conroy  and  Cook  2000;  Oshida  2004;  Mercer  and  Roth  2003;  

Song  et  al.  2012;  Jaarola  et  al.  2004;  Jansa  and  Weksler  2004;  Steppan,  Adkins,  and  

Anderson  2004;  Alexander  and  Riddle  2005;  Bradley  et  al.  2007;  J.  Michaux,  Chevret,  and  

Renaud  2007;  Blanga-­‐‑Kanfi  et  al.  2009;  Fritz,  Bininda-­‐‑Emonds,  and  Purvis  2009).      Each  

species  was  represented  by  a  single  terminal  branch,  and  the  character  state  of  each  

terminal  taxon  (all  populations  increase  in  body  size,  all  populations  decrease  in  body  

size,  mixed)  was  mapped  onto  the  tree.  Parsimony  was  used  (in  Mesquite;  Maddison  

and  Maddison  2011)  to  reconstruct  ancestral  states  and  to  obtain  the  total  length  of  the  

tree  in  character-­‐‑transition  steps.  The  distribution  of  terminal  states  across  the  tree  was  
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then  randomly  permuted  1000  times,  retaining  the  respective  frequencies  of  the  three  

character-­‐‑states  among  the  terminal  taxa.  Ancestral  states  and  total  tree-­‐‑length  were  

assessed  for  each  permutation  to  produce  a  distribution  of  tree-­‐‑lengths.  The  length  of  the  

original  tree  was  compared  to  the  distribution.    Phylogenetic  structuring  of  size  changes  

would  be  indicated  if  the  tree  required  a  significantly  smaller  number  of  steps  than  

expected  for  trees  generated  at  random.      

Phylogeny  is  relevant  to  this  study  at  both  inter-­‐‑  and  intraspecific  levels.      At  the  

intraspecific  level,  24  species  were  represented  in  our  dataset  by  more  than  one  island  

population—a  subset  of  cases  we  refer  to  as  the  “replicated  populations”.    These  

replicated  populations  allowed  us  to  assess  whether  distinct  populations  within  a  single  

species  responded  to  their  island  environments  with  size  change  in  the  same  direction.  

In  nine  species  the  direction  of  all  changes,  either  dwarfing  or  gigantism,  was  the  same  

for  all  populations,  but  the  response  of  fifteen  species  was  mixed,  to  varying  extents  (i.e.,  

in  some  populations  size  increased  and  in  others  it  decreased).    

The  tendency  for  a  single  pattern  to  predominate  within  a  species  was  assessed  

by  calculating  the  probability  of  finding  clustering  within  species  to  the  degree  observed  

in  the  dataset  (or  higher),  if  the  known  increases  and  decreases  were  distributed  among  

all  the  replicated  populations  at  random.    The  probability  was  estimated  in  the  following  

way:    A  tree  diagram  was  constructed  consisting  of  a  basal  polytomy  of  24  branches  

(representing  the  species);  each  of  these  branches  bore  an  additional,  more  distal  
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polytomy  whose  number  of  branches  corresponded  to  the  number  of  island  populations  

in  one  of  the  replicated  species,  for  a  total  of  90  terminal  taxa.    (This  procedure  was  

intended  to  substitute  for  an  exact  calculation  of  binomial  probabilities:  the  basal  

polytomy  represented  independence  among  species;  the  terminal  polytomies  

represented  independent  events  of  size  change  among  populations.)    The  character-­‐‑state  

of  the  binary  variable  “direction  of  size  change  on  the  island”  (i.e.,  larger  or  smaller)  was  

identified  for  each  population,  parsimony  was  used  to  reconstruct  an  ancestral  state  for  

each  species  and  for  the  basal  node,  and  the  total  length  of  the  tree  in  state-­‐‑change  steps  

was  obtained.    The  terminal  states  were  then  randomly  permuted  1000  times  on  this  

topology  and  the  tree-­‐‑length  recorded  for  each  permutation.    The  length  of  the  original  

tree  diagram  was  compared  to  the  distribution  of  lengths  generated  by  permutation;  a  

relatively  short  tree  would  indicate  that  size  change  is  highly  consistent  within  species.      

To  examine  whether  the  observed  directions  of  insular  body  size  change  were  

more  consistent  among  species  on  a  given  island  than  would  be  predicted  by  chance  

alone,  an  analogous  permutation  test  was  carried  out  among  islands  for  which  more  

than  one  rodent  species  was  recorded.    Here,  the  basal  polytomy  consisted  of  36  

branches,  representing  each  island  with  multiple  species  in  the  dataset,  and  for  each  

island  the  number  of  rodent  populations  was  represented  in  a  polytomy  of  terminal  

branches.    Again,  the  length  of  the  original  tree  diagram  was  compared  to  the  
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distribution  of  lengths  generated  by  1000  permutations,  and  here  a  relatively  short  tree  

would  indicate  that  size  change  is  highly  consistent  within  islands.      

1.2.3  Classification-Tree Analyses 

We  used  decision  trees  to  predict  whether  species  would  increase  or  decrease  in  

size  on  a  given  island.    Decision-­‐‑tree  models  (specifically  classification  and  regression  

trees),  which  have  been  applied  effectively  to  questions  in  ecology  and  conservation  

biology  (Jones,  Fielding,  and  Sullivan  2006;  Davidson  et  al.  2009),  are  used  to  identify  

predictor  variables  that  correctly  classify  samples  according  to  a  response  variable.  The  

main  difference  between  classification  and  regression  trees  is  that  classification  trees  

predict  membership  among  the  different  categories  of  a  qualitative  variable  whereas  

regression  trees  predict  membership  along  a  continuous  variable.      

With  different  assumptions  and  response  variables,  either  method  can  be  used  to  

examine  insular  body  size  change.    For  example,  regression  trees  could  be  used  with  

island:mainland  body-­‐‑size  ratios  if  it  is  assumed  that  meaningful  distinctions  can  be  

inferred  from  different  degrees  of  change.    Yet  unless  the  time  of  colonization  or  

isolation  is  known  for  all  cases  and  included  in  the  model,  use  of  a  size  ratio  (or  other  

measure  of  degree)  assumes  that  differences  in  the  value  of  the  ratio  reflect  important  

differences  in  the  process,  rather  than,  for  example,  different  stages  in  a  time  course  of  

the  process  of  size  change.    If  size  change  on  an  island  takes  place  over  a  period  of  time,  

differences  in  the  degree  of  change  may  simply  be  due  to  the  fact  that  more  time  has  



  

12  

passed  for  one  island  group—or  even  to  subtle  differences  in  the  choice  of  the  mainland  

population  for  comparison    (Millien  and  Damuth  2004).    Alternatively,  classification  

trees  can  be  used  with  direction  of  change—larger  or  smaller—as  the  response  variable.    

While  disregarding  magnitude,  this  approach  assumes  that  the  direction,  regardless  of  

degree,  is  meaningful  and  contains  information  about  the  mechanisms  of  change.  The  

decision  tree  we  present  is  a  classification  tree.  

Using  the  rpart  package  in  R  (R  Development  Core  Team  2013;  Therneau,  

Atkinson,  and  Ripley  2006),  we  constructed  a  fully-­‐‑grown  classification  tree  (no  nodes  

pruned,  minimum  number  of  samples  required  for  a  split  =  2)  where  each  unique  

sample  had  its  own  terminal  node.    To  determine  the  optimum  number  of  nodes  for  the  

tree  (to  minimize  over-­‐‑fitting),  we  examined  the  cross-­‐‑validation  plot  (Figure  1).    The  

point  after  the  graph  drops  below  the  dotted  line  (where  the  tree’s  error  rate  is  within  1  

SE  of  the  minimum  error  tree)  was  interpreted  as  representing  the  largest  number  of  

meaningful  nodes.    Using  this  value,  we  pruned  the  fully-­‐‑grown  tree  (pruning  all  nodes  

with  a  complexity  parameter  <  0.043,  minimum  number  of  samples  required  for  a  split  =  

2)  to  obtain  the  optimal  tree.  

Because  classification  trees  can  be  sensitive  to  small  changes  in  the  data  

(Davidson  et  al.  2009)  we  also  used  the  randomForest  package  in  R  (Liaw  and  Wiener  

2002)  to  produce  a  random  forest  (bootstrapped  subsets  of  the  data)  of  10,000  

classification  trees.  Random  forest  methods  use  random  subsets  of  the  data  to  generate  a  
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set  of  trees  that  are  then  used  to  assess  the  influence  of  single  predictor  variables  and  to  

generate  a  predictive  model  for  the  dataset  (Cutler  et  al.  2007).    Most  studies  that  have  

used  predictive  models  from  random  forests  have  used  datasets  with  several  thousand  

samples  (e.g.  Davidson  et  al.  2009;  Boyer  2010).  Considering  the  size  of  our  dataset  (135  

records),  we  used  the  random  forest  primarily  to  generate  a  statistical  assessment  of  

variable  importance.    

  

Figure  1.    Cross-­‐‑validation  plot  for  the  classification  tree.    The  top  y  axis  refers  
to  the  number  of  splits  in  the  tree,  and  the  lower  y  axis  refers  to  the  corresponding  
complexity  parameter  for  the  best  tree  of  that  size.    The  optimum  number  of  nodes  
was  determined  to  be  the  first  value  within  one  SE  of  the  minimum  error  tree.  
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1.3  Results and Discussion 

1.3.1  Consistency of Size Change within Islands and Across 
Phylogeny 

The  length  of  the  original  phylogenetic  tree  fell  well  within  the  distribution  produced  by  

random  permutations  (P  =  0.10).    Accordingly,  we  found  little  evidence  of  phylogenetic  

structuring  of  the  interspecific  distribution  of  size  increases  and  decreases  within  the  

dataset  examined  here.  (What  structure  there  is  appears  to  occur  among  the  most  closely  

related  species:    using  polytomies  in  place  of  resolved  topologies  within  genera  in  the  

tree  yielded  even  lower  significance,    P=0.30  )  

For  the  intra-­‐‑specific  analysis,  less  than  2%  of  the  random  permutations  

produced  trees  shorter  than  the  original  (actual)  groupings;  i.e.,  P  <  0.02,  indicating  that  

although  the  responses  of  replicate  populations  within  a  species  were  not  uniform,  they  

were  consistent  to  a  significant  degree:    the  tendency  was  high  for  body  sizes  of  all  or  

most  replicate  island  populations  within  a  species  to  differ  from  relatives  on  the  

mainland  in  the  same  direction.  We  can  therefore  anticipate  that  organismal  traits  that  

are  distinctive  at  the  species  level  have  an  important  influence  on  whether  body  size  in  a  

population  is  larger  or  smaller  on  islands.    

The  within-­‐‑island  analyses  also  revealed  significant  structuring  (P  =  0.05),  

suggesting  that  the  characteristics  of  an  island  itself  (potentially  including  both  physical  

and  biotic  factors)  influence  in  a  relatively  consistent  way  whether  the  populations  of  
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rodents  it  supports  are  bigger  or  smaller  in  body  size  than  their  closest  relatives  on  the  

mainland.  

From  these  permutation  tests  it  is  clear  that  confronting  a  phenomenon  like  size  

change  in  insular  rodents  calls  for  a  technique  that  makes  use  of  a  variety  of  types  of  

predictive  factors,  including  traits  of  both  the  species  and  the  particular  island.    

1.3.2  Classification-Tree Analyses 

The  random  forest  model  correctly  classified  70.4%  of  the  body-­‐‑size  changes  

(74.4%  of  size  increases  and  63.2%  of  size  decreases,  Cohen’s  kappa  =  0.39,  P  <  0.001)  

while  the  classification  tree  correctly  classified  83%  of  the  changes  (92.3%  of  the  

increases  and  70.2%  of  the  decreases,  Cohen’s  kappa  =  0.641,  P  <  0.001).  The  analyses  

were  complementary:  the  random  forest  identified  important  variables  associated  with  

size  change  and  the  classification  tree  highlighted  the  interactions  between  these  

variables.    In  the  random  forest  analysis,  mainland  body  mass  was  the  most  important  

factor  for  predicting  the  direction  of  change,  with  most  large  rodents  getting  smaller  and  

small  ones  tending  to  enlarge,  but  island  area,  climate,  family,  and  the  number  of  rodent  

species  on  the  island  were  also  significant  (Figure  2).    The  island  rule  is  typically  framed  

in  terms  of  a  species’  mainland  mass  so  it  may  be  no  surprise  that  mass  (and  presumably  

its  life-­‐‑history  correlates;  Adler  and  Levins  1994)  was  found  to  be  the  most  important  

predictor.    This  finding  was  reinforced  by  the  classification  tree,  which  used  mass  in  its  

second  split.    Masses  in  our  sample  ranged  from  6  g  to  21,820  g  (median=87.5  g,  



  

16  

mean=547  g),  yet  the  mass  used  for  this  split  (253  g)  is  remarkably  close  to  the  value  of  

272  g  that  Lomolino  (2005)  proposed  as  the  size  on  which  rodents  converge,    

(Nevertheless,  see  Raia,  Carotenuto,  and  Meiri  2010  for  arguments  against  

optimal  body  sizes.)    On  its  own,  mass  correctly  predicts  65.2%  of  the  size  changes,  

approaching  in  its  accuracy  the  entire  random  forest  model.  

Precipitation  and  temperature  were  important  to  the  random  forest  analysis,  and  

their  importance  was  consistent  regardless  of  whether  they  were  expressed  as  many  

separate  variables  or  in  aggregate,  as  PC  scores  (see  appendix  C).  Climatic  variables  may  

exert  their  influence  on  body  size  indirectly,  through  their  effects  on  resource  

availability  (Heaney  1978;  Van  Valen  1973),  community  structure,  soil  quality,  or  other  

factors.  These  factors,  as  well  as  other  island-­‐‑specific  traits  (e.g.,  topological  complexity,  

  

Figure  2.    Relative  importance  (±SD)  of  predictor  variables  from  the  random  
forest  analysis  of  size  change.    Importance  is  measured  as  the  drop  in  accuracy  from  
the  removal  of  individual  variables.  
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number  of  biomes,  species  richness,  etc.)  may  be  the  sources  of  consistency  in  size  

change  within  islands  that  was  identified  here  through  permutation  analysis.  Each  

island  provides  a  unique  environment  and  individual  islands  cannot  be  viewed  as  

interchangeable.    

The  classification-­‐‑tree  model  both  highlighted  the  interactions  between  

explanatory  variables  and  provided  ranges  of  values  where  these  interactions  were  

important  (Figure  3).    For  example,  Lomolino  (2005)  suggested  that  as  island  area  

increases,  islands  become  more  similar  to  mainland  habitats.    Meiri  et  al.  (2008)  

acknowledged  this  in  compiling  the  original  dataset,  omitting  records  of  species  on  

islands  larger  than  50,000  km2  (roughly,  the  area  of  Costa  Rica),  but  this  limit  for  island  

size  was  based  on  studies  of  carnivorans  and  large  herbivores.    An  organism’s  ability  to  

recognize  an  island  should  depend  on  the  size  of  its  home  range,  and  mammalian  home  

ranges  are  strongly  affected  by  body  size  (Gaston  and  Blackburn  1996).    The  cutoff  for  

what  appears  to  be  an  island  for  rodents,  which  are  generally  smaller  than  carnivorans  

or  artiodactyls,  should  be  much  smaller  than  50,000  km2.    This  was  reflected  in  our  

classification  tree,  where  small  rodents  (<  253  g)  on  islands  smaller  than  2,326  km2  

showed  a  strong  trend  toward  size  increase  whereas  island  area  on  its  own  could  not  

predict  patterns  of  size  change  for  small  rodents  on  larger  islands  or  for  large  rodents  in  

general.  
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Figure  3.    Classification  tree  showing  predicted  direction  of  size  change  for  
insular  rodents.    Numbers  shown  in  each  oval  refer  to  the  number  of  cases  in  the  
dataset  (that  are  respectively  bigger/or  smaller  on  the  islands)  that  fit  the  criteria  
described  on  the  branches  above  that  node.    Rectangles  indicate  terminal  nodes,  with  
the  predicted  direction  of  change  noted  below.  (For  further  description  of  how  to  
“read”  the  tree  see  appendix  A)  

The  classification  tree  also  pointed  to  patterns  within  the  data  requiring  

additional  research.    Although  the  random  forest  identified  mass  as  the  most  important  

predictor,  and  the  permutation  test  indicated  that  phylogenetic  structuring  above  the  

species  level  was  weak  (at  best),  family  was  the  first  split  on  the  classification  tree.    

Family  can  be  considered  a  proxy  for  natural  history,  and  despite  our  phylogenetic  

findings  one  might  expect  closely  related  families  with  similar  natural  histories  to  group  

together.    However,  for  families  that  grouped  together  here  this  was  not  the  case  (Figure  

3).    Rather,  the  split  along  family  lines  is  largely  due  to  the  heteromyid  rodents,  which  
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together  constitute  more  than  half  the  observations  on  the  right  (size-­‐‑reduced)  side  of  

the  split.    Despite  being  well  below  the  253  g  threshold,  all  heteromyids  in  our  sample  

buck  the  trend  predicted  by  mass  and  become  smaller  on  islands.    (Size  reduction  in  

heteromyids  will  be  discussed  further  below  in  the  context  of  diet.)    Heteromyids’  

tendency  to  become  smaller  on  islands  is  much  more  consistent  than  changes  found  in  

any  other  well-­‐‑sampled  family  in  our  analysis  (cf  Lawlor  1982;  Meiri  et  al.  2008):  in  fact,  

within  only  4  of  the  17  genera  with  more  than  one  record  in  our  dataset  did  all  species  

change  size  in  the  same  direction.  Because  of  the  consistency  among  heteromyids,  the  

classification-­‐‑tree  analysis  identified  a  split  along  family  lines  as  the  most  meaningful  

split  in  the  data,  and  several  poorly  sampled  families  that  got  smaller  on  islands  were  

grouped  with  the  heteromyids  even  though  the  biological  explanation  for  this  grouping  

is  not  clear.    Removing  family  from  the  classification-­‐‑tree  analysis  only  caused  other  

variables  (specifically,  mass  and  climate)  to  group  all  heteromyids  together,  joining  them  

with  a  different  set  of  small  species  that  inhabit  dry,  seasonal  islands;  excluding  

heteromyids  from  the  analyses  eliminated  the  importance  of  family  altogether.    

Our  results  are  consistent  with  several  proposed  hypotheses,  but  not  every  

hypothesis  received  support.    Lomolino  (2005)  suggested  that  release  from  certain  

ecological  pressures  was  a  major  driver  of  size  change  on  islands.    For  large  herbivores,  

Raia  and  Meiri  (2006)  found  that  body  size  on  Mediterranean  islands  could  largely  be  

explained  by  interspecific  competition,  although  predation  too  was  
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important.    Ecological  interactions  are  difficult  to  measure  directly,  but  several  

explanatory  factors  in  our  analyses  were  intended  indirectly  to  account  for  

them.    Numbers  of  rodents,  confamilial  species,  and  carnivorans  on  the  islands  ranked  

low  in  relative  importance  (respectively  6th  -­‐‑  8th  among  10  variables  used  in  the  random  

forest,  Figure  2)  but  numbers  of  rodents  and  confamilial  species  proved  useful  to  the  

classification  tree  analysis.  Beyond  the  first  split  in  the  tree,  the  greatest  number  of  cases  

successfully  predicted  to  undergo  size  reduction  are  large  species  on  islands  with  more  

than  two  confamilial  (competitor)  species,  and  small  species  on  large  islands  with  few  

other  species  of  rodents.    These  patterns  do  not  fit  neatly  with  one  ecological  explanation  

that  has  accounted  for  size  reduction  in  large  insular  ungulates:  Raia,  Barbera,  and  

Conte  (2003)  interpreted  such  changes  as  a  shift  in  life-­‐‑history  tactics  along  a  "ʺfast  -­‐‑  slow"ʺ  

continuum  (in  large  ungulates  a  shift  to  a  faster  lifestyle,  emphasizing  reproduction  over  

somatic  growth,  accompanies  size  reduction,  and  is  especially  marked  on  islands  that  

are  low  in  species  richness,  especially  of  competitors,  and  experience  relatively  unstable  

and  unpredictable  conditions),  but  this  framework  is  more  difficult  to  apply  to  the  

patterns  we  observe  in  rodents.      Reciprocally,  and  more  specifically  for  insular  rodents,  

Adler  and  Levins  (1994)  defined  an  "ʺisland  syndrome"ʺ  in  which  high  and  stable  

population  densities  produce  size  increase.  This  hypothesis  was  not  proposed  to  account  

for  size  decreases,  and  further  assessment  of  its  role  in  insular  size  increases  awaits  more  

population-­‐‑level  data  than  are  currently  available.  Arguments  that  emphasize  
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competitive  displacement  or  ecological  release  are  compromised  by  the  fact  that  the  

largest  and  smallest  rodent  species  on  any  given  island  in  our  analysis  were  just  as  likely  

to  have  converged  in  size  (19  instances)  as  they  were  to  diverge  (17  instances).    The  role  

of  interspecific  interactions  remains  unclear  and,  to  be  characterized  accurately,  may  

require  information  on  population  density  and  consideration  of  the  entire  fauna,  

including  other  phyla  (Brown  and  Davidson  1977).  

Although  some  variables  received  little  support  from  our  analyses,  they  need  not  

immediately  be  discounted.    Lawlor  (1982)  attributed  size  reduction  in  insular  

heteromyids  to  their  specialization  on  limited  and  coarse-­‐‑grained  food  supplies  (seeds),  

and  the  limited  number  of  specialist  species  in  our  dataset  showed  very  consistent  

patterns  of  size  change:  the  three  carnivorous  rodents  all  increased  in  size  while  among  

the  herbivores  the  three  granivores  all  decreased  in  size.  Yet  diet  ranked  lowest  among  

variables  in  the  random  forest  analysis  (Figure  2).  It  may  be  that  dietary  specialization  

influences  insular  body  size  change,  but  the  relatively  broad  categorization  of  diet  used  

here  and  the  small  number  of  true  dietary  specialists  among  the  rodents  (Landry  1970)  

make  it  difficult  to  detect  a  pattern.    Dietary  specialization  can  occur  on  a  local  scale  and  

resource  availability  differs  from  island  to  island,  but  the  diet  data  were  collected  to  

represent  each  species  across  its  entire  range.  Consistency  in  the  direction  of  size  change  

for  different  populations  of  single  species  in  our  dataset  was  high,  but  not  perfect.    A  

species  that  is  relatively  flexible  in  its  diet  could  be  obliged  to  specialize  on  grains  on  one  
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island  (for  example)  while  including  softer  fruits  on  another,  potentially  leading  to  

differences  in  the  direction  of  change  for  the  two  populations.    Population-­‐‑level  diet  data  

are  not  available  for  the  island  populations  in  our  sample,  but  they  might  reveal  a  more  

important  role  for  diet  than  our  analyses  suggest.  

Predation  is  another  variable  found  to  be  unimportant  that  should  not  be  fully  

discounted.    While  the  number  of  carnivorans  on  an  island  did  not  seem  to  influence  

body  size  significantly,  avian  and  reptilian  predators,  which  were  not  considered  here,  

may  have  a  larger  impact  on  insular  rodents  (Michaux  et  al.  2002).    The  number  of  

carnivorans  on  an  island  may  be  more  important  for  larger  mammals  (Raia  and  Meiri  

2006)  that  are  less  likely  to  be  preyed  upon  by  birds  or  reptiles.    

The  island  rule  is  a  complex,  intricate  problem  that  has  defied  any  simple  

explanation.    Analyzing  the  multifactorial  processes  leading  to  size  change  on  islands  

benefits  from  a  method  that  is  not  constrained  to  detecting  linear  or  monotonic  

relationships-­‐‑-­‐‑one  that  combines  categorical,  qualitative,  and  quantitative  factors  and  

can  consider  their  interactions  in  different  contexts.    In  our  analysis  of  rodents,  

permutation  tests  demonstrated  that  within-­‐‑island  and  within-­‐‑species  processes  each  

produce  consistent  patterns  in  the  directions  of  change,  but  the  lack  of  significant  

patterning  at  higher  taxonomic  levels  suggested  that  within  rodents  these  patterns  are  

not  otherwise  phylogenetically  constrained.    By  applying  classification-­‐‑tree  methods  to  

the  same  data,  we  found  that  body  mass  was  the  strongest  predictor  of  whether  size  
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increases  or  decreases:  the  classic  phrasing  of  the  island  rule,  that  small  things  get  big  

while  big  things  get  small,  tends  to  hold  true  within  rodents.    It  is  on  very  small  islands  

(<2326  km2)  that  small  rodents  show  the  most  consistent  tendency  to  enlarge,  and  in  

contrast  to  earlier  findings  for  large  herbivores  on  Mediterrantean  islands  (Raia  and  

Meiri  2006),  ecological  interactions,  as  they  were  represented  in  our  analyses,  were  

comparatively  uninformative:    The  smallest  and  largest  rodents  on  an  island  converged  

or  diverged  in  size  with  equal  frequency,  the  number  of  carnivoran  species  on  an  island  

was  unimportant  as  a  predictor,  and  a  fauna  depauperate  in  other  species  of  rodent  

and/or  members  of  the  same  family  yields,  if  anything,  a  slight  tendency  to  buck  the  

trend  predicted  by  size  (i.e.  overall,  9/17  cases  of  large  rodents  in  this  situation  get  larger,  

and  20/36  cases  of  small  rodents  get  smaller).      

Identifying  other  relevant  factors  to  account  for  unexplained  variation  presents  a  

challenge  for  future  work.    The  approach  illustrated  here,  we  aver,  provides  a  promising  

framework  for  assessing  the  importance  of  additional  variables  and  incorporating  them  

into  the  predictive  model  of  insular  body-­‐‑size  change.  
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2.  Mainland size variation informs predictive models of 
exceptional insular body size change in rodents 

Durst,   P.A.P.   &   Roth,   V.L.   2014.   Mainland   size   variation   informs   predictive  

models  of  exceptional  insular  body  size  change  in  rodents.  In  revision.  

2.1  Introduction 

The  "ʺisland  rule"ʺ  for  mammals,  a  pattern  of  divergence  in  body  size  between  

insular  populations  of  mammals  and  their  mainland  counterparts,  was  once  deemed  "ʺan  

extraordinary  phenomenon  which  seems  to  have  fewer  exceptions  than  any  other  

ecotypic  rule  in  animals"ʺ  (Van  Valen  1973).  Yet  as  examples  have  proliferated—from  

anecdotal  observations  of  insular  mammals  of  unusual  size  (Busk  1868,  Adams  1874),  to  

tabulations  and  tallies  of  taxa  showing  insular  gigantism  or  dwarfism  (Foster  1964),  to  

regressions  on  body  mass  of  the  continuous  variable  "ʺsize  ratio"ʺ  (average  island  /  

average  mainland  body  mass  of  a  species;  (Mark  V  Lomolino  1985)—so  too  have  the  

exceptions.  Shifts  in  the  average  body  size  of  a  population  of  insular  mammals  have  

been  observed  to  differ  in  direction  and  in  degree  for  different  populations  on  different  

islands.  And  in  recognition  of  this,  the  number  of  factors  proposed  to  have  a  causal  role  

in  the  changes  has  also  grown.  The  simple  scenario  that  Foster  (1964)  described,  in  

which  size  increase  or  decrease  predominates  within  a  given  order  of  mammals,  has  

been  replaced  with  the  description  of  a  generally  monotonic  trend  of  decrease  in  size  

ratio  with  increasing  body  size  across  species  (Mark  V  Lomolino  1985).    This,  in  turn,  has  

been  refined  and  replaced  by  models  of  size  change  that  apply  differently  in  different  
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cases  and  are  contingent  both  on  the  phylogenetic  affinity  of  the  population  and  on  an  

array  of  ecological,  environmental,  geographic,  and  species-­‐‑specific  attributes  of  the  

island  +  population  pair  (Meiri,  Cooper,  and  Purvis  2008;  Durst  and  Roth  2012;  McClain  

et  al.  2013;  Lomolino  et  al.  2012;  Lomolino  et  al.  2013;  Heaney  1978).    

Given  the  importance  of  body  size  in  all  aspects  of  an  organism'ʹs  biology  

(Schmidt-­‐‑Nielsen  1984;  Peters  1983),  size  changes  are  expected  to  be  multifactorial  and  

subject  to  contingency.    But  explanations  also  depend  upon  what  is  being  explained.  In  

the  case  of  insular  body-­‐‑size  change,  we  must  ask,  what  is  the  main  variable  of  interest?  

Is  it  the  direction  of  size  change  on  an  island—smaller  or  larger,  regardless  of  degree?    If  

magnitude  of  the  change  is  important,  is  each  increment  of  difference  in  a  size  ratio—say  

1.05  to  1.06—biologically  equivalent  for  every  set  of  species,  or  within  some  specified  

groups  of  species?  Is  a  change  from  0.99  to  1.00  truly  comparable  to  a  change  from  1.00  

to  1.01?  And  if  some  differences  are  too  small  to  consider,  what  is  the  threshold  for  what  

constitutes  "ʺmeaningful"ʺ  change?  

In  this  paper  we  focus  on  rodents,  the  most  species-­‐‑rich  order  of  mammals  and  

the  order  that  has  presented  the  greatest  obstacle  to  formulation  of  a  general  "ʺrule"ʺ  for  

mammalian  body  size  change  on  islands.    A  widespread  but  phylogenetically  

circumscribed  group  of  mammals,  rodents  share  a  distinctive  and  well-­‐‑defined  set  of  

morphological  traits.    Yet  despite  their  morphological  coherence,  rodents  vary  widely  in  

body  size,  habitat,  and  diet.    Extant  insular  populations  of  rodents  exhibit  higher  
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variance  in  and  a  wider  range  of  size  ratios  than  any  other  order,  and  both  the  direction  

and  the  magnitude  of  size  change  can  vary  among  different  island  populations  within  a  

single  rodent  species  (Meiri,  Cooper,  and  Purvis  2008;  Durst  and  Roth  2012;  McClain  et  

al.  2013).        

Here  we  address  the  following  questions:    

   (i)  for  discerning  any  "ʺrules"ʺ  governing  body  size  evolution  in  insular  

rodents,  what  constitutes  a  meaningful  difference  in  body  sizes-­‐‑-­‐‑that  is,  size  variation  

that  extends  beyond  that  commonly  found  among  populations  on  the  mainland?  

   (ii)  what  factors  are  associated  with  such  extreme—as  opposed  to  more  

moderate-­‐‑-­‐‑cases  of  insular  body  size  change?    

   (iii)  within  the  set  of  cases  that  have  shown  extreme  change,  what  factors  

differentiate  extremely  small-­‐‑  and  extremely  large-­‐‑bodied  populations?      

To  address  question  1,  we  use  a  boot-­‐‑strapped  Kolmogorov-­‐‑Smirnov  (K-­‐‑S)  test  to  

compare  the  distribution  of  island:mainland  size  ratios  for  300  insular  rodent  

populations  (more  specifically,  average  body  size  for  each  island  population  divided  by  

the  average  size  for  its  species  on  the  mainland)  with  the  distribution  of  over  1,000  

analogous  ratios  from  the  mainland  (ratios  between  the  average  for  a  mainland  rodent  

population  and  its  species  average).    Ratios  falling  in  the  tails  of  the  mainland  

distribution-­‐‑-­‐‑below  the  2.5%  or  above  the  97.5%  quantile-­‐‑-­‐‑are  recognized  as  extreme.  For  

question  2,  we  examine  differences  (again  using  K-­‐‑S  tests)  in  the  distributions  of  19  
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organismal,  climatic,  and  geographic  variables  between  moderate-­‐‑  and  extreme-­‐‑sized  

insular  rodent  populations.    Finally,  for  question  3,  we  use  classification  trees  and  

random  forest  techniques  to  develop  a  predictive  model  describing  factors  associated  

with  extremely  large  and  extremely  small  body  sizes  in  insular  populations.    We  then  

test  this  model  on  a  set  of  cases  independent  from  the  sample  used  to  create  it.  

2.2  Methods 

2.2.1  Island Data Collection 

Records  of  insular  rodent  populations  were  taken  from  the  database  of  McClain  

et  al.  (2013),  which  is  an  expansion  of  the  database  from  Meiri  et  al.  (2008).    Information  

for  each  population  included  organismal  traits  (island:mainland  body  size  ratio,  mass,  

dietary  data,  substrate  preference),  six  climatic  variables  (temperature  and  precipitation,  

each  averaged  spatially  across  the  island,  their  standard  deviations  and  their  temporal  

variation),  four  measures  of  island  productivity  (the  spatial  mean,  maximum,  minimum,  

and  standard  deviation  of  net  primary  productivity,  NPP)  and    six  geographic  variables  

(measures  of  island  area,  elevation,  and  isolation).    Details  on  data  collection  can  be  

found  in  the  supplemental  material  for  McClain  et  al.  (2013).  Since  island  area  and  

elevation  can  both  be  indicators  of  island  terrain  heterogeneity  (Mark  V  Lomolino  et  al.  

2012),  we  combined  measures  of  the  two  in  a  principle  components  analysis  and  used  

PC1  as  a  measure  of  island  heterogeneity  (SI  Table  S1).  The  total  of  306  populations  of  
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insular  rodents  (67  species  on  182  islands  across  the  world)  were  included  in  the  

analyses.      

2.2.2  Mainland Population Collection  

We  obtained  mainland  rodent  records  from  the  databases  at  the  Natural  History  

Museum  of  Los  Angeles  County  and  the  Smithsonian,  U.S.  National  Museum  of  Natural  

History.    We  discarded  all  records  that  were  missing  body  measurement  or  locality  

information,  and  then  grouped  the  records  together  by  species  and  population.    

Populations  were  defined  as  more  than  one  record  of  the  same  species  obtained  from  

exactly  the  same  location  as  noted  in  the  museum  records.    This  process  resulted  in  a  

total  of  1,076  rodent  populations  (mean=5.4  records/population,  median=3  

records/population)  from  across  the  world  including  species  from  every  family  that  is  

represented  in  the  island  database.    We  took  the  average  mass  for  each  population,  and  

compared  it  to  the  average  mass  for  the  species  as  defined  in  the  masses  of  mammals  

database  (Smith  et  al.  2003),  to  obtain  a  population:species  body  size  ratio  for  each  

population  analogous  to  the  size  ratios  between  island  and  mainland  populations  

described  above.      

2.2.3  Defining ‘Meaningful’ Size Change 

To  test  for  a  difference  between  the  size  ratio  distributions  of  mainland  and  

island  populations  (each  standardized,  because  sample  sizes  differed,  to  total  100%  in  a  

probability  density  function),  we  used  the  Matching  package  in  R  (R  Development  Core  
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Team  2013;  Sekhon  2011)  to  perform  a  bootstrapped  Kolmogorov-­‐‑Smirnov  (K-­‐‑S)  test  on  

the  two  groups.      

We  then  defined  ‘Normal’    size  differences  for  the  mainland  as  any  size  ratio  that  

fell  between  the  lowest  and  highest  2.5%  of  all  mainland  size  ratios.    Anything  falling  

outside  those  boundaries  (in  the  tails)  was  defined  as  ‘Extreme’  size  difference.    The  

same  numerical  size-­‐‑ratio  cutoffs  (values  of  the  ratios,  as  opposed  to  percentage)  were  

then  applied  to  the  island  populations  to  identify  insular  size  ratios  that  were  'ʹnormal'ʹ  

and  'ʹextreme'ʹ  with  respect  to  variation  on  the  mainland.    The  extreme  island  populations  

were  further  categorized  as  either  extremely  big  ('ʹBig'ʹ)  or  extremely  small  ('ʹSmall'ʹ).  

2.2.4  Comparing Conditions associated with ‘normal’ vs ‘extreme’ 
Island Populations 

To  examine  the  factors  influencing  extreme  insular  size  change,  we  plotted  as  

probability  density  functions  the  frequency  distributions  for  the  'ʹnormal'ʹ  and  'ʹextreme'ʹ  

cases  with  respect  to  each  of  the  geographic,  climatic  and  productivity  variables,  and  

then  compared  these  distributions  using  bootstrapped  K-­‐‑S  tests.  The  pairwise  

comparisons  included  'ʹnormal'ʹ  vs  Big,  'ʹnormal'ʹ  vs  Small,  'ʹnormal'ʹ  vs  Big  +  Small  

combined,  and  Big  vs  Small.    In  all  instances  the  threshold  for  significance  was  taken  as  

p<  0.05.    No  correction  was  made  for  multiple  comparisons,  as  we  viewed  these  

comparisons  as  descriptive  and  exploratory.  
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2.2.5  Classification Tree Analyses 

In  addition  to  comparing  frequency  distributions  for  each  variable,  we  used  

classification  trees  to  create  a  predictive  model  for  the  directionality  of  extreme  insular  

size  change  (Big  or  Small).    CART  (classification  and  regression  tree,  jointly  called  

"ʺdecision  tree"ʺ)  methods  identify  a  succession  of  predictor  variables  to  group  samples  so  

as  to  minimize  within-­‐‑group  heterogeneity  while  maximizing  the  between-­‐‑group  

heterogeneity  of  a  response  variable.    Both  classification  and  regression  trees  have  been  

implemented  with  some  success  in  previous  studies,  by  the  current  authors  and  others,  

on  insular  mammalian  body  size  change.    See  chapter  one  for  more  extensive  

discussions  of  CART  methods.  

For  the  island  rodent  samples  deemed  ‘Extreme’  according  to  the  criteria  noted  

above,  we  constructed  a  fully-­‐‑grown  classification  tree  using  the  rpart  package  in  R  

(Therneau  and  Atkinson  1997;  R  Development  Core  Team  2013)  using  all  of  the  variables  

in  our  insular  population  dataset  to  predict  the  direction  of  extreme  size  change.    The  

fully  grown  tree  was  pruned  to  obtain  the  optimal  tree  (cross-­‐‑validated  error  rate  within  

1  SE  of  minimum  error  tree;  as  discussed  in  ref.  5).    To  test  the  stability  of  our  

classification  tree,  we  also  built  a  random  forest  model  consisting  of  5,000  trees  built  

from  bootstrapped  subsets  of  the  data  using  the  randomForest  package  in  R  (Liaw  and  

Wiener  2002).  A  relatively  stable  classification  tree  will  have  a  predictive  accuracy  

similar  to  that  of  the  related  random  forest  model.  
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Earlier  studies  that  applied  CART  methods  to  identify  variables  associated  with  

insular  body  size  change  (Durst  and  Roth  2012;  Lomolino  et  al.  2012)  were  largely  

descriptive  and  inferential,  constructing  the  decision  trees  and  examining  the  chosen  

variables  for  their  biological  relevance.    However,  CART  methods,  especially  

classification  trees,  are  widely  used  in  other  disciplines  not  only  to  describe  the  data  

used  to  build  the  tree,  but  to  build  a  model  to  predict  values  of  the  response  variable  for  

samples  independent  of  those  used  to  construct  the  tree  (Prasad,  Iverson,  and  Liaw  

2006).    Recent  work  by  Lomolino  et  al.  (2013)  provided  size  ratios  and  locality  data  for  

almost  100  insular  rodent  populations  for  which  we  had  island  information  (obtained  

earlier  for  purposes  of  studying  insular  mammals  other  than  rodents;  McClain  et  al.  

2013)  but  had  not  included  in  our  rodent  data  set.    Of  those  populations,  39  of  them  

qualified  as  extreme  according  to  our  definition.    We  ran  these  39  samples  through  our  

classification  tree  and  random  forest  to  assess  the  efficacy  of  our  models  as  predictive  

tools.  

2.3  Results 

2.3.1  Defining ‘Meaningful’ Size Change 

According  to  the  K-­‐‑S  test,  size  ratio  distributions  for  island  and  mainland  rodent  

populations  differed  significantly  (p<0.001;  see  Figure  4a).    On  the  mainland,  the  lower  

2.5%  quantile  for  size  ratios  was  0.80  while  the  upper  97.5%  quantile  was  1.09.    We  took  

these  as  the  boundaries  for  ‘normal’  body  size,  and  the  5%  of  mainland  samples  falling  
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outside  these  boundaries  were  considered  ‘extreme’  sized  mainland  populations  (see  

Figure  4a).    Applying  the  same  boundaries  to  the  island  samples,  54%  of  the  samples  

were  classified  as  ‘extreme’  sized  insular  populations.    Of  these  extreme  sized  

populations,  78%  (deemed  'ʹBig'ʹ)  had  increased  in  size,  while  22%  (deemed  'ʹSmall'ʹ)  

decreased  in  size.    Although  there  was  no  phylogenetic  structuring,  above  or  within  

species,  in  the  tendency  to  produce  insular  populations  of  extreme  body  size  (see  

Appendix  C),  for  species  that  produced  extreme  populations  on  multiple  islands  the  

tendency  was  strong  for  those  extreme  changes  to  occur  in  the  same  direction  (Big  or  

Small).  

2.3.2  Comparing Normal and Extreme Islands 

The  distributions  of  seven  variables  were  found  to  differ  significantly  between  

insular  populations  of  Big  and  'ʹnormal'ʹ-­‐‑sized  rodents  (see  Figure  4b-­‐‑g).    Among  these  

seven  variables,  values  were  generally  lower  for  heterogeneity  of  island  terrain  (a  

composite  measure  of  area  and  elevation),  mean  temperature  (averaged  spatially),  and  

the  spatial  standard  deviation  in  annual  precipitation  for  the  Big  populations,  while  

distance  to  continent,  minimum  net  primary  productivity  (NPP),  and  mean  annual  

precipitation  tended  to  be  higher.    Three  variables  were  distributed  significantly  

differently  between  island  populations  of    'ʹnormal'ʹ-­‐‑sized  rodents  and  Small  insular  

populations,  which,  by  contrast,  tended  to  experience  high  mean  annual  temperature,  a  

high  standard  deviation  of  NPP,  and  lower  mean  precipitation.  



  

33  

 

Figure  4.    Comparing  distributions  of  numbers  of  island  populations  with  
various  characteristics.    (a)  Size  ratios  for  island  (purple)  and  mainland  (black)  
populations;  vertical  dashed  lines  delimit  tails  of  the  distributions  showing  extreme  
size  reduction  (left)  or  increase  (right).  (b-­‐‑i)  Various  attributes  whose  distributions  
differ  significantly  (K-­‐‑S  test,  p<0.05)  between  'ʹnormal'ʹ  (black),  Small  (blue)  and/or  Big  
(red)  island  populations.    For  all  graphs,  the  y  axis  represents  the  number  of  
populations  at  a  given  value  on  the  x  axis.  

Big  and  Small  insular  populations  differed  significantly  in  four  variables.    Mean  

precipitation  was  higher  for  Big  populations,  mean  temperature  and  the  spatial  standard  

deviation  of  NPP  were  both  higher  for  Small  populations,  and  Big  populations  were  

found  at  higher  latitudes  than  Small  ones.  

2.3.3  Classification Tree Analyses 

The  classification  tree  based  on  our  original  dataset  (Figure  5a)  correctly  classified  90%  

of  its  extreme  cases  of  insular  body  size  changes  (98%  of  the  Big  and  62%  of  the  Small  

populations  correctly  predicted,  Cohen’s  κ  =  0.671,  P  <  0.001)  while  the  random  forest  

correctly  predicted  87%  of  the  size  changes  (97%  of  the  Big  and  52%  of  the  Small,  

Cohen’s  κ  =  0.559,  P  <  0.001).    The  first  split  on  the  classification  tree  distinguishes  
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between  different  dietary  categories.    While  populations  in  most  diet  categories  

overwhelmingly  tend  to  become  Big  on  islands  (102  populations  becoming  Big,  10  

becoming  Small),  frugivores  and  granivores  vary  (30  Big,  27  Small).    Size  change  in  

frugivores  and  granivores  appears  to  depend  on  the  mean  productivity  of  the  islands  

  

Figure  5.  Classification tree, showing predicted direction of size change for insular 
rodent populations, and body size ranges corresponding to its terminal nodes. (a.) 
Classification tree showing variables and the ranges of values used in the classification 
process and the numbers of cases showing size increase / decrease at each node.  In the 
terminal nodes, sets/groups of cases predicted to have increased in size are shown in red; 
predicted to have reduced size in blue, and numbers of cases predicted correctly are in 
larger font.  (b.) Box-and-whisker plot showing the distribution of species masses (on the y 
axis) for each of the four terminal nodes in the tree.  The box extends from the first to the 
third quartile with the bold line indicating the median mass for the box.  
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they  inhabit,  the  tendency  being  to  become  Small  on  low  productivity  islands  (1  

Big,  13  Small  populations).    Frugivore  and  granivore  populations  on  high  productivity  

islands  are  subdivided  a  final  time  on  the  basis  of  the  heterogeneity  of  the  productivity  

landscape  on  the  island.    Islands  that  vary  in  productivity  spatially  (i.e.,  with  high  

spatial  productivity  standard  deviations)  tended  to  produce  Small  body  sizes  (2  Big,  10  

Small  populations)  whereas  low  standard  deviations  produced  Big  body  sizes  (27  Big,  4  

Small).  

When  applied  to  a  new  dataset  derived  from  ref.  8,  the  classification  tree  was  

able  to  correctly  classify  33  of  the  39  'ʹextreme'ʹ  populations  (85%:  94%  of  Big  populations,  

20%  of  Small  populations  correctly  predicted)  while  the  random  forest  correctly  

predicted  90%  of  the  new  populations  (100%  of  Big  populations,  20%  of  Small  

populations  correctly  predicted).  

2.4  Discussion 

From  this  examination  of  extreme  insular  body  size  evolution,  it  is  clear  that  

island  rodents  exhibit  some  striking  differences  from  their  mainland  counterparts.    Not  

only  do  the  distributions  of  size  ratios  differ  between  island  and  mainland  populations,  

but  over  half  of  all  insular  rodent  populations  fall  outside  the  boundaries  encompassing  

95%  of  the  size  variation  ordinarily  found  among  mainland  populations.  

We  found  a  greater  than  expected  proportion  of  insular  rodent  populations  of  

extremely  small  body  size  (12%  of  all  island  populations,  4.8  times  the  frequency  
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observed  on  the  mainland),  but  the  great  majority  of  extreme  sized  island  rodents  were  

extremely  big  (42%  of  all  island  populations,  16.8  times  the  frequency  on  the  mainland).    

These  percentages  stand  in  stark  contrast  to  the  broader  pool  encompassing  all  island  

rodents  in  our  dataset  where  it  is  a  virtual  coin  toss  whether  a  population  will  increase  

(to  some  degree)  or  decrease  in  size  (58%  are  relatively  big,  42%  relatively  small).    This  

strong  trend  for  ‘extreme’  populations  to  be  of  larger  body  size  suggests  that  this  is  the  

general  pattern  for  rodents  on  islands,  whereas  populations  that  become  extremely  

small  represent  notable  exceptions.    (This  tendency  is  evident  even  if  cutoff  points  for  

Big  and  Small  are  chosen  to  be  symmetrical  about  a  value  of  1;  see  SI  Appendix  S2.)  

The  idiosyncratic  nature  of  insular  rodent  populations  of  extremely  reduced  

body  size  is  also  reflected  in  the  groups  identified  by  the  classification  tree.    Figure  5b  

shows  the  differences  in  body  mass  between  sets  of  populations  predicted  to  be  

extremely  big  and  others  predicted  to  be  extremely  small.    The  two  terminal  nodes  in  

which  body  size  was  predicted  to  be  extremely  big  comprise  a  large  number  of  

populations  (112  and  31,  respectively,  together  representing  84.7%  of  all  extreme  

populations)  and  have  a  wide  range  of  masses,  encompassing  almost  the  entire  range  of  

rodent  body  sizes  considered  in  this  analysis  (6-­‐‑304  grams;  populations  for  which  the  

predictions  of  size  increase  were  accurate  spanned  the  same  range).    In  contrast,  the  

terminal  nodes  for  which  size  was  predicted  to  have  decreased  consist  of  fewer  samples  

(12  and  14,  15.3%  of  extreme  populations)  and  have  much  narrower  body  size  ranges  
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that  are  also  quite  different  from  each  other.    In  one  set,  and  noting  the  cases  in  which  

the  prediction  of  size  decrease  was  accurate,  all  but  two  of  the  populations  of  large  

rodents  (mean=357  grams,  median=322  grams)  had  become  extremely  smaller  

(comparatively  “Small”)  on  islands;  in  the  other  set,  13  out  of  14  populations  of  small  

rodents  (mean=24  grams,  median=16  grams)  had  become  extremely  small.    Based  on  

these  patterns,  it  appears  that  rodents  on  islands  are  generally  extremely  big;  that  

extreme  insular  size  decreases  represent  a  deviation  from  the  more  typical  pattern,  and  

that  each  group  of  size-­‐‑reduced  insular  populations  requires  a  distinct  set  of  variables  to  

explain  its  deviation.  

The  factors  identified  as  significant  by  the  Kolmogorov-­‐‑Smirnov  tests  point  to  

resource-­‐‑related  variables  being  major  drivers  of  extreme  size  change.    Terrain  

heterogeneity,  temperature,  precipitation,  and  productivity  differ  in  their  distributions  

for  islands  that  produce  ‘extreme’  rather  than  ‘normal’  body  sizes  in  their  rodent  

inhabitants:    Greatly  enlarged  rodents  tend  to  be  found  on  small,  homogeneous  islands  

with  above-­‐‑average  precipitation  and  high,  relatively  consistent  resource  availability;  

extremely  reduced  rodents  are  typically  found  on  hot,  dry  islands  where  availability  of  

resources  is  spatially  variable.      

On  the  classification  tree,  populations  of  extremely  reduced  rodents  were  

dispersed  among  several  terminal  nodes,  suggesting  that  different  insular  circumstances  

lead  distinct  subgroups  to  evolve  substantially  smaller  size.    Yet  despite  differences  
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among  these  subgroups  in  the  specific  sets  of  relevant  variables,  resource  availability  

may  be  an  underlying  factor  that  influences  all  of  them.    All  groups  that  were  

successfully  predicted  to  be  extremely  reduced  in  size  are  fruit  and  grain  specialists  

found  on  islands  with  either  low  or  spatially  heterogeneous  ('ʹcomplex'ʹ)  productivity,  

whereas  the  fruit  and  grain  specialists  that  were  predictably  greatly  enlarged  are  found  

on  islands  with  homogeneous  productivity  landscapes.    Since  resource  availability  

declines  much  faster  with  decreasing  area  for  fruit/grain  specialists  than  for  more  

generalist  species  (Lawlor  1982;  McNab  1963),  small  frugivore/granivores  on  low  

productivity  islands  may  not  be  able  acquire  the  resources  necessary  for  maintaining  a  

'ʹnormal'ʹ  size.    Likewise,  large  frugivore/granivores  on  islands  with  a  heterogeneous  

productivity  landscape  may  be  similarly  limited  due  to  their  inability  to  access  patchy  

resources  across  an  island.  

While  the  classification  tree  and  random  forest  both  excelled  in  classifying  the  

data  used  to  build  the  models,  their  success  at  predicting  independent  data  is  perhaps  

even  more  impressive.    Of  the  34  cases  of  insular  rodent  populations  in  the  independent  

dataset  that  exhibited  extreme  size  increase,  the  classification  tree  successfully  predicted  

all  but  one  while  the  random  forest  correctly  classified  all  of  them.    Although  the  

classification  rate  for  populations  of  small  body  size  from  that  dataset  was  less  

successful  (1  of  5  correctly  classified),  all  four  of  the  misclassified  populations  reached  

the  same  terminal  node  as  the  largest  group  of  misclassified  populations  from  the  
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original  data:  extremely  reduced  non-­‐‑frugivorous/granivorous  rodents.    Since  

measurements  such  as  net  primary  productivity  and  diet  are  imprecise  proxies  for  

factors  like  resource  availability,  we  might  anticipate  that  predictions  would  improve  

with  the  inclusion  of  more  detailed  diet  and  resource  availability  data.    

The  results  of  our  analyses  underscore  the  importance  of  taking  variation  that  is  

commonly  found  on  the  mainland  into  account  when  identifying  factors  that  produce  

unusual  body  sizes  on  islands.    Striking  differences  exist  between  mainland  and  island  

populations,  but  many  of  the  factors  associated  with  changes  in  body  size  in  insular  

rodents  come  into  focus  only  when  the  statistical  noise  produced  by  variation  ordinarily  

found  also  on  the  mainland  is  removed.    Specifically,  it  becomes  clear  that  some  version  

of  the  island  rule  holds  true  for  rodents,  with  the  large  majority  of  insular  populations  

that  undergo  extreme  changes  increasing  in  size.    While  exceptions  to  this  rule  still  exist,  

we  have  developed  a  predictive  model  based  largely  on  diet  and  resource  availability  

that  succeeds  in  classifying  over  90%  of  extreme  populations,  remains  robust  when  

classifying  novel  samples,  and  suggests  avenues  for  future  fine-­‐‑tuning.    Although  

previous  authors  have  despaired  of  finding  generalities  that  could  predict  the  response  

of  populations  to  novel  insular  environments,  using  models  designed  to  handle  the  very  

factors  and  contingencies  that  frustrated  previous  work,  we  find  that  significant  patterns  

do  emerge.    These  patterns  and  the  resulting  predictability  of  size  change  found  in  this  
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study  represent  a  major  step  in  the  description  and  understanding  of  an  “ecotypic  rule”  

half  a  century  in  the  making.    

2.5  Reflections on Chapters One and Two 

It  has  been  50  years  since  Foster  published  his  paper  documenting  the  trends  in  

mammalian  insular  body  size  that  have  come  to  be  known  as  the  island  rule,  the  

tendency  for  insular  mammals  to  be  different  in  size  from  their  mainland  counterparts,  

yet  it  continues  to  be  a  topic  that  generates  scientific  debate.    A  review  of  the  island  rule  

literature  since  then  reveals  two  distinct  types  of  studies  in  terms  of  methods  and  

results.    One  class  focuses  on  small  taxonomic  groups  (generally  a  single  species  or  

genus)  and  finds  generally  strong  support  for  a  few  variables  leading  to  insular  body  

size  change  (Adler  and  Levins  1994;  Palmer  2002;  Bromham  and  Cardillo  2007;  Benton  et  

al.  2010).    The  second  class  analyzes  a  much  wider  set  of  species  and  factors  and  finds  

weak  or  no  support  (  Lomolino  1985;  Lomolino  2005;  Meiri,  Dayan,  and  Simberloff  2006;  

Meiri,  Cooper,  and  Purvis  2008;  Lomolino  et  al.  2012;  McClain  et  al.  2013).    Despite  these  

large-­‐‑scale  findings,  the  striking  examples  of  insular  body  size  change  along  with  the  

sheer  number  of  documented  cases  of  insular  body  size  change,  including  the  repeated  

size  change  of  a  single  species  on  multiple  islands,  are  difficult  to  ignore.      

For  my  work  on  insular  body  size  change,  I  set  out  to  find  a  middle  ground  

between  the  singularly-­‐‑focused  and  the  all-­‐‑encompassing  studies.    Focusing  on  rodents  

allowed  me  to  work  with  a  large  taxonomic  group,  but  one  where  some  ecological  



  

41  

generalities  (life  history  traits,  diet,  etc…)  still  existed.    I  also  tried  to  explicitly  

acknowledge  what  I  found  to  be  one  of  the  bigger  weaknesses  of  previous  studies  of  

insular  body  size:  the  issue  of  time.    The  length  of  time  since  a  species  colonized  an  

island  can  have  a  large  impact  on  the  degree  of  size  change  observed,  but  time  since  

colonization  is  very  difficult  to  estimate  without  molecular  data,  well-­‐‑dated  fossils,  or  

relavent  historical  records.  The  scarcity  of  this  type  of  data  makes  large-­‐‑scale  studies  

nearly  impossible.    The  first  two  chapters  deal  with  the  problem  of  time  somewhat  

differently.    In  the  first  chapter,  the  focus  is  on  the  direction  of  size  change,  independent  

of  magnitude.    The  second  chapter,  only  analyzed  populations  that  had  undergone  

extreme  size  change.    While  both  of  these  methods  have  their  limitations  (analyzing  the  

direction  of  change  assumes  that  all  size  change,  regardless  of  degree,  is  meaningful;  

only  looking  at  extreme  populations  may  eliminate  potentially  informative  populations  

that  are  not  yet  ‘extreme’),  they  allowed  me  to  focus  on  factors  influencing  size  change  

without  conflating  them  with  the  mechanisms  required  to  enact  these  changes.  

Despite  the  very  different  approaches  taken  in  the  two  chapters,  both  studies  

yielded  mutually  consistent  results.    While  species-­‐‑level  traits  are  important  in  

determining  direction  and  degree  of  size  change,  traits  for  higher  taxonomic  levels  seem  

to  have  relatively  little  impact.    Island  traits  are  highly  predictive  of  insular  body  size  

change,  reinforcing  the  idea  that  island  environments  have  unique  features  that  lead  to  

extreme  size  change  not  seen  on  the  mainland.    Both  studies  found  that  successful  
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predictions  of  insular  body  size  change  do  not  rely  on  ecological  interactions  with  other  

species,  and  both  studies  suggest  that  resource  availability  (whether  in  terms  of  dietary  

range,  island  productivity,  or  the  accessibility  of  resources  within  an  environment)  is  

one  of  the  major  drivers  of  insular  body  size  change.    Perhaps  most  importantly,  these  

studies  provide  a  link  between  broad-­‐‑scale  analyses  and  single-­‐‑species  studies  by  

examining  a  diverse  sample  of  insular  rodents  and  producing  hypotheses  that  can  be  

explicitly  tested  in  a  more  limited  framework  with  smaller  taxonomic  groups,  where  

fossils,  historical  records,  and  molecular  data  can  more  easily  be  integrated  into  the  

analyses.    While  the  debate  rages  on  about  what  the  island  rule  actually  entails,  the  fact  

that  predictable  patterns  can  be  gleaned  from  a  group  as  large  and  varied  as  rodents  

provides  hope  that  generalities  may  exist  and  that  we  may  one  day  understand  the  

mechanisms  producing  the  weird  and  wonderful  size  changes  that  have  captured  the  

imagination  of  scientists  for  50  years.  
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3.  A mitochondrial phylogeography of Peromyscus 
maniculatus across the northern California Channel 
Islands 

3.1  Introduction 

The  California  Channel  Islands,  a  collection  of  eight  islands  off  the  coast  of  

southern  California,  are  one  of  the  only  coast  Mediterranean-­‐‑type  ecosystems  in  North  

America  and  as  such,  they  harbor  a  unique  suite  of  endemic  plants  and  animals.    At  least  

six  mammals  are  endemic  to  the  islands,  with  four  of  them  found  on  multiple  islands  

(the  island  fox,  spotted  skunk,  deer  mouse  and  harvest  mouse;  Floyd  et  al.  2011),  but  the  

deer  mouse,  Peromyscus  maniculatus,  is  the  only  mammal  found  on  all  eight  of  the  

islands,  with  each  island  housing  a  morphologically  and  genetically  distinct  subspecies  

(Pergams,  Lacy,  and  Ashley  2000).    A  great  deal  of  work  has  been  done  on  the  

morphology,  development  and  behavior  of  Channel  Islands  deer  mice  (Roth  and  

Dawson  1996;  Roth  and  Klein  1986;  Orrock  2010),  but  the  genetics  of  the  species  remains  

unclear.    
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Figure  6.    Timelines  of  important  events  in  Channel  Islands  history.  

  

To  understand  the  distribution  of  P.maniculatus  across  the  Channel  Islands,  it  is  

important  to  understand  the  geography  and  geological  history  of  the  islands.    The  

Channel  Islands  are  broken  into  four  northern  islands  (Anacapa,  Santa  Cruz,  Santa  Rosa  

and  San  Miguel)  and  four  southern  islands  (Santa  Barbara,  San  Nicolas,  Santa  Catalina  

and  San  Clemente;  Figure  7).    The  four  southern  islands  have  been  isolated  for  millions  

of  years,  having  never  been  connected  to  other  islands  or  to  the  mainland.    While  the    

four  northern  islands  have  never  been  connected  to  the  mainland,  they  were  

connected  to  each  other  during  the  last  glacial  maximum  (~18,000  years  ago),  forming  

the  larger  island  of  Santarosae.      Bathymetric  measurements  suggest  that  the  breakup  of  

Santarosae  began  with  Anacapa  splitting  off  12,000  years  ago.    Santa  Cruz  followed  

11,500  years  ago,  and  San  Miguel  and  Santa  Rosa  split  9,500  years  ago  (Floyd  et  al.  2011).    
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Because  the  earliest  fossils  of  P.maniculatus  on  the  Channel  Islands  date  to  

approximately  8,000  years  ago  (Guthrie  1993),  some  have  argued  that  deer  mice  arrived  

on  the  islands  after  the  breakup  of  Santarosae.    This  is  in  line  with  findings  for  other  

mammals,  such  as  the  island  fox  where  radiocarbon  dating  of  the  earliest  known  island  

fox  remains  postdates  the  colonization  of  the  islands  by  ancient  humans  (~12,000  years,  

Erlandson  et  al.  2011).    However,  allozyme,  RFLP  and  morphological  data  for  the  deer  

mice  all  suggest  that,  at  the  very  least,  the  three  large  northern  island  populations  (Santa  

Cruz,  Santa  Rosa  and  San  Miguel)  are  more  related  to  each  other  than  they  are  to  

mainland  mice  (Gill  1976;  Ashley  and  Wills  1987),  leading  others  to  argue  for  an  arrival  

prior  to  the  breakup  of  Santarosae.    In  their  study  examining  9  restriction  fragments,  

Ashley  and  Wills  even  went  as  far  as  to  present  possible  routes  of  colonization  for  each  

island  population  (Figure  7).    While  San  Clemente  and  Santa  Catalina  had  unique  

haplotypes  most  similar  to  the  mainland  to  the  east,  Ashley  and  Wills  found  shared  

patterns  between  three  of  the  northern  islands  (Santa  Cruz,  Santa  Rosa  and  San  Miguel)  

and  the  mainland  to  the  north,  suggesting  a  colonization  of  those  islands  from  the  

northern  mainland.    They  found  similar  patterns  on  the  islands  of  Santa  Barbara  and  San    
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Figure  7.    Map  of  the  California  Channel  Islands.    Arrows  indicate  the  
colonization  routes  proposed  by  Ashley  and  Wills  (adapted  from  Ashley  and  Wills,  
1987).  

  

Nicolas,  which  they  suggested  could  be  due  to  a  later  colonization  of  those  islands  from  

the  northern  islands.    Additionally,  they  found  evidence  for  a  secondary  introduction  of  

deer  mice  to  Anacapa  Island  from  the  eastern  mainland.  

The  work  by  Ashley  and  Wills  over  thirty  years  ago  was  the  last  multi-­‐‑island  

molecular  study  of  Channel  Islands  deer  mice.    Due  to  the  limited  inferences  that  can  be  

made  from  RFLP  data  (RFLP  analyses  are  unable  to  identify  specific  base  pair  changes  in  
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the  genome,  only  tracking  changes  in  the  overall  size  of  different  restriction  enzyme  

fragments),  a  great  deal  of  uncertainty  remains  regarding  the  history  of  Peromyscus  

across  these  islands.    In  this  study,  I  use  mitochondrial  sequence  data  to  reassess  the  

patterns  described  by  Ashley  and  Wills,  and  to  create  an  updated  phylogeography  of  

Peromyscus  maniculatus  across  the  northern  Channel  Islands.    

3.2  Methods  

3.2.1  Sampling 

A  total  of  72  P.  maniculatus  individuals  were  collected  across  six  sites  on  the  

northern  Channel  Islands:  one  site  on  Anacapa,  Santa  Rosa,  San  Miguel  and  Santa  

Barbara  Islands,  and  one  site  each  on  both  the  National  Park  and  Nature  Conservancy  

sides  of  Santa  Cruz  Island  (referred  to  as  Santa  Cruz  East  and  West,  respectively).    An  

additional  21  mice  were  collected  from  two  mainland  sites:  one  site  in  the  Santa  Ynez  

Mountains  (north  of  the  city  of  Santa  Barbara)  at  Sedgwick  Reserve  and  one  site  at  Grant  

Park,  located  in  the  city  of  Ventura.    These  mainland  sites  were  chosen  to  examine  the  

colonization  routes  hypothesized  by  Ashley  and  Wills  (1987),  with  Sedgwick  

representing  a  northern  colonization  route,  and  Grant  Park  a  colonization  route  from  the  

east.      

3.2.2  Molecular Genetics 

Whole  genomic  DNA  was  extracted  from  all  individuals  using  a  DNEasy  Blood  

and  Tissue  Kit  (Qiagen).    A  ~400  bp  region  of  the  mitochondrial  control  region  was  
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amplified  and  sequenced  using  the  PeromtD-­‐‑F4  (5’-­‐‑TCTGGTTCTTACTTCAGGGCC-­‐‑3’)  

and  PeromtD-­‐‑R  (5’-­‐‑GCATTTTCAGTGCTTTGCTTTATTG-­‐‑3’)  primers.    The  polymerase  

chain  reaction  cycle  for  the  amplification  consisted  of  94  °C  for  2  min;  40  cycles  of  94  °C  

for  15  s,  50  °C  for  15  s  and  68  °C  for  1  min;  68  °C  for  10  min.    Reactions  were  cleaned  

using  ExoSAP  and  sequenced  using  the  BigDye  Terminator  Cycle  Sequencing  system  

run  on  a  3730XL  Genetic  Analyzer  (Applied  Biosystems  Inc.).    Forward  and  reverse  

sequences  were  assembled  using  Sequencher  v4.8  (Gene  Codes)  and  aligned  using  

ClustalX2  (Larkin  et  al.  2007).    All  sequences  will  be  deposited  in  GenBank  concurrent  

with  the  publication  of  this  work.  

3.2.3  Population Genetic, Phylogeographic and Phylogenetic 
Analyses 

Nucleotide  diversity  (π),  pairwise  FST  values,  and  Tajima’s  D  and  Fu’s  FS  tests  

were  all  calculated  for  each  population  using  Arlequin  v3.5  (Excoffier  and  Lischer  2005).    

I  then  split  the  populations  into  two  regions,  island  and  mainland  samples,  and  

performed  the  same  analyses,  for  these  groups.    Significance  values  were  adjusted  for  

multiple  comparisons  using  the  Bonferroni  correction  (Rice  1989).    I  also  calculated  the  

site  frequency  spectrum  for  each  group  using  the  PEGAS  package  in  R  (Paradis  2010)  to  

look  at  differences  in  haplotype  diversity  between  island  and  mainland  populations.    To  

examine  the  importance  of  within-­‐‑island,  within-­‐‑region  and  between-­‐‑region  genetic  

variation,  I  performed  an  AMOVA  (also  in  Arlequin).    Significance  was  assessed  using  a  

permutation  procedure  (10,000  replicates).  
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While  traditional  population  genetics  parameters  are  able  to  provide  information  

about  differences  in  allele  frequencies  between  populations,  they  do  not  offer  much  

insight  into  the  relationships  between  haplotypes  and  populations.    To  visualize  this  

relationship  in  a  phylogeographic  framework,  I  constructed  a  statistical  parsimony  

network  as  implemented  in  TCS  v1.21  (Clement,  Posada,  and  Crandall  2000).    In  the  few  

instances  where  the  network  resulted  in  ambiguous  loops,  I  resolved  the  ambiguities  

following  criteria  predicted  by  coalescent  theory  as  described  by  Uthicke  and  Benzie  

(2003).  

For  the  phylogenetic  analyses,  sequences  were  analyzed  by  PAUP*  v4.0  

(Swofford  2002)  using  the  MrModelTest  block.    These  scores  were  submitted  to  

MrModelTest  v2.3  (Nylander  2004)  to  select  the  best  model  of  evolution  for  the  data  

(HKY+G).    While  previous  phylogeographic  studies  of  Peromyscus  maniculatus  in  other  

regions  have  been  able  to  take  advantage  of  traditional  phylogenetic  frameworks  (Yang  

and  Kenagy  2009;  Taylor  and  Hoffman  2010),  the  recent  colonization  history  of  Channel  

Islands  Peromyscus  meant  that  traditional  maximum  likelihood  and  Bayesian  

phylogenetic  methods  yielded  relatively  uninformative  and  unsupported  phylogenies  

for  my  dataset.    As  such,  analyses  of  Channel  Islands  Peromyscus  were  conducted  in  

BEAST  v1.8  (Drummond  et  al.  2012)  using  a  Bayesian  coalescent  framework.  Using  the  

model  suggested  by  MrModelTest  under  both  a  constant  size  and  exponential  growth  

population  model,  I  ran  the  analyses  for  10,000,000  generations,  logging  every  1,000  
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steps.      The  logs  were  imported  into  Tracer  v1.6  (Drummond  and  Rambaut  2007)  for  

review.    Because  the  marginal  posterior  density  of  the  population  growth  parameter  did  

not  overlap  zero,  I  imported  the  trees  generated  from  the  exponential  growth  population  

model  into  TreeAnotator  1.8  (Drummond  and  Rambaut  2007)  to  compute  the  consensus  

tree.  

3.3  Results 

I  sequenced  and  aligned  394  bp  from  the  mitochondrial  control  region  for  each  of  the  93  

individuals  sampled.    Overall  nucleotide  diversity  was  understandably  low  (0.6%,  2.35  

pairwise  nucleotide  differences)  given  the  relatively  small  spatial  and  temporal  scale  of  

this  study,  but  nucleotide  diversity  was  significantly  lower  on  islands  (0.45%,  1.76  

pairwise  differences)  than  on  the  mainland  (0.75%,  2.94  pairwise  differences,  p=0.020  per  

  

Figure  8.    Site  frequency  spectrums  for  (a.)  mainland  and  (b.)  island  
populations.    In  this  histogram,  the  ith  entry  (x  axis)  is  the  number  of  polymorphic  
sites  (y  axis)  for  which  the  mutant  allele  is  present  in  i  individuals.    
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Welch’s  t-­‐‑test).    The  site-­‐‑frequency  spectrum  analyses  revealed  an  excess  of  rare  alleles  

on  islands  when  compared  to  the  pattern  on  the  mainland  (Figure  8).      Tajima’s  D  values  

were  significant  and  negative  for  San  Miguel  (D=-­‐‑1.60,  p=0.046)  and  Santa  Barbara  (D=-­‐‑

1.61,  p=0.033)  and  Santa  Barbara  was  the  only  population  with  a  significant  value  for  

Fu’s  FS  (FS=    -­‐‑3.33,  p=0.004).    At  the  group  level,  both  Tajima’s  D  and  Fu’s  FS  were  

significantly  negative  for  the  island  group  (D=-­‐‑1.76,  p=0.016,  FS=-­‐‑14.34,  p<<0.001).    

Pairwise  FST  comparisons  revealed  significant  differentiation  between  all  populations  

with  the  exception  of  the  northern  islands  of  Santa  Cruz,  Santa  Rosa  and  San  Miguel  

(Table  1).    Inter-­‐‑island  FST  values  between  Anacapa  and  other  islands  were  more  similar  

to  FST  values  found  between  island  and  mainland  sites  (FST  =  0.45-­‐‑0.60).    Inter-­‐‑island  FST  

values  for  Santa  Barbara  Island  were  also  consistently  higher  than  other  inter-­‐‑island  

values  (FST  =  0.368-­‐‑0.509).  The  pairwise  FST  for  island  and  mainland  groups  was  similar  to  

that  for  individual  island-­‐‑mainland  comparisons  (FST=0.61,  p<<0.001).  For  the  AMOVA,  

mainland  vs.  island  populations  accounted  for  the  largest  percentage  of  variation  

(57.30%,  p<<0.001)  and  while  within-­‐‑group  and  within-­‐‑population  differences  both  

accounted  for  a  significant  portion  of  the  overall  variation,  population  differentiation  

within  island  and  mainland  groups  accounted  for  the  smallest  amount  of  variation  

(Table  2).  

The  haplotype  network  (Figure  9)  revealed  a  single  dominant  haplotype  shared  

by  at  least  one  individual  from  each  of  the  six  island  populations  along  with  one  
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individual  from  Sedgwick  Reserve.    This  haplotype  and  a  haplotype  shared  by  

individuals  from  Santa  Cruz  and  Santa  Rosa  were  the  only  haplotypes  shared  between  

island  populations.    Each  island  had  its  own  suite  of  unique  haplotypes  stemming  off  

from  the  dominant  island  haplotype,  and  all  mainland  haplotypes  (other  than  the  shared  

dominant  haplotype)  were  separated  from  the  dominant  island  haplotype  by  at  least  

two  base  pairs.    All  unique  haplotypes  from  Santa  Barbara  Island  were  connected  to  

each  other,  stemming  from  the  dominant  island  haplotype,  but  there  was  little  other  

geographic  differentiation  within  either  the  mainland  or  island  haplotype  groups.  

The  consensus  tree  from  BEAST  was  in  line  with  the  findings  from  both  the  

population  genetics  and  haplotype  network  analyses.    The  only  split  with  100%  

posterior  support  was  at  the  base  of  the  tree  between  mainland  and  island  haplotypes  

(Figure  10;  the  haplotype  tree  is  presented  for  simplicity’s  sake).    The  two  exceptions  to  

this  island-­‐‑mainland  split  are  both  haplotypes  recovered  from  single  individuals  at  

Sedgwick  Reserve  (the  dominant  island  haplotype  and  a  unique,  closely  related  

haplotype).    Within  the  mainland  clade,  there  was  little  support  for  geographic  

structure.    The  only  clade  that  was  somewhat  supported  (posterior  probability  =  0.69)  

consisted  of  two  Grant  Park  haplotypes  and  a  Sedgwick  Reserve  haplotype.    Within  the  

island  clade,  the  only  strongly  supported  (posterior  probability  >  0.90)  group  was  a  clade  

consisting  of  all  the  unique  Santa  Barbara  island  haplotypes.    A  clade  of  3  Santa  Rosa  

haplotypes,  and  a  clade  with  a  pair  of  Anacapa  haplotypes  were  also  somewhat  
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supported  (posterior  probability  =  0.86,  0.78  respectively)  along  with  a  clade  of  

consisting  of  haplotypes  from  Santa  Cruz  East,  Santa  Cruz  West  and  the  only  other  

shared  haplotype  (between  Santa  Cruz  West  and  Santa  Rosa;  posterior  probability  =  

0.65),  but  no  other  nodes  had  posterior  probabilities  >  0.50.  

  

Figure  9.    Haplotype  network  constructed  from  mitochondrial  control  region  
sequence  data  for  northern  Channel  Island  Peromyscus  maniculatus  and  its  mainland  
relatives.    Each  shape  is  a  single  haplotype,  and  the  size  of  the  shape  reflects  the  
number  of  individuals  sharing  that  haplotype.    The  size  of  each  color  within  a  shape  
represents  the  number  of  individuals  from  each  location  exhibiting  that  haplotype.  
Small  white  circles  represent  unsampled  haplotypes.       
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Grant 
Park

Sedgwick 
Reserve Anacapa Santa 

Cruz East

Santa 
Cruz 
West

Santa 
Rosa

San 
Miguel

Santa 
Barbara

Grant 
Park 0

Sedgwick 
Reserve 0.233 0

Anacapa 0.777 0.675 0

Santa 
Cruz East 0.661 0.548 0.509 0

Santa 
Cruz 
West

0.740 0.646 0.640 0.052 0

Santa 
Rosa 0.684 0.585 0.487 0.128 0.234 0

San 
Miguel 0.684 0.584 0.486 0.109 0.231 0.166 0

Santa 
Barbara 0.709 0.633 0.658 0.368 0.509 0.390 0.374 0

Table 1.  Pairwise FST estimates from the mitochondrial control region for populations 
in this study.
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Table  2.    Differentiation  of  the  populations  in  this  study  as  determined  by  an  
analysis  of  molecular  variance  (AMOVA).

  



  

56  

  

Figure  10.    Bayesian  phylogenetic  tree  for  the  haplotypes  of  mitochondrial  
control  region  sequences  present  in  this  study.    The  grey  box  outlines  the  mainland  
haplotypes.    Large  circles  indicate  posterior  support  greater  than  90%.    Smaller  circles  
indicate  support  above  50%.    Grt=Grant,  Sdg=Sedgwick,  Ana=Anacapa,  Scr=Santa  
Cruz,  ScrW=Santa  Cruz  West,  Sro=  Santa  Rosa,  Smi=San  Miguel,  Sba=Santa  Barbara  
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3.4  Discussion 

Results  from  population  genetic,  phylogenetic  and  phylogeographic  analyses  

revealed  that  the  most  significant  differentiation  is  found  between  mainland  and  island  

populations.    The  significantly  negative  values  for  both  Tajima’s  D  and  Fu’s  FS  suggest  a  

recent  population  expansion  for  the  island  group,  which  is  consistent  with  a  relatively  

recent  colonization  event.    Additional  support  for  this  conclusion  includes  the  findings  

that  the  island-­‐‑mainland  split  is  the  most  supported  split  in  the  phylogeny,  island-­‐‑

mainland  differences  account  for  more  than  half  of  the  variation  observed  in  the  

AMOVA,  and  island  and  mainland  populations  generally  have  distinct  mitochondrial  

haplotypes.  The  finding  that  Sedgwick  Reserve  harbors  individuals  with  the  dominant  

island  haplotype,  along  with  the  two  Sedgwick  haplotypes  nested  within  the  island  

clade  of  the  phylogeny,  supports  the  hypothesis  of  a  northern  colonization  of  the  

northern  Channel  Islands  as  proposed  by  Ashley  and  Wills  (1987).    Additionally,  the  fact  

that  all  of  the  northern  islands  (with  the  exception  of  Anacapa;  more  on  that  below)  are  

more  closely  related  to  each  other  than  they  are  to  either  mainland  site  suggests  that  

deer  mice  colonized  the  northen  islands  prior  to  the  breakup  of  Santarosae.      

The  lack  of  geographic  differentiation  between  most  of  the  northern  Channel  

Islands  is  not  surprising  given  the  relatively  short  timeframe  of  this  study  (<  10,000  

years)  and  the  potential  for  human-­‐‑mediated  migration  between  the  islands.    Despite  

these  recent  divergences  and  migration  possibilities,  I  still  found  significant  
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differentiation  on  Santa  Barbara  and  Anacapa  islands.    The  differentiation  of  the  Santa  

Barbara  population  in  relation  to  all  of  the  northern  islands  could  represent  an  earlier  

divergence  of  Santa  Barbara  mice  from  the  Santarosae  population  before  the  breakup  of  

the  northern  islands.    Alternatively,  this  could  also  suggest  that  gene  flow  has  continued  

between  the  northern  islands  to  a  greater  extent  than  it  has  between  the  northern  islands  

and  Santa  Barbara  Island.    Regardless,  the  shared  haplotypes  between  Santa  Barbara  and  

the  northern  islands  and  the  similar  FST  values  between  the  mainland  and  all  of  the  

islands  (including  Santa  Barbara)  suggest,  as  Ashley  and  Wills  hypothesized,  that  Santa  

Barbara  was  colonized  from  the  northern  islands  and  not  from  the  nearby  mainland.      

The  differences  observed  on  Anacapa  Island  may  have  less  to  do  with  the  

breakup  of  Santarosae  than  with  the  recent  extirpation  of  black  rats  on  the  island.    In  

2001-­‐‑2002,  a  rodenticide  was  deposited  across  of  three  islets  of  Anacapa  to  eliminate  an  

introduced  population  of  black  rats  that  were  severely  impacting  both  native  mouse  and  

seabird  populations.    The  application  of  the  poison  was  staggered  over  two  years,  with  

at  least  one  islet  remaining  rodenticide-­‐‑free  at  all  times.    A  survey  of  Anacapa  deer  mice  

before  and  after  the  extirpation  (Ozer,  Gellerman,  and  Ashley  2011)  found  that  only  one  

of  3  COII  haplotypes  observed  on  Anacapa  before  2001  survived  the  extirpation.    While  

the  Anacapa  deer  mice  I  sampled  for  this  study  had  a  similar  number  of  haplotypes  

when  compared  to  other  islands,  the  Anacapa  population  as  a  whole  had  the  lowest  

nucleotide  diversity  (0.12%,  0.47  pairwise  differences)  of  any  population.    This,  along  
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with  higher  pairwise  FST  values  than  are  seen  on  other  islands,  supports  the  findings  of  

Ozer  et  al  that  the  Anacapa  deer  mouse  population  has  undergone  a  recent  loss  of  

diversity,  most  likely  due  to  the  management  strategy  employed  during  the  extirpation  

of  rats  on  the  island.    

This  study  largely  supports  the  findings  of  previous  researchers,  but  the  work  is  

presented  in  a  more  modern  framework,  integrating  population  genetic,  phylogenetic  

and  phylogeographic  methods  into  a  more  comprehensive  analysis.    All  of  the  northern  

Channel  Islands  populations  appear  to  share  a  single  origin,  potentially  from  the  

mainland  to  the  north.    Santa  Barbara  mice  are  genetically  distinct  from  northern  islands  

mice,  but  they  are  more  distantly  related  to  mainland  mice,  suggesting  a  northern  

islands  origin  possibly  before  the  breakup  of  Santarosae.    Deer  mice  on  Anacapa  have  

much  lower  genetic  diversity  than  mice  on  other  islands,  most  likely  due  to  the  recent  

extirpation  of  black  rats  on  the  island.    While  there  does  not  appear  to  be  much  support  

for  a  secondary  introduction  of  deer  mice  from  the  eastern  mainland  to  Anacapa,  as  

Ashley  and  Wills  suggested,  the  recent  loss  of  genetic  diversity  may  limit  our  ability  to  

satisfactorily  explore  this  possibility.    Over  the  last  10,000  years,  the  Channel  Islands  

have  been  subject  to  the  continued  influence  of  humans.  In  that  time,  repeated  

introductions  and  manipulations  have  dramatically  altered  the  landscape  of  the  islands,  

but  Peromyscus  maniculatus  has  remained  a  constant  presence  on  every  island.    Their  

history  provides  an  excellent  case  study  for  the  interaction  between  natural  processes  
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and  anthropogenic  influences,  and  our  understanding  of  these  populations  will  be  

important  for  evaluating  and  managing  not  only  species  on  the  Channel  Islands,  but  

rare  and  threatened  species  across  the  world.  
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4.  A comparison between mitochondrial sequence data 
and microsatellite loci for Peromyscus maniculatus on 
the California Channel Islands 

4.1  Introduction 

When  molecular  data  is  used  to  infer  the  evolutionary  history  of  an  organism,  

different  genes  have  the  potential  to  tell  remarkably  different  stories  (Nichols  2001).    For  

example,  mitochondrial  DNA,  widely  used  to  study  phylogeographic  patterns  (Avise  

2000),  is  non-­‐‑recombinant  and  maternally  inherited,  resulting  in  an  effective  population  

size  for  mitochondrial  loci  four  times  smaller  than  the  effective  population  size  for  

nuclear  loci.    Because  of  this,  mtDNA  is  much  more  prone  to  the  effects  of  genetic  drift,  

reducing  problems  associated  with  linage  sorting  and  ancestral  polymorphisms  

(advantageous  in  a  phylogenetic  study),  but  making  it  harder  to  observe  rare  gene  flow  

events  between  populations  (problematic  in  a  phylogeographic  study;  Ballard  and  

Whitlock  2004).    This  is  especially  true  for  species  with  male-­‐‑biased  dispersal  such  as  

Peromyscus  maniculatus  (King  1968).    Several  recent  regional  phylogeographic  studies  of  

deer  mice  using  mitochondrial  sequences  have  revealed  distinct  mtDNA  breaks  in  areas  

lacking  geographic  barriers  preventing  gene  flow  (Dragoo  et  al.  2006;  Taylor  and  

Hoffman  2010).    Subsequent  analyses  of  nuclear  microsatellite  loci  for  these  populations  

have  found  little  geographic  structure(Yang  and  Kenagy  2009;  Taylor  and  Hoffman  

2011),  suggesting  that  while  analyses  of  mitochondrial  sequences  may  be  able  to  identify  
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ancient  barriers  to  gene  flow,  nuclear  microsatellite  loci  may  be  necessary  to  capture  all  

of  the  contemporary  gene  flow  between  populations.  

In  the  previous  chapter,  I  found  significant  differentiation  between  populations  

of  P.maniculatus  on  the  Channel  Islands  and  the  nearby  mainland.    Each  island  had  its  

own  unique  mtDNA  haplotypes,  and  all  island  populations  were  more  similar  to  other  

island  populations  than  they  were  to  the  mainland  populations.  The  Channel  Islands  

have  been  physically  isolated  from  each  other  for  5,000  years  (Floyd  et  al.  2011),  

theoretically  preventing  any  significant  gene  flow  between  islands.    However,  there  has  

been  human  activity  on  the  Channel  Islands  for  at  least  10,000  years  (Erlandson  et  al.  

2011),  and  based  on  the  findings  for  other  mammals  on  the  Channel  Islands  (Wayne  et  

al.  1991;  Rick  et  al.  2009;  Floyd  et  al.  2011),  the  potential  for  human-­‐‑mediated  gene  flow  

among  deer  mice  across  the  islands  cannot  be  ignored.    In  situations  like  this,  it  is  

essential  to  integrate  multiple  molecular  datasets  to  better  understand  the  interplay  

between  ancient  vicariant  events  and  more  modern  migration  events.    Therefore,  in  this  

chapter,  I  present  the  preliminary  findings  of  an  analysis  of  nuclear  microsatellite  loci  

for  Channel  Islands  deer  mice.    I  compare  these  findings  with  those  from  the  

mitochondrial  sequence  analyses,  and  I  test  for  discordance  between  the  two  studies.  
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4.2  Methods 

4.2.1  Sampling and Molecular Genetics 

For  this  study,  I  used  the  whole  genomic  DNA  extracted  from  the  

93  P.maniculatus  sampled  for  the  previous  chapter.    I  genotyped  5  microsatellite  loci  for  

these  individuals  using  primers  from  Mullen  et  al  (BW3_15,  BW4_8,  BW4_12,  BW4_7,  

BW4_200;  2006).    Reactions  followed  the  protocol  detailed  in  Mullen  et  al.  (2006).    PCR  

products  were  analyzed  by  Eton  Biosciences  on  a  3730XL  Genetic  Analyzer  (Applied  

Biosystems  Inc.)  using  the  LIZ500  size  standard.    Peaks  were  identified  by  hand  using  

the  Peak  Scanner  v1.0  software  (Applied  Biosystems  Inc.),  and  most  homozygous  

individuals  were  re-­‐‑genotyped  at  least  once  for  quality  control  purposes.  

4.2.2  Microsatellite Analysis 

Basic  diversity  statistics  (number  of  alleles,  A;  allelic  richnes,  RS;  number  of  

private  alleles;  expected  heterozygosity,  HE;  observed  heterozygosity,  HO)  were  

calculated  for  each  population  using  the  PopGenKit  package  and  tests  for  deviations  

from  Hardy  Weinberg  equilibrium  were  conducted  using  the  adegenet  package,  both  

implemented  in  R  (Paquette  2012;  Jombart  2008).    Pairwise  FST  values  and  their  

associated  significance  values  (determined  using  10,000  permutation  iterations)  were  

calculated  using  FSTAT  version  (Goudet  1995).    All  significance  values  accounted  for  

multiple  comparisons  using  a  Bonferroni  correction  (Rice  1989).    The  matrices  of  
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pairwise  FST  values  for  the  mitochondrial  and  microsatellite  datasets  were  compared  

using  a  Mantel  test.  

To  investigate  the  degree  of  differentiation  between  populations,  I  used  the  

Bayesian  clustering  program  STRUCTURE  (Pritchard,  Stephens,  and  Donnelly  2000),  

assigning  individuals  to  between  K=2  to  K=8  clusters,  the  maximum  number  of  clusters  

corresponding  to  the  number  of  populations  in  the  study.    For  each  value  of  K,  I  ran  five  

replicates  with  a  burn-­‐‑in  period  of  10,000  iterations  followed  by  100,000  MCMC  

generations.    I  aggregated  these  results  in  STRUCTURE  HARVESTER  (Earl  and  

vonHoldt  2012),  an  online  web  application  that  consolidates  multiple  STRUCTURE  runs  

and  then  calculates  the  most  like  value  for  K  using  both  the  log  likelihood  (ln  Pr(X⁄K))  

method  of  Pritchard,  Stephens,  and  Donnelly  (2000)  as  well  as  the  ΔK  method  

recommended  by  Evanno,  Regnaut,  and  Goudet  (2005).    The  files  for  the  most  likely  K  

value  were  run  through  CLUMPP  (Jakobsson  and  Rosenberg  2007),  which  returned  

average  assignments  for  individuals  across  all  runs,  and  the  CLUMPP  files  were  

imported  into  DISTRUCT  (Rosenberg  2004)  to  create  barplots  detailing  the  probabilities  

of  membership  in  each  cluster  for  each  individual.  

4.3  Results 

4.3.1  Genetic Diversity Analyses 

The  average  number  of  alleles  per  locus  ranged  from  5.0-­‐‑7.6,  while  allelic  

richness  (corrected  for  sample  size)  ranged  from  6.59-­‐‑7.03  on  the  mainland  and  4.67-­‐‑6.4  
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on  islands.    Each  population  had  at  least  one  private  allele,  but  the  mainland  averaged  

1.6  private  alleles,  while  islands  averaged  just  0.7.    Expected  heterozygosity  averaged  

across  loci  ranged  from  0.63-­‐‑0.80  and  observed  heterozygosity  ranged  from  0.56-­‐‑0.77.    

All  values  along  with  population/locus  pairs  deviating  from  Hardy  Weinberg  

equilibrium  can  be  found  in  Table  3.      

4.3.2  Genetic Structure Analysis 

Pairwise  FST  comparisons  revealed  significant  differentiation  between  all  

populations  with  the  exceptions  of  the  two  Santa  Cruz  sites  and  the  Santa  Cruz  East  –  

Santa  Rosa  pair  (Table  4).    A  Mantel  test  comparing  the  FST  values  for  the  microsatellite  

data  with  those  from  the  mitochondrial  data  found  a  significant  correlation  between  the  

two  matrices  (p  =  0.003).    STRUCTURE  HARVESTER  determined  K=5  to  be  the  most  

likely  number  of  clusters.    Using  the  STRUCTURE  analyses  for  K=5,  both  mainland  

populations  form  a  single  cluster,  Anacapa,  San  Miguel  and  Santa  Barbara  form  their  

own  unique  clusters,  and  Santa  Rosa  and  the  two  Santa  Cruz  sites  share  membership  in  

the  Santa  Barbara  and  San  Miguel  clusters  along  with  a  fifth  unique  cluster  (Figure  11).  
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BW3_15 BW4_8 BW4_112 BW4_7 BW4_200 Mean BW3_15 BW4_8 BW4_112 BW4_7 BW4_200 Mean

Grant Park A 7 7 6 7 7 6.8 Santa Cruz 
West A 7 3 6 2 12 6

RS 7 6.73 5.43 7 6.8 6.592 RS 6.25 2.96 5.37 2 10.15 5.346
priv 1 3 0 3 1 1.6 priv 1 0 0 0 2 0.6
HE 0.797 0.79 0.745 0.825 0.81 0.793 HE 0.834 0.538 0.768 0.294 0.898 0.666
HO 0.333* 0.8 0.8* 0.8 0.6 0.733 HO 0.357 0.714 0.714 0.357 0.929 0.614

Sedgwick 
Reserve A 10 7 7 5 8 7.4 Santa Rosa A 11 6 7 2 12 7.6

RS 9.16 6.8 6.18 5 8 7.028 RS 9.1 5.24 5.51 2 9.76 6.322
priv 1 0 1 1 5 1.6 priv 2 0 1 0 3 1.2
HE 0.893 0.79 0.765 0.735 0.808 0.798 HE 0.879 0.768 0.77 0.477 0.886 0.756
HO 0.583 0.8 0.8 0.889 0.444* 0.768 HO 0.385* 0.5* 0.286* 0.357 0.857 0.607

Anacapa A 4 6 9 4 9 6.4 San Miguel A 9 2 6 2 7 5.2
RS 3.92 5.76 7.06 3.35 7.97 5.612 RS 7.45 2 5.53 2 6.39 4.674

priv 0 0 0 2 2 0.8 priv 3 0 0 0 0 0.6
HE 0.66 0.766 0.832 0.57 0.799 0.725 HE 0.809 0.444 0.785 0.413 0.701 0.63
HO 0.692 0.846 0.615 0.692* 0.769 0.731 HO 0.667* 0.167 0.833 0.417 0.833 0.563

Santa Cruz 
East A 9 4 7 2 10 6.4 Santa Barbara A 7 3 7 3 5 5

RS 9 7 2 10 6.4 RS 7 3 6.91 3 5 4.982

Table 3.  The number of alleles (A), allelic richness (RS), number of private alles (priv), expected heterozygosity (He) and 
observed heterozygosity (HO) for each population in this study.  Values in bold indicate significant deviations from HWE.  

Starred values indicate values that were significant after a Bonferroni correction.

priv 0 0 1 0 2 0.6 priv 0 0 1 1 0 0.4
HE 0.845 0.512 0.836 0.401 0.87 0.693 HE 0.741 0.426 0.845 0.586 0.777 0.675
HO 0.333* 0.667 0.875 0.333 0.778* 0.625 HO 0.556* 0.333 1 0.444 1 0.694

pauldurst
Line

pauldurst
Line
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Grant 
Park

Sedgwick 
Reserve Anacapa Santa 

Cruz East

Santa 
Cruz 
West

Santa 
Rosa

San 
Miguel

Santa 
Barbara

Grant 
Park 0

Sedgwick 
Reserve 0.0397 0

Anacapa 0.1675 0.14 0

Santa 
Cruz East 0.1592 0.1171 0.088 0

Santa 
Cruz 
West

0.177 0.1525 0.121 0.0081 0

Santa 
Rosa 0.1099 0.084 0.1314 0.0535 0.0674 0

San 
Miguel 0.1723 0.1828 0.1444 0.131 0.1141 0.1371 0

Santa 
Barbara 0.1418 0.1475 0.1641 0.0959 0.1139 0.078 0.1328 0

Table 4.  Pairwise FST estimates from 5 microsatellite loci for populations in this study.
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Figure  11.    Inferred  clusters  based  on  a  STRUCTURE  analysis  for  K=5  clusters.    

Each  individual  is  represented  by  a  single  vertical  line  in  (a.)  whereas  the  cluster  
assignments  are  averaged  across  all  individuals  in  the  population  for  (b.).    The  size  of  
each  color  for  an  individual  or  population  represents  the  probability  of  membership  
within  the  cluster  represented  by  that  color.  



  

69  

4.4  Discussion 

The  preliminary  results  from  an  analysis  of  5  microsatellite  loci  are  largely  in  

agreement  with  the  results  from  the  previous  chapter,  but  the  microsatellite  analyses  

provide  some  unique  insights  into  both  the  evolutionary  history  and  the  current  

diversity  of  the  northern  Channel  Islands.    Similarly  to  the  mitochondrial  analyses,  the  

most  significant  differentiation  was  found  between  island  and  mainland  populations.    

The  mainland  had  higher  values  for  most  measures  of  genetic  diversity,  pairwise  FST  

values  were  higher  for  mainland-­‐‑island  comparisons  than  they  were  for  most  inter-­‐‑

island  comparisons,  and  the  STRUCTURE  analysis  found  that  the  mainland  and  island  

formed  distinct  clusters.  

In  a  similar  vein,  measures  of  island  genetic  diversity,  and  inter-­‐‑island  FST  values  

were  generally  lower,  and  the  STRUCTURE  analysis  found  little  differentiation  between  

Santa  Cruz,  Santa  Rosa  and,  to  a  lesser  extent,  Santa  Barbara  Island.    This  is  in  line  with  

the  mtDNA  analyses,  which  found  low  levels  of  differentiation  between  different  island  

populations.    The  fact  that  Santa  Barbara  Island  shares  cluster  assignments  with  Santa  

Cruz  and  Santa  Rosa,  both  of  which  are  more  similar  to  the  northern  mainland,  supports  

a  northern  origin  for  Santa  Barbara  Island  deer  mice.    That  the  San  Miguel  population  is  

significantly  different  from  Santa  Cruz,  Santa  Rosa  and  Santa  Barbara  in  the  

STRUCTURE  analysis  suggests  that  the  Santa  Barbara  Island  population  may  have  

diverged  after  the  breakup  of  Santarosae,  a  fact  that  is  backed  up  by  the  higher  pairwise  
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FST  value  for  Santa  Barbara  and  San  Miguel  than  for  Santa  Barbara  and  any  of  the  other  

northern  islands.  

In the previous chapter, I found Anacapa to be significantly differentiated from the 

other islands.  The STRUCTURE analysis in this chapter also recognized Anacapa as a 

unique cluster, but the other analyses in this chapter tell a different story.  While the 

mitochondrial genetic diversity measurements were much lower for Anacapa than they were 

for the other islands, microsatellite diversity measurements for Anacapa were very similar to 

the measurements for other islands.  Anacapa had an average number of private alleles, an 

average allelic richness, and average measurements of heterozygosity.  Additionally, inter-

island microsatellite FST values for Anacapa were in line with those found between other 

northern islands, and inter-island values between Anacapa and the other northern islands 

increased with physical distance, as would be expected in an isolation by distance model 

(something not tested in this chapter).  This evidence seems to suggest that while Anacapa 

may have undergone a recent loss of mitochondrial diversity, there was not a similar loss of 

nuclear diversity, an encouraging sign for the management and conservation of Anacapa 

mice, a species of special concern in California (Howald et al. 2009). 

4.5 Comparisons with other Channel Islands species 

To  better  understand  the  phylogeography  of  Peromyscus  maniculatus  across  the  

Channel  Islands,  it  is  useful  to  compare  their  phylogeography  with  the  molecular  

analyses  done  for  other  endemic  Channel  Island  species  and  subspecies.    Plants  

represent  the  overwhelming  majority  of  endemic  species  and  subspecies  across  the  
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Channel  Islands  (cite  “A  checklist  of  vascular  plants  of  channel  islands  national  park”  

1997),  but  only  a  few  studies  have  examined  the  genetics  of  multi-­‐‑island  species.    A  

phylogenetic  study  of  the  Quercus  subgenus  found  that,  like  Peromyscus,  populations  of  

the  Channel  Island  oak  (Quercus  tomentella)  on  Anacapa  and  Santa  Cruz  islands  were  

more  closely  related  to  each  other  than  either  was  to  a  population  on  San  Clemente  

island  (Manos,  Doyle,  and  Nixon  1999;  Ashley  and  Wills  1987).    A  more  population-­‐‑

oriented  study  of  the  blue  wild  rye  (Elymus  glaucus)  found  that  island-­‐‑mainland  

differences,  the  main  source  of  variation  for  Peromyscus,  explained  a  relatively  small  

amount  of  the  genetic  variance  while  most  of  the  differentiation  was  found  between  

populations  (Hufford,  Mazer,  and  Hodges  2014).    Finally,  an  analysis  of  multiple  species  

within  the  genus  Acmispon  found  significantly  lower  levels  of  genetic  differentiation  

within  populations  of  the  island  endemic  A.dendroideus  when  compared  to  its  closest  

mainland  relative,  but  no  significant  differences  when  comparing  island  and  mainland  

populations  of  A.argophyllus  (McGlaughlin  2014).      

Several  recent  bird  phylogeographies  encompassing  Channel  Island  populations  

show  varying  degrees  of  geographic  differentiation  largely  based  on  the  dispersal  

abilities  of  the  different  species.    The  horned  lark  (Eremophila  alpestris),  a  long-­‐‑range  

disperser,  showed  little  geographic  differentiation  between  island  and  mainland  

populations,  with  island  populations  sharing  haplotypes  with  mainland  populations  as  

far  away  as  Oregon  and  Nevada  and  exhibiting  relatively  few  unique  island  haplotypes.    
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In  fact,  a  phylogenetic  analysis  of  horned  lark  populations  found  the  Channel  Island  

subspecies  E.alpestris  insularis  to  be  polyphyletic,  representing  either  multiple  

colonization  events  or  incomplete  lineage  sorting  on  the  islands  (Mason  et  al.  2014).    

However,  genetic  evidence  suggests  that  populations  of  horned  larks  have  been  present  

on  the  islands  for  over  300,000  years.    On  the  other  hand,  the  endemic  island  scrub  jay  

(Aphelocoma  insularis),  a  short-­‐‑range  disperser  found  only  on  Santa  Cruz  island,  is  highly  

diverged  from  its  mainland  counterpart,  sharing  no  mitochondrial  haplotypes  with  

western  scrub  jays  despite  only  150,000  years  of  divergence  between  the  two  lineages  

(Delaney  and  Wayne  2005).    Somewhere  in  the  middle,  the  endemic  subspecies  of  

loggerhead  shrike  and  song  sparrow,  two  other  short  range  dispersers,  show  patterns  

more  in  line  with  those  seen  for  Peromyscus  maniculatus.    Both  subspecies  exhibit  

significant  differentiation  between  northern  and  southern  island  populations,  and  they  

share  few  or  no  haplotypes  with  their  nearest  mainland  relatives  (Caballero  and  Ashley  

2011;  A.  Wilson  2008).  

While  there  are  relatively  few  reptiles  found  on  the  Channel  Islands  (and  

therefore  relatively  few  studies  as  well),  a  good  deal  of  attention  has  been  paid  to  the  

endemic  island  night  lizard  (Xantusia  riversiana),  found  on  San  Clemente,  San  Nicolas  

and  Santa  Barbara  islands,  both  on  its  own  and  in  larger  phylogenetic  studies  of  the  

night  lizard  clade.    An  early  work  focusing  on  X.riversiana  found  significant  

morphological  differentiation  between  the  three  island  populations,  and  significant  
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genetic  differentiation  between  island  and  mainland  night  lizards,  but  very  little  genetic  

differentiation  between  island  populations  based  on  electrophoretic  analyses  of  proteins.  

Based  on  their  knowledge  of  divergence  times  in  the  Xantusia  clade,  they  estimated  that  

island  night  lizards  diverged  from  their  mainland  relatives  10-­‐‑15  million  years  ago,  

while  the  island  populations  had  been  diverged  from  each  other  for  less  than  a  million  

years  (Bezy  et  al.  1980).    More  recent  phylogenetic  work  has  found  the  populations  on  

Santa  Barbara  and  San  Clemente  islands  to  be  more  related  to  each  other  than  either  are  

to  the  population  on  San  Nicolas  (Noonan  et  al.  2013).    They  determined  that,  due  to  

geological  evidence  suggesting  that  Santa  Barbara  and  San  Nicolas  were  entirely  

submerged  at  points  during  the  Pleistocene,  that  San  Clemente  was  the  source  

population  for  all  island  night  lizards,  harboring  a  stable  population  since  the  late  

Miocene.    The  only  other  study  focused  on  Channel  Island  reptiles  examined  the  

genetics  of  the  side-­‐‑blotched  lizard  (Uta  stansburiana)  and  alligator  lizard  (Elgaria  

multicarinata)  and,  despite  small  sample  sizes,  they  found  some  evidence  for  long-­‐‑

standing  populations  of  U.stansburiana  on  San  Clemente  and  Santa  Catalina  islands  and  

E.multicaranata  on  San  Nicolas  island  while  single  individuals  of  U.stansburiana  on  Santa  

Cruz  and  San  Nicolas  islands  and  E.multicaranata  on  San  Miguel  were  identical  to  

mainland  individuals  (Mahoney,  Parks,  and  Fellers  2003).    This  is  good  evidence  for  a  

very  modern  introductions,  especially  since  Santa  Cruz  and  San  Nicolas  have  been  the  
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two  islands  with  the  most  human  traffic  over  the  last  fifty  years  and  U.stansburiana  was  

not  even  thought  to  be  found  on  San  Nicolas  as  late  as  the  1980’s.  

The  phylogeographies  of  plants,  birds  and  lizards  across  the  Channel  Islands  

provide  a  context  for  the  evolution  of  deer  mice  on  the  islands,  but  the  deeper  

evolutionary  history  of  these  taxa  on  the  islands  along  with  their  greater  dispersal  

abilities  make  it  difficult  to  draw  direct  comparisons  with  Peromyscus.    More  important  

to  this  study  are  the  comparisons  with  other  terrestrial  mammals  found  on  the  Channel  

Islands.    Of  the  three  other  endemic  mammals  found  on  multiple  islands,  the  western  

harvest  mouse  (Reithrodontomys  megalotis)  has  received  the  least  attention.      In  the  only  

study  of  Channel  Islands  harvest  mice,  Mary  Ashley  (1989)  used  the  same  restriction  

enzymes  from  her  work  on  Peromyscus  to  compare  patterns  of  mtDNA  differentiation  

between  5  island  harvest  mice  from  Santa  Catalina  and  4  mainland  individuals.    Unlike  

Peromyscus,  however,  eight  of  the  nine  individuals  examined  shared  the  exact  same  

restriction  fragment  patterns.    The  remaining  individual  (an  island  individual)  only  

differed  in  one  restriction  fragment,  which  Ashley  suggested  was  due  to  a  single  base-­‐‑

pair  substitution.    The  differences  observed  between  deer  mice  and  harvest  mice  on  

Santa  Catalina  suggest  that  harvest  mice  have  a  much  shorter  history  on  the  Channel  

Islands.    Their  absence  in  the  fossil  record  and  their  disjunct  distribution  across  Santa  

Cruz,  San  Clemente  and  Santa  Catalina  islands  point  to  a  relatively  recent  introduction,  

most  likely  mediated  by  human  transport  from  the  mainland  to  each  island  individually.    
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In  a  similar  vein,  a  recent  analysis  of  island  spotted  skunks,  which  are  now  found  on  

two  islands  and  historically  on  a  third,  found  relatively  little  differentiation  between  

populations  found  on  Santa  Cruz  and  Santa  Rosa  islands  (Floyd  et  al.  2011).    In  fact,  the  

differentiation  observed  between  the  two  islands  was  similar  to  the  differentiation  

observed  between  the  islands  and  the  mainland,  suggesting  that  island  populations  

have  been  separated  from  each  other  as  long  as  they  have  been  separated  from  the  

mainland.    However,  unlike  harvest  mice,  the  presence  of  skunks  on  Santa  Cruz  and  

Santa  Rosa  islands,  and  their  presence  historically  on  San  Miguel  island  does  not  

immediately  suggest  multiple  human  introductions.    A  single  transportation  event  

taking  place  around  the  time  of  the  breakup  of  Santarosae  would  be  sufficient  to  explain  

the  distribution  of  skunks  across  the  islands.      

Perhaps  the  most  interesting  phylogeographic  comparison  for  Channel  Islands  

deer  mice  is  the  endemic  island  fox  (Urocyon  littoralis).    Island  foxes  are  widespread,  

found  on  6  of  the  8  islands,  and,  like  Peromyscus,  they  are  thought  to  have  been  

transported  between  islands  by  early  humans  (Collins  1982).    In  the  most  comprehensive  

molecular  analysis  of  island  foxes,  Wayne  et  al.  (1991)  found  them  to  be  significantly  

differentiated  from  their  closest  mainland  relative,  the  gray  fox  (Urocyon  

cinereoargenteus).    They  shared  no  mtDNA  haplotypes  with  mainland  gray  foxes  (similar  

to  Peromyscus),  and  each  island  had  a  relatively  small  number  of  haplotypes.    Unlike  

Peromyscus,  however,  there  was  relatively  little  geographic  structure  to  the  genetic  
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patterns  they  observed.    San  Miguel  had  a  haplotype  that  was  not  seen  on  the  other  

northern  islands,  but  that  was  fixed  on  San  Clemente  island.    Santa  Rosa  and  Santa  Cruz  

islands  shared  a  haplotype  with  San  Miguel,  but  they  shared  that  haplotype,  along  with  

another  haplotype  not  found  on  San  Miguel,  with  Santa  Catalina  island.    A  more  recent  

study  analyzing  19  microsatellite  loci  found  considerably  more  geographic  structure,  

correctly  identifying  the  origin  of  181  out  of  183  foxes  sequenced,  and  showing  strong  

support  for  a  northern  clade  and  a  southern  clade,  similar  to  the  pattern  observed  for  

Peromyscus  (Goldstein  et  al.  1999).    Whole  mitochondrial  genome  sequences  currently  

being  analyzed  by  Courtney  Hoffman  and  her  colleagues  for  foxes  (island  and  

mainland)  across  western  North  America  have  the  potential  to  further  solidify  the  

geographic  relationships  identified  in  previous  studies,  and  their  analysis  of  ancient  

mitochondrial  genomes  will  give  some  insight  into  the  origin  and  divergence  of  foxes  

across  the  islands  (Courtney  Hoffman,  personal  communication).  

It  is  interesting  to  compare  the  phylogeography  of  these  species  with  that  of  the  

only  other  mammal  found  on  all  eight  of  the  Channel  Islands,  early  humans.    Like  many  

other  island  species,  humans  have  a  much  longer  history  on  the  northern  islands,  with  

pre-­‐‑Clovis  settlements  at  Arlington  Springs  dated  at  13,000  years  ago.    Settlements  on  

the  southern  islands  are  much  more  recent  (e.g.  4,000  years  ago  on  Santa  Barbara)  and  

they  were  made  possible  by  advances  in  dispersal  ability,  namely  the  superior  maritime  
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technology  of  the  Chumash  people,  who  replaced  the  pre-­‐‑Clovis  settlements  on  the  

islands  about  11,000  years  ago  (Braje  et  al.  2010).  

Although  it  is  difficult  to  draw  generalities  from  the  diverse  group  of  organisms  

found  across  the  Channel  Islands,  two  main  patterns  do  emerge.    First,  as  one  would  

expect,  as  long  as  a  species  has  a  limited  dispersal  ability,  there  appears  to  be  significant  

differentiation  between  island  and  mainland  populations.  Second,  species  found  on  both  

the  northern  and  southern  islands  tend  to  be  significantly  differentiated  between  the  

regions.    The  northern  islands  tend  to  be  more  closely  related  to  each  other,  while  the  

relationships  between  the  southern  islands  depends  more  on  the  dispersal  abilities  of  the  

species  in  question.  

4.6 Future Directions and Conclusions 

While the microsatellite analyses have already yielded some intriguing results, there 

are still several avenues for investigation that remain unexplored.  Currently, this work 

analyzes five microsatellite loci.  Additional loci would put this study more in line with 

previous population-level studies of Peromyscus, providing finer resolution especially for the 

STRUCTURE analysis (Pritchard, Stephens, and Donnelly 2000).  In the absence of more 

molecular data, principle coordinates analyses have proven useful in differentiating 

populations in previous studies (Yang and Kenagy 2009; Ozer, Gellerman, and Ashley 2011), 

and other tests (such as the previously mentioned test for isolation by distance) may also 

provide additional insight into the genetic structure of these populations.  Additionally, while 

this study found significant differentiation between island and mainland populations, the role 
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of migration (human-mediated or otherwise) in this system remains unclear.  Programs like 

IMa2 (Hey and Nielsen 2007) use a coalescent framework to measure effective population 

sizes and migration rates simultaneously while allowing the rates to change over time.  IMa2 

would also provide an estimate of divergence times for each of the populations, something 

that could have important repercussions for future studies of the Channel Islands. 

While the findings in this chapter are only preliminary, they underscore the 

importance of a multi-locus approach to phylogeography.  Several of the findings agree with 

the previous chapter; there are significant differences between island and mainland 

populations, island populations seem to share their history with the mainland to the north, 

and Santa Barbara Island deer mice have a more recent common ancestor with the northern 

island populations than they do with either mainland population.  Other findings, such as the 

distinct clustering of San Miguel Island and the unexpected genetic diversity of Anacapa 

mice, show how different aspects of an organism’s history can produce very different 

molecular signatures across nuclear and mitochondrial loci.  Integrating these signals creates 

a broader understanding of the system, and it provides a more cohesive framework on which 

future research can build. 

  



  

79  

Appendix A.  Reading the classification tree in Chapter 
One. 

The classification tree (Figure  3 in main text) is meant to be read from top to 

bottom with the splits on the tree progressively subdividing the sample into different 

groups based on the values of their predictor variables.  As the uppermost node of the tree 

indicates, the total sample of 135 records of insular rodents consisted of 78 cases (to the 

left of the slash) in which size was bigger on the island and 57 cases (to the right) in 

which the insular form was smaller.  Terminal (rectangular) nodes show the results 

(predicted to be bigger or smaller on islands) of the classification process:  for example, 

using “Family” as the predictor, the model identified 1+12=13 cases of island forms it 

would predict to be small on the basis of membership in the families Echimyidae, 

Gliridae, Heteromyidae, and Hystricidae.  The remaining cases (77 big and 45 small) 

underwent further sorting using additional variables.  Following the tree further down for 

members of the families Castoridae, Cricetidae, Muridae and Sciuridae, Mass was used to 

predict size reduction (to the right) in island populations whose mainland forms weigh 

more than 253 grams, and these 11+18 =29 cases underwent another step in which the 15 

cases with 2 or more competitors present on the island (and, as before, where the 

mainland form weighs more than 253 grams) were predicted to be small.  Of these 15 

cases, 12 were predicted correctly. The rest of the tree proceeds in a similar fashion, with 

different variables splitting different groups of samples.  Altogether, 57 + 7 + 11 + 8 + 4 

+ 13 + 12 = 112, or 83% of the total sample of 135 cases, were correctly predicted by this 

model. 
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Appendix B.  Supplementary tables and figures for 
Chapter One. 

  

  

Table  5.    Loadings  of  original  BioClim  variables  on  PC1  of  principal  component  
analyses  (using  correlation  matrix)  for  precipitation  and  temperature.  

Precipitation (proportion of variance explained by PC1 = 0.931) 
Annual Precipitation 0.85915 
Precipitation of Wettest Month 0.12855 
Precipitation of Driest Month 0.03695 
Precipitation Seasonality (Coefficient of Variation) -0.01144 
Precipitation of Wettest Quarter 0.32637 
Precipitation of Driest Quarter 0.13444 
Precipitation of Warmest Quarter 0.17856 
Precipitation of Coldest Quarter -0.29558 

 Temperature (proportion of variance explained by PC1 = 0.997) 
Annual Mean Temperature 0.02055 
Mean Diurnal Range -0.00107 
Isothermality  0.06398 
Temperature Seasonality  -0.99575 
Max Temperature of Warmest Month 0.00689 
Min Temperature of Coldest Month 0.03448 
Temperature Annual Range -0.02759 
Mean Temperature of Wettest Quarter 0.01311 
Mean Temperature of Driest Quarter 0.02549 
Mean Temperature of Warmest Quarter 0.00848 
Mean Temperature of Coldest Quarter 0.03287 
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Figure  12.    A  phylogenetic  tree  of  all  rodent  species  used  in  this  study.    Colors  
(blue,  red,  green)  indicate  the  direction  of  size  change  for  each  species  (all  
populations  increase,  all  decrease,  or  mixed  increase  and  decrease).    All  8  families  
from  Meiri’s  dataset  (2008)  are  represented  in  this  subsample.  We  should  emphasize  
that  the  presence  or  absence  of  phylogenetic  structuring  is  an  attribute  of  a  particular  
dataset,  is  subject  to  sampling  bias,  and  using  different  or  additional  exemplars  of  the  
same  higher  taxa  could  yield  a  different  conclusion.    The  results  of  our  within-­‐‑island  
and  within-­‐‑species  tests  are  presumably  less  subject  to  such  bias.  
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Figure  13.    Stability  of  classification  tree  using  different  climate  variables.  We  
ran  classification-­‐‑tree  analyses  using  several  different  sets  of  climatic  variables  (the  
original  19  BioClim  variables,  PC1  from  a  single  PCA  using  all  19  variables,  and  PC1  
from  separate  PCAs  for  temperature  and  precipitation  variables).    The  structure  of  the  
tree  did  not  change  across  analyses.    The  only  difference  between  the  trees  was  the  
variable  used  at  the  node  illustrated  above.  
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Appendix C.  Assessing the phylogenetic structure of 
size change in Chapter Two 

We  performed  several  permutation  tests  to  answer  three  distinct  questions  about  

the  structure  of  our  dataset:    Is  there  any  phylogenetic  structure  to  the  tendency  to  

undergo  extreme  size  change?    Is  there  a  tendency  for  a  single  pattern  (extreme  or  

normal  insular  size)  to  predominate  within  a  species?    Among  those  species  exhibiting  

extreme  insular  size,  do  multiple  populations  of  the  same  species  tend  to  undergo  

extreme  size  change  in  the  same  direction  (big  or  small)?  

To  answer  question  1,  we  assembled  a  phylogenetic  tree  by  splicing  together  

phylogenies  from  multiple  sources  (Figure  14,  see  chapter  one  for  references).    Each  

species  was  represented  by  a  single  terminal  branch  and  each  terminal  branch  was  

assigned  a  character  state  based  on  whether  at  least  one  of  its  populations  undergoes  

extreme  size  change.    We  calculated  the  total  length  of  the  tree  in  character  transition  

steps  and  permuted  the  tips  1,000  times  to  compare  a  distribution  of  tree  lengths  with  

the  length  of  the  original  tree  (see  chapter  two  for  details  on  the  methods).    Phylogenetic  

structuring  of  extreme  size  would  be  indicated  by  an  original  tree  with  significantly  

fewer  steps  than  expected  by  chance,  but  the  original  tree  fell  well  within  the  

distribution  produced  by  random  tree  permutations  (p=0.48),  indicating  that  any  given  

clade  is  no  more  likely  to  undergo  extreme  size  change  than  any  other  clade.  
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For  question  two,  we  created  a  tree  diagram  consisting  of  a  basal  polytomy  of  67  

branches  (for  the  67  species  in  our  dataset).    An  additional  polytomy  was  added  to  each  

branch,  corresponding  to  the  number  of  populations  for  that  species  in  our  dataset.    We  

assigned  character  states  to  each  of  the  populations  (extreme  or  normal),  and  again  

calculated  the  length  of  the  tree  in  character  steps  and  compared  that  length  to  a  

distribution  of  lengths  for  1,000  trees  with  randomly  permuted  tips.    A  significantly  

smaller  length  for  the  original  tree  would  indicate  a  tendency  for  certain  species  to  

undergo  extreme  size  change,  but  the  original  tree  again  fell  well  within  the  distribution  

produced  by  random  tip  permuations  (p=0.42),  indicating  that  there  is  no  significant  

trend  for  individual  species  to  undergo  size  change  that  is  consistently  extreme.  

Finally,  to  address  question  3,  we  created  a  tree  diagram  similar  to  that  for  

question  2,  but  with  a  basal  polytomy  of  just  25  branches  representing  each  of  the  

species  with  multiple  extreme  sized  populations.    Again  each  species  branched  into  an  

additional  polytomy  with  each  branch  representing  an  extreme  sized  population,  and  

character  states  were  assigned  to  each  population  based  on  whether  they  were  extremely  

big  or  extremely  small,  and  we  compared  the  length  of  the  original  tree  to  the  

distribution  of  lengths  for  1,000  trees  with  randomly  permuted  tips.    A  significantly  

smaller  length  for  the  original  tree  would  indicate  a  tendency  for  populations  within  a  

species  to  tend  towards  extreme  size  change  in  a  single  direction  (big  or  small),  and  we  

did  observe  such  a  trend  (p<<0.001),  indicating  that  although  there  is  no  tendency  for  
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species  to  undergo  extreme  size  change,  when  more  than  one  population  within  a  

species  does  so  the  tendency  is  to  change  in  the  same  direction  (big  or  small)  every  time.  

  

Figure  14.    Phylogenetic  relationships  among  species  examined  in  chapter  two  
based  on  the  phylogenetic  tree  depicted  in  Figure  12. 

  

Apodemus agrarius
Apodemus flavicollis
Apodemus sylvaticus
Apodemus mystacinus
Leopoldamys sabanus
Maxomys rajah
Maxomys surifer
Maxomys whiteheadi
Micromys minutus
Mus musculus
Mus spretus
Niviventer cremoriventer
Rattus exulans
Rattus losea
Rattus rattus
Rattus tanezumi
Rattus tiomanicus
Sundamys muelleri
Clethrionomys gapperi
Clethrionomys glareolus
Dicrostonyx groenlandicus
Lemmus sibiricus
Microtus agrestis
Microtus arvalis
Microtus longicaudus
Microtus oeconomus
Microtus pennsylvanicus
Microtus townsendii
Microtus savii
Neotoma albigula
Neotoma lepida
Peromyscus boylii
Peromyscus eremicus
Peromyscus eva
Peromyscus gossypinus
Peromyscus leucopus
Peromyscus maniculatus
Reithrodontomys megalotis
Oryzomys couesi
Zygodontomys brevicauda
Castor canadensis
Chaetodipus arenarius
Chaetodipus fallax
Chaetodipus spinatus
Chaetodipus intermedius
Chaetodipus penicillatus
Chaetodipus baileyi
Hystrix brachyura
Hystrix cristata
Makalata armata
Callosciurus caniceps
Callosciurus finlaysonii
Callosciurus erythraeus
Callosciurus notatus
Callosciurus prevostii
Hylopetes spadiceus
Petaurista petaurista
Sciurus granatensis
Tamiasciurus hudsonicus
Ratufa affinis
Ratufa bicolor
Sundasciurus lowii
Sundasciurus tenuis
Spermophilus beecheyi
Spermophilus parryii
Eliomys quercinus
Myoxus glis
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Appendix D.  Examining the asymmetric boundary for 
‘Extreme’ size change in Chapter Two 

Our  analysis  of  mainland  rodent  size  variation  produced  an  asymmetric  

distribution  of  ratios  for  rodent  populations  compared  to  their  mainland  species  

average.    The  upper  97.5%  quantile  consisted  of  populations  at  least  9%  bigger  than  their  

mainland  species  average,  while  the  lower  2.5%  quantile  consisted  of  populations  more  

than  20%  smaller  than  their  mainland  species  averages.    Since  there  is  such  a  

discrepancy  in  the  degree  of  size  change  included  in  the  upper  and  lower  quantiles,  we    

took  our  original  sample  of  306  island  species,  and  we  examined  how  well  both  the  

classification  tree  and  random  forest  methods  performed  with  our  asymmetric  

boundaries  (‘mainland  boundaries’)  when  compared  to  symmetric  boundaries,  which  

used  either  the  upper  quantile  (‘inclusive  boundaries’,  considering  more  populations  to  

be  extreme  by  defining  'ʹnormal'ʹ  size  ratios  as  0.91-­‐‑1.09)  or  the  lower  quantile  (‘stricter  

boundaries’,  defining  'ʹnormal'ʹ  size  ratios  as  0.80-­‐‑1.20)  to  determine  extreme  size.    We  

used  the  same  variables  as  in  our  original  analysis,  with  the  only  difference  being  the  

number  of  cases  included  in  the  analyses.    Once  the  trees  and  random  forests  were  built,  

we  ran  the  independent  data  set  (new  data  obtained  from  Lomolino  et  al.  2013)  through  

each  model  to  determine  the  predictive  accuracy  for  each  sample  size.    Additionally,  we  

built  1,000  random  forests  from  a  random  sampling,  for  each  sample  size,  of  the  original  

306  species  to  examine  the  impact  sample  size  had  on  predictive  accuracy.  
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For  most  classification  tree  and  random  forest  analyses,  models  using  the  

boundaries  based  on  quantiles  of  the  mainland  body  size  distribution  performed  better  

than  either  the  inclusive  or  the  strict  symmetrical  boundaries  (see  table  below).    Random  

forests  based  on  random  (including  both  'ʹnormal'ʹ  and  extreme)  samples  of    the  insular  

rodent  populations  were  relatively  similar  regardless  of  sample  size,  and  performed  two  

to  three  times  worse  than  any  other  model.    This  demonstrates  that  clearer  patterns  

emerge  when  the  focus  is  on  size  variation  that  extends  beyond  that  commonly  found  

among  populations  on  the  mainland.  

Applying  strict  boundaries,  as  compared  to  the  mainland  quantile  boundaries,  is  

a  matter  of  reducing  the  number  of  Big  island  populations  in  the  sample.    In  general,  

doing  so  raised  the  misclassification  rate,  which  is  to  be  expected  because  the  trees  in  

these  analyses  were  found  to  be  more  successful  in  predicting  size  increase  than  

decrease  on  islands.    Predictive  classification  of  the  independent  data  appears  to  have  

improved,  but  at  this  small  sample  size  the  difference  between  the  rate  of  

misclassification  using  strict  boundaries  (~11%)  and  that  produced  using  mainland  

quantile  (~15%)  amounts  to  a  single  case.      

When  more  inclusive  boundaries  are  applied,  the  large  disparity  in  predictive  

accuracy  between  classification  trees  and  random  forests  suggests  that  classification  

trees  produced  using  these  boundaries  are  relatively  unstable.  Using  inclusive  

boundaries  adds  Small  island  populations  to  the  sample,  and  the  likelihood  that  
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undetected  subadult  or  juvenile  individuals  have  been  included  and  influenced  

population  averages  is  greater  in  Small  island  populations  whose  Size  Ratios  fall  closer  

to  1.      

Table  6.    Effects  of  Shifting  the  “Extreme”  Boundaries  
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Appendix E.  Supplementary table for Chapter Two 
 

Table  7.    Loadings  of  island  terrain  heterogeneity  variables  on  PC1  of  principal  
component  analysis  (using  correlation  matrix)  for  Chapter  Two.  

Island Terrain Heterogeneity (proportion of variance explained by PC1 = 0.766) 

                             

Island Area         0.598 

Maximum Elevation    0.450  

Mean Elevation    0.379 

Median Elevation     0.391  

Standard Deviation of Elevation      0.379 
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