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Abstract 
Sexual  selection  has  long  been  accepted  as  a  widespread  force  of  evolution  

shaping  male  traits  across  taxa.  In  recent  years,  biologists  have  begun  to  investigate  the  

extent  to  which  sexual  selection  may  also  shape  traits  among  females.  However,  current  

models  of  sexual  selection  have  largely  been  developed  using  assumptions  that—while  

generally  met  in  males—often  do  not  apply  to  females.  Thus,  attempts  to  apply  these  

contemporary  models  to  the  study  of  sexual  selection  in  females  reveal  weaknesses  in  

the  theoretical  framework  for  sexual  selection  research.  One  consequence  of  this  for  

empirical  research  is  that  researchers  often  infer  the  action  of  sexual  selection  upon  

evidence  of  male  mate  choice.  Although  male  mate  choice  is  increasingly  common,  it  is  

much  less  likely  to  exert  selection  pressure  than  its  female  counterpart.  I  begin  by  

proposing  a  conceptual  framework  that  explicitly  accounts  for  …Next,  I  investigate  a  

female  trait  that  has  recently  become  an  iconic  example  of  sexual  selection  in  females;  

that  is  the  exaggerated  estrous  swellings  of  cercopithecine  primates.  By  combining  

morphological  data  collected  with  a  non-­‐‑invasive  photographic  method  and  

observational  behavioral  data  with  longitudinal  ecological  and  demographic  data  from  

the  ongoing  Amboseli  Baboon  Research  Project,  I  examine  the  sources  of  variance  in  this  

exaggerated  signal  of  fertility.  Finally,  I  test  the  hypothesis  that  male  baboons  prefer  

females  with  larger  sexual  swellings  because  those  females  have  higher  fitness.  I  find  no  
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evidence  to  support  this  hypothesis.  Instead,  my  results  suggest  that  mate  choice  among  

male  baboons  has  evolved  to  detect,  not  the  intrinsic  quality  of  the  female  as  has  

typically  been  proposed,  but  the  quality  of  a  reproductive  opportunity.    
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1. Introduction 
 

Evidence  for  the  action  of  sexual  selection  on  male  traits  in  the  natural  world  is  

abundant  and  the  paradigm  of  competitive  males  vying  to  influence  female  choice  has  

been  repeatedly  upheld.  Since  Darwin  (1871)  first  proposed  the  theory  of  evolution  by  

sexual  selection,  evolutionary  biologists  have  come  to  accept  that  the  theory  has  true  

explanatory  power.  In  broad  terms,  sexual  selection  theory  predicts  that  when  the  sexes  

differ  in  parental  investment,  the  sex  with  lower  parental  investment  will  have  limited  

access  to  mates,  and  its  reproductive  activity  will  be  constrained  by  the  sex  that  invests  

more  heavily  in  offspring  production  and  care  (Trivers,  1972).  This  constraint  is  expected  

to  generate  competition  for  mates  among  the  mate-­‐‑limited  sex  and,  in  those  cases,  

selection  should  favor  those  traits  that  confer  advantages  in  mate  acquisition.  As  a  

consequence  of  this  pattern,  males  are  generally  mate-­‐‑limited  by  females,  who  usually  

invest  more  in  offspring  production  and  care.  Indeed,  phenotypes  that  have  been  

shaped  by  this  competition  for  mates  are  commonly  seen  in  males.  Sometimes  this  

competition  is  mediated  directly  through  male-­‐‑male  competition,  as  in  the  iconic  case  of  

the  male  elephant  seals  (Le  Boeuf,  1974).  Other  times,  this  competition  is  mediated  

through  female  choice,  as  in  the  Greater  sage  grouse  (Gibson  &  Bradbury,  2012).  In  still  

other  cases,  both  male-­‐‑male  competition  and  female  choice  may  simultaneously  shape  
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the  same  trait,  as  in  the  stalk-­‐‑eyed  fly  (male-­‐‑male  competition,  Panhuis  &  Wilkinson,  

1999;  mate  choice,  Wilkinson  &  Reillo,  1994).  

  

Studies  of  sexual  selection  in  sex  role  reversed  species  also  conform  to  the  

predictions  of  sexual  selection  theory.  In  these  species,  females,  rather  than  males,  are  

limited  by  the  availability  of  male  mates,  and  females  often  experience  sexual  selection  

to  compete  directly  for  mates  (pipefish,  Berglund,  Rosenqvist,  &  Svensson,  1989;  

Mormon  crickets,  Gwynne,  1981;  African  jacanas,  Jenni  &  Collier,  1972).  In  all  of  these  

sex-­‐‑role  reversed  species,  sexual  selection  has  shaped  female  fighting  ability  and  males  

demonstrate  choosiness.    

  

More  recently,  a  growing  body  of  literature  has  produced  evidence  of  choosy  

males  even  in  species  that  are  not  sex  role  reversed,  invoking  the  action  of  sexual  

selection  on  females.  For  example,  male  two-­‐‑spotted  gobies  prefer  females  with  larger  

lateral  spots  and  male  barn  owls  prefer  females  with  spottier  plumage  (Amundsen  &  

Forsgren,  2001;  Roulin,  1999).  In  these  cases,  the  authors  conclude  that  the  female  traits  

upon  which  males  base  their  preference  are  under  sexual  selection.  In  fact,  some  have  

recently  called  for  a  new  era  of  sexual  selection  research  that  explicitly  prioritizes  the  

investigation  of  female  traits  in  species  with  “traditional”  sex  roles  (Clutton-­‐‑Brock,  2007,  
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2009),  often  marshaling  similar  examples  of  male  mate  choice  as  evidence  for  sexual  

selection  on  females.    

  

However,  because  reproductive  skew  among  females  in  these  species  is  often  

low,  the  currency  of  fitness  that  might  exert  selection  pressure  on  female  traits  as  a  

consequence  of  male  mate  choice  is  rarely  apparent.  That  is,  if  all  females  are  mated,  if  

variance  in  female  reproductive  success  is  relatively  low,  and  if  being  preferred  by  males  

does  not  confer  reproductive  advantages  on  females,  there  may  be  no  opportunity  for  

selection.  Indeed,  male  mate  choice  can  evolve  without  exerting  any  sexual  selection  

pressure  on  females  at  all.  For  example,  consider  a  population  where  female  fecundity  

varies,  mating  is  costly  for  males,  and  all  females  are  mated,  as  may  be  the  case  for  many  

species  of  fish.  In  this  case,  males  will  benefit  from  being  choosy  if  choosiness  increases  

their  chances  of  fertilizing  a  female  with  high  fecundity.  Indeed,  this  is  likely  to  be  the  

driving  force  behind  the  common  observation  that  males  of  many  fish  species  prefer  

larger,  more  fecund  females.  If  no  females  in  this  population  go  unmated  (i.e.  females  

are  not  competing  for  mates)  and  males  deliver  neither  direct  nor  indirect  fitness  

benefits  to  preferred  females,  this  male  mate  choice  will  not  exert  selection  pressure  on  

female  body  size.  In  other  words,  unless  females  in  this  example  receive  fitness  benefits  

as  a  result  of  mating  with  choosy  males  beyond  what  they  would  receive  from  mating  at  

random,  male  mate  choice  will  evolve,  but  will  not  function  as  a  mechanism  of  selection.    
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This  point  is  readily  confused  because  evolutionary  biologists  have  become  

accustomed  to  thinking  about  mate  choice  in  the  context  of  female  choice  on  male  traits.  

Because  high  reproductive  skew  is  so  common  among  males—that  is,  because  it  is  so  

often  the  case  that  many  males  in  a  population  will  contribute  zero  offspring  to  the  next  

generation—it  is  almost  always  the  case  that  female  mate  choice  will  function  as  a  

mechanism  of  selection  once  it  evolves.  In  those  cases,  the  benefit  that  the  chosen  male  

receives  as  a  consequence  of  being  chosen  is  significant  –  this  benefit  is  the  opportunity  

to  mate  when  so  many  other  males  in  the  population  will  not.  Thus,  the  ubiquitous  

pattern  of  female  mate  choice  as  a  mechanism  of  sexual  selection  has  overshadowed  the  

fact  that,  in  actuality,  this  is  not  a  logical  imperative.  In  fact,  future  research  will  likely  

show  that  male  mate  choice,  unlike  its  female  counterpart,  rarely  drives  the  evolution  of  

female  phenotypes.    

  

Here,  I  aim  to  clarify  the  potential  for  this  difference  between  mate  choice  and  

sexual  selection  in  males  and  females.  I  begin  in  Chapter  1  by  arguing  that  research  on  

sexual  selection  in  females  is  undermined  by  the  absence  of  a  theoretical  framework  that  

articulates  the  conditions  necessary  in  order  for  sexual  selection  to  shape  female  traits.  

Thus,  I  present  the  Expanded  Bateman  Gradient,  a  graphical  model  of  sexual  selection  

that  accounts  for  the  extent  to  which  variation  in  both  mate  number  and  mate  quality  
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might  exert  selection  pressure.  Although  a  number  of  researchers  have  acknowledged  

that  variation  in  mate  quality  may  well  generate  selection  pressure  (if  mate  quality  

predicts  fitness  outcomes),  the  general  theoretical  framework  for  sexual  selection  

research  does  not  account  for  this  potential  evolutionary  force.  What  I  present  here  lays  

the  groundwork  for  formal  theoretical  models  of  sexual  selection  that  unite  the  potential  

for  both  mate  number  and  mate  quality  to  drive  phenotypic  evolution.  Furthermore,  the  

Expanded  Bateman  Gradient  corrects  errors  that  have  been  made  in  recent  empirical  

studies  of  sexual  selection  on  females  and  provides  a  heuristic  that  will  reduce  future  

errors.    

  

To  close  this  first  chapter,  I  apply  the  Expanded  Bateman  Gradient  to  several  

examples.  Among  these  examples,  I  discuss  its  specific  relevance  to  an  iconic  example  of  

sexually  selected  traits  in  females,  size  variation  in  the  exaggerated  estrous  swelling  of  

many  Old  World  primates,  swellings  of  the  anogenital  tissue  that  appear  around  the  

follicular  phase  of  a  female’s  estrous  cycle  and  encompass  ovulation.  Based  on  reports  

that  males  prefer  females  with  larger  swellings,  many  researchers  have  concluded  that  

exaggerated  swellings  are  a  classic  case  of  sexual  selection  in  females.  In  fact,  of  all  the  

traits  posited  to  be  under  sexual  selection  in  females,  the  exaggerated  swelling  is  

perhaps  the  most  commonly  cited.  I  use  the  Expanded  Bateman  Gradient  to  show  that  

this  common  claim  is  built  on  faulty  logic.  That  is,  studies  have  incorrectly  concluded  
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that  the  evolution  of  male  mate  choice  in  this  case  is  evidence  of  sexual  selection  on  

females.    

  

In  Chapter  2,  I  investigate  the  biology  of  exaggerated  primate  sexual  swellings  by  

examining  potential  sources  of  variance  in  swelling  size  in  a  well-­‐‑studied  population  of  

female  baboons,  collaborating  with  the  Amboseli  Baboon  Research  Project  (ABRP).  

Using  ecological  and  longitudinal  data  collected  on  an  on-­‐‑going  basis  in  combination  

with  behavioral  data  collected  by  me  over  the  course  of  17  months  in  the  field.  The  

results  of  this  analysis  suggest  both  that  average  swelling  size  was  smaller  under  

drought  conditions  (i.e.  variation  in  swelling  size  was  subject  to  ecological  constraints)  

and  that  size  increased  as  females  progressed  further  and  further  from  their  most  recent  

pregnancy.  Because  females  cycle  repeatedly  without  conceiving  and  are  more  likely  to  

conceive  with  each  consecutive  cycle,  the  variation  in  size  both  within  and  across  

consecutive  cycles  of  an  individual  is  a  likely  signal  of  the  probability  of  conception.  

Taken  together,  these  results  point  to  the  potential  for  variation  in  swelling  size  to  reveal  

information  to  male  baboons  about  the  quality  of  a  reproductive  opportunity.  That  is,  

swelling  size  may,  in  part,  reflect  the  capacity  for  a  female,  on  a  given  cycle,  to  conceive  

and  carry  a  pregnancy  to  term.  
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Finally,  in  Chapter  3,  I  test  “the  reliable  indicator  hypothesis”  which  posits  that  

male  baboons  prefer  females  with  larger  swellings,  and  that  swelling  size  is  a  reliable  

indicator  of  female  fitness.  I  begin  by  revisiting  Chapter  1  to  clarify  that  the  common  

portrayal  of  the  reliable  indicator  hypothesis,  which  invokes  sexual  selection  via  male  

mate  choice  as  an  explanation  for  exaggerated  swellings,  inappropriately  conflates  male  

mate  choice  as  a  consequence  of  sexual  selection  on  males  with  male  mate  choice  as  a  

potential  cause  of  sexual  selection  on  females.  Therefore,  I  emphasize  that  the  empirical  

work  here  examines  the  evolution  of  male  mate  choice  in  baboons,  rather  than  sexual  

selection  on  females.  In  this  empirical  study,  I  combine  behavioral  and  morphological  

data  collected  by  me  in  the  field  with  longitudinal  data  collected  by  the  ABRP,  control  

for  potential  differences  between  conceptive  and  non-­‐‑conceptive  cycles,  and  use  an  

information-­‐‑theoretic  approach,  revealing  that  males  do  indeed  appear  to  attend  to  

swelling  size,  by  two  measures  of  male  mate  choice.  However,  the  results  of  this  analysis  

suggest  male  behavior  is  influenced  just  as  heavily  by  the  number  of  sexual  cycles  that  a  

female  has  experienced  since  her  last  pregnancy.  In  other  words,  males  bias  their  efforts  

toward  those  females  that  had  cycled  more  often  since  her  last  pregnancy,  independent  

of  swelling  size.    

  

Nonetheless,  the  critical  component  of  the  reliable  indicator  hypothesis  was  not  

supported.  That  is,  I  found  no  relationship  between  swelling  size  and  any  of  the  assays  
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of  female  fitness  that  I  was  able  to  investigate.  In  other  words,  females  with  larger  

swellings  did  not  have  higher  infant  survival.  Neither  did  females  with  larger  swellings  

tend  to  be  females  who  had  experienced  their  first  conception  at  younger  ages,  or  high-­‐‑

ranking  females,  or  the  daughters  of  high-­‐‑ranking  females  -­‐‑  all  known  sources  of  

variance  in  female  fitness  in  baboons.  In  short,  my  results  provide  no  support  the  

reliable  indicator  hypothesis.  

  

Instead,  swelling  size  likely  functions  as  an  indicator  of    “readiness”  to  conceive  

and  provision  young.  Indeed,  this  may  be  a  common  feature  of  traits  that  females  

display  that  attract  male  attention,  the  very  same  traits  that  biologists  may  be  tempted  to  

categorize  as  sexually  selected.  In  those  species  where  males  are  likely  to  miss  out  

entirely  on  siring  offspring  (e.g.  in  those  species  where  a  few  males  sire  most  of  the  

offspring)  the  selection  pressure  to  avoid  being  a  male  who  sires  no  offspring  may  be  so  

high  as  to  swamp  any  potential  benefits  of  being  a  male  who  can  detect  the  potential  

differences  in  fitness  between  two  females.  This  is  very  likely  the  case,  for  example,  in  

baboons,  where  many  males  sire  no  offspring  and  reproductive  skew  is  high  even  

among  those  that  do  successfully  sire  young.  Therefore,  selection  should  strongly  favor  

those  males  that  are  able  to  bias  their  efforts  towards  reproductive  opportunities  with  a  

higher  probability  of  fertilization.  In  fact,  because  high  reproductive  skew  is  such  a  

common  feature  of  males  across  taxa,  I  expect  that  continued  research  on  fertility  signals  
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and  male  mate  choice  will  reveal  that,  when  male  mate  choice  evolves,  it  is  most  likely  to  

evolve  in  response  to  indicators  of  “readiness”,  rather  than  indicators  of  differences  in  

lifetime  fitness  or  genetic  quality.        

  

When  might  we  expect  exceptions  to  the  rule  that  male  mate  choice  occurs  for  

indicators  of  “readiness”,  rather  than  indicators  of  differences  in  female  quality?  

Exceptions  should  occur  when  males  accrue  greater  fitness  benefits  from  obtaining  high  

quality  mates  than  they  do  from  obtaining  larger  numbers  of  mates.  This  situation  might  

emerge,  for  example,  when  reproductive  skew  among  males  is  low  or  absent.  In  this  

case,  males  face  little  risk  of  siring  zero  offspring  and,  therefore,  may  be  exposed  to  

selection  pressure  to  detect  differences  in  genetic  quality,  nutritional  health  status,  or  

fecundity.  In  contrast,  male  mate  choice  might  evolve  in  response  to  indicators  of  egg  

number  (as  opposed  to  readiness)  when  the  potential  fitness  benefits  of  identifying  

especially  fecund  females  are  very  high,  as  may  be  the  case  with  many  fish.  That  is,  if  the  

benefit  of  fertilizing  the  many  eggs  of  a  large  female  is  great  enough,  selection  pressure  

to  discern  variation  in  egg  number  may  be  greater  than  the  risk  of  siring  no  offspring.    

  

Research  on  sexual  selection  in  females  and  male  mate  choice  is  in  its  early  stages  

and  offers  an  exciting  area  for  future  studies.  The  research  presented  here  points  out,  

from  both  a  conceptual  and  empirical  perspective,  that  sexual  selection  in  females  and  



  

   10  

male  mate  choice  should  be  considered  distinct  –albeit  related  –  fields  of  study.  Future  

studies  about  sexual  selection  in  females  should  specify  the  hypothesized  mechanism  of  

selection.  Future  studies  about  male  mate  choice  should  specify  whether  that  mate  

choice  is  hypothesized  to  function  as  a  mechanism  of  selection  and,  if  so,  through  which  

currency  of  fitness.  More  empirical  research  across  a  broad  range  of  taxa  is  needed  to  

generate  a  clear  picture  of  what  types  of  traits  in  females  might  be  under  sexual  

selection,  and  what  types  of  traits  in  females  might  generate  the  evolution  of  male  mate  

choice.  Finally,  this  study  provides  the  most  conclusive  evidence  to  date  that  male  mate  

choice  in  baboons  has  not  evolved  in  response  to  sexual  swellings  as  a  reliable  indicator  

of  fitness.  Rather,  this  research  suggests  that  sexual  swellings  are  more  appropriately  

considered  an  indicator  of  readiness  to  conceive.    
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2. The Expanded Bateman Gradient 
  

“It  is  certain  that  some  will  feel  that  such  an  abstract  form  of  treatment  does  

injury  to  the  interest  of  the  subject.  On  the  other  hand  I  am  confident  that  many  engaged  

in  the  actual  work  of  observation  and  classification  would  welcome  any  serious  attempt  to  

establish  impartial  principles  of  interpretation.  The  need  is  greatest  in  a  subject,  in  which  

generalizations  embodying  large  numbers  of  observational  facts  are  of  such  high  value,  

that  in  controversy  mere  citations  of  fresh  facts  seem  sometimes  to  be  invested  with  a  

logical  force,  which  they  do  not  really  possess;  it  is  possible  thus  for  even  the  fairest  

minded  of  men,  when  thoroughly  convinced  of  the  correctness  of  his  own  interpretation,  

in  which  conviction  he  may  be  fully  justified,  to  use  in  its  support  arguments  which,  had  

he  been  in  real  doubt,  he  could  scarcely  have  employed.”    

-­‐‑Fisher  1935;  Sexual  reproduction  and  sexual  selection.  

  

Sexual  selection  explains  some  of  the  most  puzzling  and  unusual  traits  found  in  

the  natural  world  and  is  observed  broadly  across  animal  taxa.  Indeed,  it  was  Darwin’s  

repeated  observations  of  bizarre  phenotypes  (e.g.  the  elaborate  ornamentation  and  

displays  in  some  neo-­‐‑tropical  birds  or  the  exaggerated  weaponry  in  many  insects  and  

mammals)  that  motivated  him  to  identify  what  evolutionary  biologists  now  think  of  as  

sexual  selection.  Though  it  seemed  unlikely  that  these  traits  could  possibly  increase  
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survival,  they  were  not  uncommon.  They,  therefore,  demanded  reconciliation  with  his  

theory  of  natural  selection.  The  observation  that  such  traits  seemed  restricted  primarily  

to  males  and  were  often  employed  in  mating  rituals  revealed  to  Darwin  that  there  must  

be  some  force  associated  with  reproduction  that  was  responsible  for  maintaining  them.  

Furthermore,  it  had  to  be  strong  enough  to  at  times  oppose  natural  selection.  Darwin  

described  this  as  the  “competition  for  mates”  and  named  it  sexual  selection,  thus  

differentiating  it  from  natural  selection.  However,  he  left  the  specific  details  of  what  

defined  “competition  for  mates”  largely  undeveloped.  This  has  become  the  purview  of  

evolutionary  biologists  who  have  trained  their  sights  on  the  goal  of  understanding  

evolution  by  sexual  selection  and  developing  its  theoretical  framework.  

  

Evolutionary  biologists  now  understand  that  the  role  of  sexual  selection  in  

evolution  extends  well  beyond  that  of  simply  shaping  peculiar  phenotypes.  Often  

implicated  in  species  recognition,  mate  choice,  and  speciation,  sexual  selection  also  

contributes  in  a  major  way  to  the  generation  and  maintenance  of  biodiversity  (species  

recognition,  Ryan  and  Rand  1993;  Blows  2002;  mate  choice,  Andersson  and  Simmons  

2006;  taxonomic  diversity  Mank  2007).    

  

Furthermore,  sexual  selection  seems  to  be  an  area  of  evolutionary  biology  that  is  

particularly  prone  to  lively  debate.  Wallace  and  other  of  Darwin’s  contemporaries  
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argued  adamantly  against  his  suggestion  that  female  mate  choice  might  be  an  important  

mechanism  of  sexual  selection  pressure,  a  mechanism  that  has  since  been  validated  so  

often  as  to  become  common  biological  knowledge  (Kirkpatrick  1984;  Jones  and  

Ratterman  2009).  During  the  modern  synthesis,  two  major  biologists  of  the  time,  R.A.  

Fisher  and  A.J.  Bateman  —  one  a  theoretician  and  the  other  an  empiricist  —  dismissed  

each  others’  efforts  toward  advancing  the  understanding  of  evolution  by  sexual  

selection,  though  the  contribution  of  each  has  turned  out  to  be  enduring  (Bennet  2000).  

Today,  there  are  ongoing  debates  about  where  the  boundary  is  between  sexual  and  

natural  selection,  how  best  to  measure  sexual  selection,  and  whether  the  various  

measures  are  interchangeable  (for  differentiation  between  sexual  and  natural  selection  

see  Arnold  1983;  Clutton-­‐‑Brock  2004;  for  debate  about  metrics  of  sexual  selection  see  

Klug  et  al.  2010;  Krakauer  et  al.  2011).  Some  even  go  so  far  as  to  question  the  utility  of  

the  entire  body  of  theory  altogether,  a  controversy  that  continues  despite  the  widely  

negative  initial  response  (for  challenge  to  sexual  selection  see  Roughgarden  et  al.  2006;  

for  subsequent  controversy  see  Dall  et  al.  2006;  Carranza  2009;  Roughgarden  and  Akçay  

2010;  Tobias  et  al.  2012).That  sexual  selection  is  accepted  as  fundamental  and  yet  is  still  

under  heavy  dispute  is  but  one  indication  of  the  need  for  an  overarching  clarification.      

2.1 A new era for sexual selection research 

To  that  end,  I  propose  a  synthetic  refinement  of  sexual  selection  theory.  I  argue  

that  a  recent  surge  of  interest  in  sexual  selection  on  females  reveals  a  weakness  in  the  
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current  theoretical  framework.  Namely,  current  theory  constrains  sexual  selection  to  be  

defined  as  those  fitness  advantages  that  accrue  as  a  result  of  variation  in  mate  number    

(variation  in  mating  success  (VMS)),  and  largely  omits  the  potential  for  sexual  selection  to  

also  be  driven  by  fitness  advantages  from  variation  in  mate  quality  (VMQ).  I  also  point  out  

that  recent  controversy  over  the  explanatory  power  of  sexual  selection  theory  stems  

largely  from  this  limited  framework.  Furthermore,  I  note  other  researchers  who  also  

note  the  absence  of  a  formal  treatment  of  the  potential  for  VMQ  to  generate  sexual  

selection.  My  claim,  then,  is  that  the  field  of  evolutionary  biology  can  no  longer  afford  

not  to  expand  theoretical  models  of  sexual  selection  to  accommodate  VMQ.  Toward  that  

end,  I  present  the  Expanded  Bateman  Gradient,  a  conceptual  framework  that  calls  for  

and  should  guide  formal  mathematical  development  of  this  neglected  facet  of  sexual  

selection.  I  discuss  the  implications  of  this  unified  framework,  demonstrate  its  utility  for  

generating  hypotheses  under  various  mating  systems,  and  demonstrate  its  specific  

relevance  to  sexual  selection  on  females.    

2.1.1 Sexual selection: a brief history 

Contemporary  sexual  selection  research—theoretical  as  well  as  empirical—rests  

on  a  post-­‐‑Darwin  foundation  that  was  first  laid  down  during  the  modern  synthesis.  

Specifically,  RA  Fisher  (1935)  and  AJ  Bateman  (1948)  made  critical  contributions  toward  

elucidating  the  causes  and  consequences  of  sexual  selection,  generating  hypotheses  and  

predictions  that  were  explicit  and  testable.  Together,  they  provided  the  first  major  steps  
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toward  an  understanding  of  the  specific  mechanism  by  which  sexual  selection  would  

proceed,  bringing  clarity  to  Darwin’s  more  general  description  of  sexual  selection  as  

“competition  for  mates.”  

 

Primarily  a  mathematician,  Fisher  relied  on  logical  arguments  to  specify  what  

constituted  sexual  selection.  Taking  up  the  challenge  that  Wallace  and  others  left  behind,  

he  argued  convincingly  that  mate  choice  functions  as  a  potent  mechanism  of  selection.  

(Like  Darwin,  Fisher  became  briefly  entangled  in  the  justification  of  how  it  is  that  non-­‐‑

human  animals  might  have  aesthetic  preferences.  Eventually,  he  freed  himself  from  this  

trap  by  recognizing  that  discrimination  does  not  necessarily  require  a  contemplative  

appreciation  for  beauty.)  In  fact,  he  argued  that  mate  choice  is  not  only  a  mechanism  of  

sexual  selection,  but  that  it  is  the  result  of  sexual  selection  as  well.  In  doing  so,  he  

focused  on  the  ways  that  both  quality  and  quantity  of  mates  can  generate  selection  

pressure.  Fisher  wrote,  “the  tastes  of  organisms,  like  their  organs  and  faculties,  must  be  

regarded  as  the  products  of  evolutionary  change…”  He  marshaled  species  recognition  

as  a  supporting  example-­‐‑-­‐‑an  obvious  case  where  mate  preferences  will  confer  a  fitness  

advantage.  In  written  exchanges  with  Darwin’s  grandson,  Charles  Galton  Darwin,  

Fisher  used  a  mathematical  explanation  to  convince  him  that  female  choice  and  male  

ornaments  are  expected  to  coevolve.  Fisher’s  work  eventually  yielded  a  fertile  area  of  
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research  on  the  subject  of  female  choice  (Ryan  1980;  Andersson  1982;  Kirkpatrick  1982;  

Moller  1988;  O’Donald  1990;  Lande  1981)  

 

Imbedded  in  that  exchange  between  Fisher  and  C.G.  Darwin  was  mutual  

agreement  that  males  traits  would  commonly  be  subject  to  sexual  selection,  and  a  debate  

about  whether  or  not  female  traits  (such  as  female  preferences)  would  be.  This  debate  

centered  around  the  observation  that,  because  there  are  often  more  males  available  for  

breeding  then  females  (what  biologists  have  called  a  skewed  Operational  Sex  Ratio  since  

Emlen  and  Oring  (1977))  males  would  be  mate-­‐‑limited  and  would  therefore  exhibit  

variance  in  mate  number;  consequently,  many  males  would  even  go  unmated.  C.G.  

Darwin  was  perplexed,  however,  by  Fisher’s  claim  that  female  preferences  would  be  

subject  to  sexual  selection,  since  presumably  no  females  went  unmated.  In  an  answer  to  

this,  Fisher  invoked  what  biologists  now  refer  to  as  the  “sexy  son”  hypothesis.  That  is,  

he  posited  that  because  the  male  offspring  of  those  preferred  males  with  exaggerated  

traits  would  also  have  exaggerated  traits,  choosier  females  would  have  a  fitness  

advantage  because  their  sons  would  be  “sexier,”  and  their  daughters,  choosier.  Under  

this  scenario,  both  the  exaggerated  trait  and  the  female  choice  are  selected  for  and  

maintained  by  a  feedback  loop  as  a  consequence  of  the  reproductive  advantage  

conferred  upon  males  who  are  better  at  getting  mates.    
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Bateman  (1948)  provided  an  empirical  complement  to  this  theoretical  

contribution  by  experimentally  demonstrating  that  Drosophila  melanogaster  males  

translate  mating  success  into  a  fitness  advantage.  In  doing  so  he  narrowed  the  focus  of  

sexual  selection  research  primarily  to  that  which  was  a  result  of  variance  in  mating  

success.  That  is,  his  study  found  a  positive  relationship  between  male  mating  success  

and  male  fertility-­‐‑-­‐‑males  with  more  mates  left  behind  more  offspring.  Furthermore,  his  

results  showed  a  clear  sex  difference  in  the  slope  of  this  relationship.  While  males  gained  

an  unambiguous  fitness  advantage  as  they  accumulated  mates,  females  did  not.  These  

results  eventually  gave  rise  to  what  has  become  commonly  known  as  “Bateman’s  

Principle”  (Knight  2002),  a  generalization  of  the  pattern  observed  in  Bateman’s  study  to  

taxa  beyond  Drosophila.  That  is  the  idea  that,  in  general,  males  can  translate  mating  

success  into  a  fitness  advantage  more  readily  than  females  and,  therefore,  those  male  

traits  that  increase  the  probability  of  mate  acquisition  are  expected  to  experience  sexual  

selection  pressure.  In  contrast,  females  are  expected  to  experience  little  or  no  direct  

sexual  selection  pressure.  In  this  view,  those  traits  that  Darwin  first  observed  are  seen  as  

traits  that  correlate  with  mate  acquisition  for  males,  whether  it  be  through  direct  

competition  or  mediated  through  female  choice.      

  

Since  Bateman  (1948),  researchers  have  investigated  whether  Bateman’s  Principle  

accurately  describes  general  patterns  of  sexual  selection,  reporting  mixed  results.  Many  
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studies  do  indeed  report  findings  that  are  consistent  with  Bateman’s  Principle  (Jones  et  

al.  2002;  Rios-­‐‑Cardenas  2005).  The  expectation  of  pattern  reversal  in  sex-­‐‑role  reversed  

species  is  similarly  upheld,  such  that  females  of  sex-­‐‑role  reversed  species  receive  more  

fitness  benefits  than  males  from  increased  mating  success  (Jones  et  al.  2000a).  However,  

results  from  a  number  of  other  studies  do  not  conform  to  Bateman’s  Principle  (katydids,  

Lorch  et  al.  2007;  Mormon  crickets,  Robson  and  Gwynne  2010;  chipmunks,  Bergeron  et  

al.  2012).  Because  of  this  apparent  inconsistency,  some  have  argued  against  the  value  of  

Bateman’s  Principle  as  a  paradigm  and  have  critiqued  the  soundness  of  Bateman’s  

original  study,  citing  both  methodological  and  statistical  flaws  (Drea  2005;  Tang-­‐‑

martinez  and  Ryder  2005;  Snyder  et  al.  2007).  Still,  others  contend  that  although  it  

cannot  be  considered  a  blanket  truth,  it  should  be  retained  within  the  canon  of  sexual  

selection  research  as  an  organizing  principle  (Wade  and  Shuster  2005).  Continued  

attempts  to  replicate  Bateman’s  original  study  reveal  that  debate  about  its  value  is  

ongoing  (Gowaty  et  al.  2012;  Tang-­‐‑Martínez  2012)    

    

2.1.2 VMS: The fundamental currency of sexual selection 

While  the  discussion  surrounding  the  strength  of  Bateman’s  experiments  has  real  

value,  we  should  not  lose  sight  of  what  might  be  considered  the  most  important  

contribution  made  by  Bateman  (1948).  These  disagreements  threaten  to  overshadow  

what  is  arguably  the  most  substantive  advancement  that  Bateman  made,  which  was  to  
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concretize  the  currency  through  which  sexual  selection  can  be  considered  to  operate.  

Specifically,  that  the  currency  of  fitness  was  the  number  of  mates,  considered  by  many  

and  for  the  remainder  of  this  article  to  be  synonymous  with  mating  success.    

  

The  importance  of  this  contribution  to  the  historical  and  conceptual  development  

of  sexual  selection  theory  is  demonstrated  by  the  fact  that  every  formal  metric  that  has  

been  developed  to  measure  and  compare  the  strength  of  sexual  selection  is  explicitly  

built  upon  VMS.  The  “opportunity  for  sexual  selection”  (IS)  is  the  square  of  VMS  divided  

by  the  squared  mean  mating  success  for  the  population,  representing  the  theoretical  

upper  limit  for  the  strength  of  sexual  selection  (Crow  1958;  Wade  1979;  Shuster  and  

Wade  2003).  The  “Bateman  Gradient”  considers  mating  success  the  trait  in  question  

(general  selection  gradients  Arnold  and  Wade  1984a,b;  sexual  selection  gradients,  

Arnold  and  Duvall  1994).  The  utility  of  the  “operational  sex  ratio”  (OSR),  the  ratio  of  

breeding  condition  males  to  breeding  condition  females,  relies  on  the  logical  relationship  

between  that  ratio  and  the  number  of  mates  that  are  available  to  each  sex  (Emlen  and  

Oring  1977).  In  other  words,  even  though  each  of  these  metrics  describes  a  population’s  

potential  to  experience  sexual  selection  in  a  slightly  different  way,  they  all  invoke  VMS  as  

the  fundamental  currency  of  fitness  (for  thorough  review  of  these  metrics  see  Klug  et  al.  

2010;  Krakauer  et  al.  2011).    
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That  VMS  is  now  baked  into  the  theoretical  framework  has  allowed  for  significant  

advances  in  our  theoretical  understanding  of  sexual  selection  (Mead  and  Arnold  2004;  

Kokko  et  al.  2006).  Furthermore,  these  formal  metrics  have  been  employed  by  

empiricists  to  amass  a  formidable  body  of  work  that  provides  an  increasingly  nuanced  

description  of  sexual  selection,  how  it  populates  the  natural  world  with  morphological  

extremes,  contributes  to  speciation  and  biodiversity,  and  generates  behavioral  

extravagances.  As  a  tool  of  understanding,  the  fitness-­‐‑VMS  approach  has  been  

indispensible,  allowing  evolutionary  biologists  to  demonstrate  that  the  role  sexual  

selection  plays  in  evolution  is  unambiguous  and  substantial.  

  

One  weakness  of  this  framework  is  that  it  does  not  generate  hypotheses  or  

predictions  about  the  extent  to  which  variance  in  mate  quality  might  exert  selection  

pressure.  Until  recently,  this  absence  has  been  of  little  consequence.  It  has  not  been  

crucial  to  account  for  the  ways  that  competition  for  mates  of  higher  quality  might  shape  

various  traits  because  the  bulk  of  the  inquiry  has  been  directed  toward  classic  and  

extreme  traits  in  males,  like  those  that  Darwin  observed,  which  are,  in  fact,  associated  

with  variance  in  mating  success.  

2.1.3 VMQ: The overlooked currency of sexual selection 

With  three  main  points,  I  argue  that  sexual  selection  research  can  no  longer  

afford  not  to  have  an  expanded  theoretical  framework  that  incorporates  sexual  selection  
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through  variation  in  mate  quality.  The  first  of  these  three  points  draws  on  the  continued  

attempts  to  invoke  mate  quality  in  the  narrative  of  sexual  selection,  from  Darwin  to  the  

present.  Second,  I  point  to  a  recent  controversy  stemming  from  the  bold  claim  that  

sexual  selection  theory  on  the  whole  is  ill  conceived,  and  show  how  this  was  facilitated  

by  the  lack  of  a  complete  theoretical  framework.  Finally,  I  argue  that  the  growing  

interest  in  sexual  selection  on  female  traits  illustrates  the  need  for  sexual  selection  theory  

to  explicitly  include  a  treatment  of  how  mate  quality,  in  addition  to  or  instead  of  mate  

quantity,  can  act  as  a  selective  force.          

2.1.4 Quality defined 

In  order  to  discuss  the  role  of  mate  quality  effectively,  a  clear  definition  of  

quality  is  needed.  Because  mate  “quality”  is  much  more  conceptually  vague  than  mate  

quantity,  I  invoke  “quality”  here  as  an  umbrella  term,  a  collection  of  possible  

characteristics  inherent  to  an  individual.  These  are  intrinsic  aspects  of  an  individual  that,  

when  high,  confer  a  fitness  advantage,  and  when  low,  impose  a  cost.  This  quality  may  

be  delivered  directly,  as  in  the  case  of  parental  care  or  nuptial  gifts,  or  indirectly,  as  in  

the  case  of  “good  genes.”  Undoubtedly,  this  is  a  very  inclusive  definition  of  quality;  

again,  my  intention  here  is  to  be  broadly  conceptual.  Further  study  will  require  

definitions  of  mate  quality  that  are  specific  to  the  system  being  explored.  Indeed,  the  

challenge  of  defining  “quality”  explicitly  may  have  been  one  of  the  primary  obstacles  to  

incorporating  it  formally  into  sexual  selection  theory.    
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2.1.5 Incorporation of quality not new, but pressing (point 1) 

The  relevance  of  mate  quality  to  evolution  by  sexual  selection  is  not  a  new  idea.  

On  the  contrary,  Darwin  himself  thought  that  variation  in  mate  quality  would  generate  

fitness  differences  in  migratory  birds,  invoking  it  as  the  explanation  for  sexual  selection  

in  monogamous  songbirds  (Darwin  1871).  This  model  of  sexual  selection,  which  rests  

entirely  on  the  assumption  that  differences  in  mate  quality  can  be  a  source  of  differences  

in  fitness,  was  revisited  by  Fisher  (1915)  and  then  more  recently  validated  using  formal  

mathematical  modeling  (Kirkpatrick  et  al.  1990;  O’Donald  1990).  A  small  number  of  

studies  have  even  investigated  this  empirically,  though  in  only  one  species  that  is  

genetically  monogamous  to  my  knowledge  (O’donald  1980;  Moller  1988,  1991;  Mcgraw  

et  al.  2001;  genetically  monogamous  frigatebirds,  Dearborn  and  Ryan  2002).  Finally,  

other  researchers  have  more  recently  acknowledged  that  the  field  both  lacks  and  needs  a  

framework  within  which  to  consider  sexual  selection  via  VMQ  (Jones  and  Ratterman  

2009;  Rosvall  2011).  

     

The  handicap  principle  does  invoke  mate  quality  by  positing  that  female  choice  

should  evolve  to  track  costly  traits  that  can  therefore  only  be  displayed  prominently  by  

high  quality  males  (Zahavi  1975).  However,  the  handicap  principle  does  not  predict  how  

the  quality  of  one’s  mate  will  affect  one’s  fitness.  Rather,  the  handicap  principle  is  

concerned  with  how  one  can  reveal  one’s  own  quality  to  potential  mates.  Thus,  it  
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invokes  the  broad  relevance  of  mate  quality,  but  does  not  make  explicit  predictions  

about  how  sexually  selected  traits  might  evolve  in  the  absence  of  VMS.  Of  course,  

embedded  within  the  handicap  principle  is  the  idea  that  VMQ  might  be  a  mechanism  of  

sexual  selection  because  it  posits  that  the  quality  revealed  by  the  handicapping  trait  (e.g.  

black  manes  in  lions)  selects  for  female  choice.  Indeed,  the  conceptual  framework  

presented  in  this  article  would  cast  female  choice  as  one  of  the  sexually  selected  traits  

that  has  evolved  through  VMQ,  a  point  that  will  be  developed  further  below.  

2.1.6 Contemporary challenge to traditional sexual selection theory 
(point 2) 

Roughgarden  et  al.  (2006)  claim  that  sexual  selection  theory  “is  always  mistaken”  

because  organisms  often  deviate  from  the  iconic  sexual  selection  narrative  of  

competitive,  promiscuous  males  vying  to  influence  the  reproductive  decisions  of  choosy,  

judicious  females.  This  argument  is  misleading  because  it  avoids  contemporary  

intellectual  scholarship,  building  instead  upon  overly  simplified  versions  of  sexual  

selection  theory  from  the  popular  press.  In  so  doing,  Roughgarden  et  al.  (2006)  mount  

their  argument  against  a  claim  that  sexual  selection  theory  predicts  one  universal  

pattern  for  all  species.  This  claim  is  a  fallacy,  evidenced  by  decades  of  nuanced  

theoretical  and  empirical  research  about  variation  in  the  strength  and  outcomes  of  

sexual  selection.    Regardless,  this  fallacy  is  allowed  to  persist  in  part  because  the  field  

lacks  a  unified  theory  that  comprises  multiple  forms  of  sexual  selection.  An  expansion  of  

sexual  selection  theory  to  incorporate  VMQ  would  account  for  the  observation  that  
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sometimes  females  are  competitive  and  males  are  choosy,  thus  obviating  many  of  the  

claims  used  to  bolster  this  recent  categorical  challenge  to  sexual  selection  theory.    

2.1.7 Sexual selection on females (point 3) 

Because  the  theory  is  built  on  VMS,  it  predicts  sexual  selection  on  females  will  be  

largely  absent.  Indeed,  with  some  exceptions,  a  broadly  observed  sex  difference  in  VMS  

exists,  such  that  males  experience  higher  VMS  than  females.  Certainly,  though,  this  

expectation  of  higher  VMS  among  males  does  not  imply  zero  VMS  among  females.  On  the  

contrary,  females  of  many  species  are  known  to  mate  multiply  and  some  recent  studies  

even  demonstrate  fitness  benefits  associated  with  female  multiple  mating  (e.g.  Fisher  et  

al.  2006;  Firman  2011;  Slatyer  et  al.  2012).  Nonetheless,  to  my  knowledge,  the  high  levels  

of  reproductive  skew  that  are  commonly  observed  in  males  across  taxa  are  rarely  seen  

among  females.  However,  it  is  increasingly  thought  that  female  traits  are  not  immune  to  

sexual  selection,  evidenced  by  a  recent  surge  of  studies  on  sexual  selection  in  females  

across  a  range  of  taxa  (birds,  Amundsen  et  al.  1997;  Roulin  et  al.  2000;  Woolfenden  et  al.  

2002;  Rosvall  2008;  Rubenstein  and  Lovette  2009;  fish,  Amundsen  and  Forsgren  2001;  

insects,  Takahashi  and  Watanabe  2011;  lizards,  Weiss  et  al.  2009;  primates,  Gesquiere  et  

al.  2007;  Huchard  et  al.  2009;  Cheney  et  al.  2012)  How  can  the  current  groundswell  of  

interest  in  sexual  selection  on  females  be  reconciled  with  the  fact  that  females  often  

display  little  to  no  VMS  ?,  There  must  be  a  source  of  variance  in  fitness  other  than  the  VMS  

that  has  been  so  thoroughly  characterized  in  males.  Given  that  females  are  often  thought  



  

   25  

to  show  little  or  no  VMS,  the  recent  shift  of  focus  toward  sexual  selection  in  females  

reveals  that  it  is  time  to  expand  sexual  selection  theory  to  accommodate  those  cases  

where  sexual  selection  might  be  a  consequence  of  variation  in  mate  quality  (VMQ).      

  

A  specific  and  repeated  error  in  inference  exposes  the  pitfalls  associated  with  

leaving  VMQ  out  of  the  theoretical  framework.  This  error  is  to  infer  sexual  selection  on  

females  from  the  observation  of  male  mate  choice.  While  female  choice  is  widely  

observed  and  has  been  a  commonly  accepted  mechanism  of  sexual  selection  on  males  

for  decades,  evidence  of  male  mate  choice  for  females  has  begun  to  accumulate  only  

recently  (Bonduriansky  2001;  Candolin  and  Salesto  2009;  Griggio  et  al.  2009;  Edward  

and  Chapman  2011).  Furthermore,  mathematical  models  provide  strong  theoretical  

support  for  the  evolution  male  mate  choice  and  a  growing  body  of  literature  is  dedicated  

to  investigating  its  nuances  (Servedio  2007;  Nakahashi  2008;  Candolin  and  Salesto  2009;  

Rowell  and  Servedio  2009;  Wong  and  McCarthy  2009;  Barry  and  Kokko  2010;  Edward  

and  Chapman  2011;  Mautz  and  Jennions  2011).    

  

However,  evidence  of  male  mate  choice  alone  does  not  imply  sexual  selection  on  

that  trait  upon  which  the  choice  is  based.  By  preferring  a  particular  female,  males  may  

gain  fitness  advantages,  but  they  do  not  necessarily  confer  fitness  advantages  on  the  

chosen  female.  If  the  chosen  female  gains  nothing  by  being  preferred  -­‐‑  if,  for  instance,  
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males  prefer  her  because  she  is  larger  and  hence  has  more  eggs,  but  the  female  gains  

neither  in  the  number  or  the  quality  of  offspring  she  has  by  being  preferred  -­‐‑  then  the  

traits  that  make  her  attractive  to  males  will  not  be  under  sexual  selection  (see  Male  mate  

choice  does  not  imply  sexual  selection  on  females  below  for  further  development  of  this  

point;  see  Eqn.  6  in  Servedio  2007  for  mathematical  support  of  this  point;  see  Kvarnemo  

and  Simmons  1999;  Amundsen  and  Forsgren  2001;  Gladbach  et  al.  2010;  Svensson  et  al.  

2010  for  examples  of  incorrect  inference).  This  error  in  inference  is  even  manifest  in  

studies  that  claim  that  an  absence  of  male  choice  implies  an  absence  of  sexual  selection  

on  females  (Watson  and  Simmons  2010).  In  other  words,  there  is  a  temptation  to  conflate  

male  mate  choice  with  sexual  selection  on  females.  This  tendency  reveals  a  common  

hidden  assumption  in  some  contemporary  research  on  sexual  selection,  namely  that  

choosy  males  will  confer  a  fitness  advantage  upon  preferred  females,  and  that  the  fitness  

advantage  will  often  mediated  through  differences  in  mate  quality.    

  

In  summary,  VMQ  has  infused  the  scientific  discourse  about  sexual  selection  since  

Darwin’s  time,  but  its  absence  from  the  formal  theoretical  foundation  has  contributed  to  

controversies  fueled  by  misunderstanding  and  has  constrained  potential  investigation  

into  how  sexual  selection  might  be  acting  in  females.  Taken  together,  these  three  points  

illustrate  that  the  time  for  an  incorporation  of  quality  into  models  of  sexual  selection  is  

now.  Although  differences  in  mate  quality  are  likely  to  be  more  relevant  to  female  traits  



  

   27  

than  male  traits,  differences  in  mate  quality  are  by  no  means  completely  irrelevant  to  the  

sexual  selection  on  males  that  we  are  more  accustomed  to  thinking  about.  Thus,  

expanding  sexual  selection  theory  to  incorporate  VMQ  will  clarify  how  this  evolutionary  

process  works  across  taxa  and  in  both  sexes.    

2.2 The Expanded Bateman Principle: a proposition 

Here,  I  build  upon  the  Bateman  Gradient  framework  to  propose  an  expansion  of  

sexual  selection  theory  that  incorporates  VMQ  (in  addition  to  VMS)  into  the  action  of  

sexual  selection.  The  aim  is  to  house  future  sexual  selection  research  within  a  unified  

conceptual  framework  that  is  able  to  accommodate  both  1)  selection  that  arises  from  

variance  in  mating  success  and  2)  selection  that  arises  from  variance  in  the  quality  of  

one’s  mates.  In  this  view,  then,  Darwin’s  original  phrasing,  “competition  for  mates,”  

should  be  considered  competition  for  increased  number  of  mates,  increased  quality  of  

mates,  or  some  combination  thereof.    

2.2.1 Sexual selection defined 

By  folding  mate  quality  into  a  unified  model  of  sexual  selection,  I  advocate  

altering  the  formal  definition  of  sexual  selection.  Because  the  boundary  between  natural  

and  sexual  selection  is  not  always  easy  to  locate,  because  identifying  a  consensus  

definition  among  scientists  is  difficult,  and  because  the  formal  definition  impacts  how  

the  science  proceeds,  the  proposition  to  formally  alter  the  definition  of  sexual  selection  is  

not  a  trivial  one.  However,  the  repeated  empirical  attempts  to  invoke  sexual  selection  
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through  variation  in  mate  quality,  rather  than  mating  success,  indicate  that  many  

researchers  already  operate  using  the  alternative  definition  that  I  outline  below.  

Formalizing  this  definition  will  allow  empiricists  to  concretize  the  hypotheses  that  they  

are  already  compelled  to  test  and  to  generate  specific  predictions.  Therefore,  building  

directly  upon  the  definition  of  sexual  selection  in  Arnold  (1994),  I  propose  that  sexual  

selection  be  formally  considered  both  selection  that  arises  from  differences  in  mating  

success  and  selection  that  arises  from  differences  in  mate  quality.  

2.2.2 The classical Bateman Gradient 

Sexual  selection  has  been  modeled  using  various  theoretical  approaches  

(population  genetic  models,  Lande  1980;  Lande  1981;  Kirkpatrick  1982;  Servedio  and  

Lande  2006;  quantitative  genetic  principles,  Arnold  1994;  Arnold  and  Duvall  1994;  Mead  

and  Arnold  2004;  game  theoretical  approach,  Roughgarden  et  al.  2006;).  Further,  several  

quantitative  methods  exist  for  estimating  the  intensity  of  sexual  selection  (see  Klug  et  al.  

2010  for  a  review)  and  although  the  measures  are  sometimes  used  interchangeably,  each  

one  actually  describes  or  measures  a  unique  aspect  of  sexual  selection  (for  a  list  of  

metrics  see  Klug  et  al.  2010  Table  1;  for  summary  of  uniqueness  of  each  measure  see  

Krakauer  et  al.  2011).    

    

The  Bateman  Gradient  (β)  is  the  slope  of  the  least  squares  regression  of  fecundity  

(number  of  offspring)  on  mating  success  (number  of  mates  that  achieve  successful  
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fertilization),  at  the  population  mean  mating  success.  It  estimates  the  extent  to  which  a  

given  sex  in  a  given  population  can  successfully  translate  a  mating  event  into  offspring.  

A  positive  value  for  β  indicates  that  relative  fitness  will  increase  with  an  increased  

number  of  mates  and  suggests  that  sexual  selection  will  be  acting  on  mating  success  and  

on  any  phenotypic  traits  that  confer  relative  advantages  in  mate  acquisition.  

    

The  importance  of  this  measure  as  a  tool  for  empirical  studies  of  sexual  selection  

cannot  be  overstated.  The  Bateman  Gradient  framework  has  been  particularly  powerful  

because  it  tethers  empirical  research  to  a  theoretical  foundation,  formalizing  a  definition  

of  sexual  selection  that  can  be  applied  in  empirical  studies.  Furthermore,  this  framework  

generates  predictions  about  the  associations  between  sexual  selection  gradients  and  

mating  system  evolution,  as  well  as  predictions  about  variation  in  the  strength  of  sexual  

selection.  It  provides  a  method  for  quantifying  sexual  selection  in  the  lab  and  the  field  

and,  indeed,  Bateman  Gradients  have  been  used  to  estimate  the  intensity  of  sexual  

selection  between  sexes  across  multiple  taxa  (e.g.  newts,  Jones  et  al.  2002;  brood  parasitic  

birds,  Woolfenden  et  al.  2002;  socially  monogamous  birds,  Webster  et  al.  2007;  

hermaphroditic  plants  and  animals,  Anthes  et  al.  2010;  humans,  Jokela  et  al.  2010)  Thus,  

this  framework  has  proved  a  useful  tool,  and  has  fueled  decades  of  both  theoretical  and  

empirical  studies  of  sexual  selection.    
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2.2.3 The Bateman Gradient and Bateman’s Principle are not 
equivalents 

What  has  become  known  as  the  Bateman  Gradient  was  originally  termed  a  

“sexual  selection  gradient”  by  Arnold  and  Duvall  (1994).  A  subsequent  review  of  the  

work  proposed  to  call  this  gradient  the  “Bateman  Gradient”  and  the  name  has  since  

become  entrenched  (see  Andersson  and  Iwasa  1996  for  proposed  name).  In  many  ways,  

this  makes  good  sense  because  the  framework  builds  directly  upon  the  currency  of  

fitness  that  Bateman  (1948)  identified,  VMS.  However,  although  Bateman  Gradients  are  

sexual  selection  gradients,  they  are  of  a  specific  type.  Namely,  they  are  sexual  selection  

gradients  with  one  a  priori  trait  of  interest,  which  is  mating  success.  In  other  words,  this  

labeling  convention  is  both  intuitive  and  appropriate.    

  

The  problem  with  this  convention,  however,  is  that  it  presents  an  invitation  to  

conflate  the  Bateman  Gradient  with  Bateman’s  Principle.  In  fact  the  two  are  not  

equivalent.  Bateman’s  Principle  is  the  expectation  that  the  male  sex  will  experience  

sexual  selection  more  often  and  of  greater  intensity  than  the  female  sex.  It  is  an  

expectation  born  out  of  the  pattern  observed  by  Bateman  (1948),  a  pattern  thought  by  

some  to  be  so  widespread  as  to  be  considered  a  general  principle.  However,  at  its  core,  

Bateman’s  Principle  is  an  empirical  claim  that  is  and  should  be  subject  to  ongoing  scrutiny,  

like  all  empirical  claims.  Males  of  sexually  reproducing  species  either  do  or  do  not  

exhibit  greater  VMS  than  females,  and  males  with  greater  mating  success  either  do  or  do  
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not  receive  fitness  advantages  relative  to  other  males.  Research  on  the  extent  to  which  

natural  populations  deviate  from  or  conform  to  that  general  pattern  is  ongoing  and  

provides  an  important  description  of  diversity  in  the  natural  world.  

  

The  Bateman  Gradient,  on  the  other  hand,  is  both  a  metric  and  a  conceptual  

framework.  Although  it  can  be  employed  for  empirical  purposes,  it  does  not  make  a  priori  

empirical  claims.  Even  if  Bateman’s  original  work  were  conclusively  found  to  have  

inherent  and  fatal  flaws,  or  if  deviations  from  Bateman’s  Principle  are  so  common  as  to  

render  it  useless  as  an  organizing  principle,  the  Bateman  Gradient  remains  unaffected  as  

a  tool  of  investigation  because  it  is  simply  a  measurable  statistical  relationship.  The  

observation  of  increased  fitness  (more  offspring)  as  a  function  of  increased  mating  

success  for  a  given  sex  in  a  given  population  (β  >  0)  justifies  an  inference  of  sexual  

selection  and  provides  a  useful  metric  for  comparisons  within  populations  (between  

sexes)  and  across  populations  or  taxa.  Of  course,  the  Bateman  Gradient  does  not  yield  

the  full  and  complete  picture  of  sexual  selection  in  a  population—no  one  metric  can  and  

biological  realities  are  always  more  complex  than  that  which  can  be  captured  by  the  

statistical  distillations  and  theoretical  abstractions  of  science.  Nonetheless,  I  employ  the  

Bateman  Gradient  as  a  starting  point  from  which  to  expand  the  conceptual  framework  

of  sexual  selection.      
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2.2.4 The “Expanded” Bateman Gradient 

I  propose  to  expand  the  classical  Bateman  Gradient  to  the  Expanded  Bateman  

Gradient  framework.  Just  as  the  fundamental  Bateman  relationship  describes  the  

number  of  offspring  as  a  function  of  the  number  of  mates,  imagine  three  additional  

fundamental  relationships  that  might  ultimately  be  sources  of  variance  in  fitness  and,  

therefore,  might  generate  competition  for  mates.  The  result  is  a  total  of  four  

relationships.  They  are  1)  offspring  number  as  a  function  of  mate  number  (i.e.  the  

classical  Bateman  relationship)  2)  offspring  number  as  a  function  of  mate  quality,  3)  

offspring  quality  as  a  function  of  number  of  mates,  and  4)  offspring  quality  as  a  function  

of  mate  quality.  Similarly,  as  the  Bateman  Gradient  generalizes  a  statistical  relationship  

at  the  population  level  between  mating  success  and  number  of  offspring,  three  

additional  selection  gradients  may  result  in  sexual  selection  pressure  (Fig  1).    
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Figure  1:  Hypothetical  selection  gradients  generalized  for  heuristic  value  from  
A)  the  classical  "ʺBateman  Gradient"ʺ,  where  the  first  derivative  of  the  function  at  the  
population  mean  mating  success  (represented  by  black  dot  on  x  axis)  predicts  the  
relative  intensity  of  sexual  selection.  The  three  additional  gradients  describe  B)  
number  of  offspring  as  a  function  of  mate  quality  C)  offspring  quality  as  a  function  of  
mate  quality  and  D)  offspring  quality  as  a  function  of  the  number  of  mates.    

  

  

These  additional  selection  gradients  represent  the  heart  of  the  Expanded  

Bateman  Gradient  framework  that  I  propose,  allowing  formal  incorporation  of  mate  and  

offspring  quality  into  a  unified  description  of  sexual  selection.  As  in  the  case  of  the  

classical  Bateman  Gradient,  predicting  the  intensity  and  direction  of  sexual  selection  in  
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the  Expanded  Bateman  Gradient  framework  requires  knowledge  of  the  relationship  

underlying  the  gradient  and  the  population  mean  relative  to  that  relationship.  For  

example,  imagine  a  species  that  exhibits  a  positive  relationship  between  mate  quality  

and  offspring  quality  up  to  a  point  of  diminishing  returns  (as  might  be  the  case  for  a  

live-­‐‑bearing  mammal)  (Fig.  2a).  This  relationship  has  the  potential  to  reveal  information  

about  whether  the  action  of  sexual  selection  is  expected,  in  what  direction,  and  how  

intense.  However,  this  is  true  only  if  we  also  identify  the  population  mean  mate  quality.  

We  can  imagine  different  outcomes  for  three  different  populations  (Fig  2b-­‐‑d),  even  if  the  

underlying  relationship  between  mate  quality  and  offspring  quality  is  identical.  In  this  

example,  if  the  mean  mate  quality  of  the  population  is  high,  the  gradient  will  be  zero  

while,  in  contrast,  a  low  population  mean  for  mate  quality  will  generate  a  selection  

gradient,  resulting  in  sexual  selection  on  traits  associated  with  the  acquisition  of  higher  

quality  mates.  By  envisioning,  instead,  these  three  different  populations  as  the  same  

population  under  different  ecological  or  demographic  conditions  (which  might  change  

over  time),  we  are  reminded  that  the  expected  outcomes  will  not  necessarily  be  identical  

across  time  in  the  same  population.  Again,  this  interpretation  extrapolates  directly  from  

the  classical  Bateman  Gradient  and  selection  gradients  more  generally,  but  it  allows  for  

considerations  of  how  quality,  rather  than  just  quantity,  might  generate  sexual  selection  

pressure.    
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Figure  2:  Heuristic  illustration  of  different  selection  gradients  that  may  result  
from  and  identical  underlying  relationship  (in  this  case,  the  offspring  quality  as  a  
function  of  mate  quality).    

  

Equally  as  important,  it  reveals  four  relationships,  rather  than  just  one,  that  may  

result  in  sexual  selection  pressure.  These  four  relationships  can  be  demonstrated  using  

examples  from  the  natural  world.  To  be  clear,  I  present  these  as  biologically  plausible  

examples  for  illustrative  purposes,  rather  than  strong  empirical  claims  about  any  

particular  system.  I  purposely  employ  examples  for  both  males  (gradients  1  and  2)  and  

females  (gradients  3  and  4)  to  illustrate  the  four  gradients,  in  order  to  emphasize  the  

broad  applicability  of  this  framework.      
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2.2.5 Gradient 1: Offspring number as a function of mate number 
(Classical Bateman Gradient). 

This  gradient  emerges  from  the  relationship  that  has  been  demonstrated  in  males  

in  a  diversity  of  taxa  (see  Classical  Bateman  Gradient  section  above).  That  is,  when  

males  acquire  more  mates  than  the  population  mean,  they  produce  more  offspring  (Fig  

1a).  Because  this  gradient  has  received  substantial  attention  here  already,  I  refrain  from  

additional  explication.    

2.2.6 Gradient 2: Offspring number as a function of mate quality 
(Example: mate choice by male two-spotted gobies) 

This  gradient  emerges  from  the  relationship  between  variance  in  mate  quality  

and  number  of  offspring.  This  gradient  is  likely  relevant  to  males  in  many  species  of  fish  

(Fig  1b).  For  example,  it  is  known  that  female  two-­‐‑spotted  gobies  (Gobiusculus  flavescens)  

vary  in  body  size  and  that  because  larger  females  contain  more  eggs,  they  produce  more  

offspring.  Under  the  assumption  that  males  incur  opportunity  and  energetic  costs  by  

mating,  they  should  experience  selection  to  discriminate  and  to  evolve  mate  choice.  

Indeed,  male  two-­‐‑spotted  gobies  prefer  larger  females,  a  pattern  that  is  observed  in  

many  other  fish  species  as  well.  From  this  view,  VMQ  is  the  fitness  currency  that  exerts  

sexual  selection  pressure  on  male  behavior  (mate  choice).  

2.2.7 Gradient 3: Offspring quality as a function of mate number 
(Example: polyandrous female mice) 

Multiple  mating  by  females  has  been  observed  for  decades,  but  only  recently  

have  studies  identified  specific  fitness  benefits  from  it,  often  in  the  form  of  offspring  
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quality  (Fig  1c).  This  potential  gradient  (offspring  quality  as  a  function  of  mate  number)  

is  demonstrated  experimentally  in  female  house  mice  (Firman  2011).  This  study  

demonstrates  that  females  receive  fitness  benefits  from  being  polyandrous  because  

polyandrous  females  produce  sons  who  have  higher  reproductive  success  than  females  

who  are  mated  the  same  number  of  times,  but  to  the  same  male.  In  other  words,  VMS  can  

be  a  fitness  currency  that  exerts  sexual  selection  pressure  on  polyandry  in  females,  even  

if  polyandrous  females  do  not  themselves  exhibit  higher  reproductive  success  (number  

of  offspring).      

2.2.8 Gradient 4: Offspring quality as a function of mate quality 
(Example: exaggerated estrous swellings in female baboons) 

Finally,  a  relationship  between  mate  quality  and  offspring  quality  might  also  

generate  a  selection  gradient  (Fig  1d).  One  trait  in  females  that  many  have  claimed  has  

been  shaped  by  sexual  selection  is  the  exaggerated  estrous  swelling  in  female  baboons  

(and  several  other  Old  World  Monkey  species).  Although  the  specific  mechanism  of  

selection  has  never  been  elucidated,  variance  in  swelling  size  might  be  shaped  in  part  by  

the  variance  in  the  quality  of  the  females’  mates.  In  this  scenario,  females  use  larger  

swellings  to  compete  for  the  highest  quality  mate.  Male  quality  in  this  case  might  

involve  direct  effects  (paternal  care)  or  indirect  effects  (“good  genes”).  If  females  with  

larger  swellings  can  get  mates  of  higher  quality  and  if  higher  mate  quality  results  in  

higher  quality  offspring  (perhaps  higher  survivorship  in  the  case  of  paternal  care  or  

more  successful  mating  phenotypes  in  the  case  of  “good  genes”),  then  VMQ  is  the  fitness  
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currency  that  exerts  sexual  selection  pressure  on  exaggerated  swellings  in  female  

baboons.      

    

Any  one  of  these  four  relationships,  or  a  combination,  may  exert  sexual  selection  

pressure.  Although  conceptually  straightforward,  the  relationships  between  these  four  

gradients  in  any  one  population  will  quickly  become  complex,  as  they  are  unlikely  to  be  

completely  independent  of  each  other.  Indeed,  the  potential  interactions  between  

gradients  has  been  shown  in  at  least  one  study  that  finds  a  trade-­‐‑off  between  mate  

quality  and  mate  number  within  one  population  (Jones  et  al.  2000b).  Thus,  a  formal  

mathematical  treatment  is  needed.  To  gesture  toward  their  connectedness  while  

emphasizing  conceptual  simplicity,  I  collapse  these  four  gradient  and  conceive  of  them  

simply  as  fitness  regressed  on  the  product  of  mating  success  and  mate  quality  (Fig.  3).  

This  graphical  statement  can  be  restated  verbally:  sexual  selection  results  from  not  only  

from  fitness  advantages  due  to  variance  in  mate  number,  but  from  fitness  advantages  

due  to  variance  in  the  quality  of  each  of  those  mates.  
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Figure  3:  Expanded  Bateman  Gradient  represented  heuristically  as  one  
gradient  emerging  from  fitness  as  a  function  of  the  number  of  mates  multiplied  by  
the  quality  of  each  of  those  mates.    

  

2.2.9 A note on polyandry 

Here  I  revisit  the  use  of  polyandry  as  an  example  of  gradient  3  to  highlight  the  

potential  challenges  of  differentiating  between  any  two  gradients  empirically.  For  

example,  in  the  case  of  the  polyandrous  house  mice,  the  variance  in  offspring  quality  

that  appears  to  be  a  function  of  VMS  (polyandrous  females  bear  sons  that  are  more  

successful)  might  actually  be  a  function  of  VMQ  (by  mating  multiply,  females  are  more  

likely  to  be  fertilized  by  a  higher  quality  male).  Indeed,  evidence  for  the  evolution  of  
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polyandry  as  a  consequence  of  VMQ  has  been  shown  in  a  semelparous  marsupial,  where  

females  with  multiple  mates  produce  offspring  that  have  higher  survival  (Fisher  et  al.  

2006).  In  this  case,  what  looks  to  be  an  effect  of  multiple  mating  is  actually  an  effect  of  

mate  quality.    

2.3 Putting the Expanded Bateman Gradient to work 

This  conceptual  framework  generates  hypotheses  and  predictions  that  have  

previously  been  obscured.  I  now  turn  to  three  biological  examples  that  will  immediately  

benefit  from  examination  within  this  expanded  framework  and  close  this  section  by  

showing  how  it  incorporates  additional,  already  existing  sexual  selection  scenarios  

under  one  umbrella  framework.  

2.3.1 Sexual selection on females under strict polygyny 

One  of  the  most  immediate  and  clear  applications  of  the  Expanded  Bateman  

Gradient  involves  its  prediction  that  sexual  selection  might  shape  female  traits,  even  in  

the  absence  of  variation  in  mating  success.  For  instance,  under  strict  polygyny,  females  have  

only  one  mate,  resulting  in  a  complete  lack  of  VMS  in  females.  While  this  situation  is  

probably  rare  in  nature,  it  remains  one  of  the  most  common  mating  systems  in  which  to  

explore  sexual  selection  theoretically  (Servedio  2007,  2011).  Because  VMS  will  not  be  a  

source  of  variance  in  fitness  under  strict  polygyny,  current  models  of  sexual  selection  

(based  entirely  on  VMS)  predict  an  absence  of  sexual  selection  on  females  under  

polygyny.  Incorporating  VMQ  into  the  framework  suggests  that  if  some  aspect  of  mate  
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quality  within  the  population  is  variable  and  confers  fitness  advantages  upon  females,  

then  the  quality  of  that  one  mate  for  each  female  can  act  as  sexual  selection  pressure.  

This  alternative  hypothesis  invites  straightforward  empirical  investigation  in  both  

laboratory  and  field  environments.    

2.3.2 Sexual selection on females under polygynandry 

The  Expanded  Bateman  Gradient  framework  also  points  to  the  potential  for  

sexual  selection  on  female  traits  in  polygynandrous  species,  even  in  the  absence  of  a  

positive  relationship  between  female  mating  success  and  female  reproductive  success.  For  

example,  studies  of  a  natural  population  of  Soay  sheep  have  found  that  although  there  is  

significant  variation  in  female  mating  success,  that  variance  does  not  predict  

reproductive  success.  That  is,  females  birth  the  same  number  of  lambs  regardless  of  how  

many  mates  they  have  (Preston  et  al.  2005).  Previously,  the  absence  of  a  relationship  

between  reproductive  success  and  mating  success  in  females  would  lead  to  the  

conclusion  that  the  potential  for  sexual  selection  in  females  was  also  absent.  However,  

the  Expanded  Bateman  Gradient  suggests  that  the  quality  of  those  mates  may  be  an  

additional  source  of  variance  in  fitness.  In  that  case,  female  Soay  sheep  may  still  be  

subject  to  sexual  selection  if  they  can  produce  higher  quality  offspring  by  obtaining  

higher  quality  mates.      
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2.3.3 Male mate choice does not imply sexual selection on females 

Finally,  just  as  important  as  the  alternative  hypotheses  that  this  framework  

presents  is  what  it  can  prevent  us  from  doing.  Namely,  it  shines  a  light  on  the  errors  in  

inference  that  often  result  from  hidden  assumptions.  As  noted  earlier,  the  inference  of  

sexual  selection  on  females  from  the  presence  of  male  mate  choice  is  a  prime  example  of  

such  an  error.  It  is  easy  to  overlook  the  fact  that  being  preferred  does  not  necessarily  

confer  a  fitness  advantage  upon  the  chosen.  Sometimes  it  only  benefits  the  chooser.  We  

return  to  the  example  of  the  two-­‐‑spotted  goby  to  clarify  this  point.  Males  have  evolved  

preferences  for  females  with  larger  orange  spots,  because  those  females  are  more  fecund.  

This  is  a  clear  fitness  benefit  for  the  discriminating  (“choosy”)  males.  Whether  there  are  

fitness  benefits  for  females  in  that  example  remains  an  open  question.  Are  females  

getting  anything  by  being  chosen?  Do  they  get  more  mates?  Do  they  get  higher  quality  

mates?  And,  if  so,  does  that  actually  translate  to  fitness  benefits?  The  observation  of  

male  mate  choice  alone  does  not  reveal  this  information  a  priori.    

     

To  illustrate  this  point  still  further,  consider  again  the  exaggerated  sexual  

swellings  of  many  cercopithecine  primate  females.  Some  researchers  have  reported  that  

males  prefer  females  with  larger  sexual  swellings  (Pagel  1994;  Domb  and  Pagel  2001;  but  

see  Zinner  et  al.  2002).  Although  these  findings  have  been  critiqued  and  the  conclusions  

remain  undetermined,  let  us  consider  this  for  now  as  an  example  of  male  mate  choice.  
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Because  exaggerated  swellings  signal,  at  the  very  least,  information  about  receptivity,  

selection  is  expected  to  favor  males  that  discriminate  among  swellings  of  different  size.  

This  expectation  is  strengthened  because  mating  involves  both  opportunity  costs  and  

energetic  costs  for  males  (Alberts  et  al.  1996).  Indeed,  this  prediction  is  supported  by  

reported  observations  that  males  attend  to  these  signals  intensively  (Hausfater  1975;  

Packer  1979).  Using  the  Expanded  Bateman  Gradient  framework,  this  male  choosiness  

may  be  a  consequence  of  fitness  benefits  experienced  by  males  with  high  mating  success  

(if  by  attending  to  these  signals  males  can  maximize  efficiency  and  fertilize  more  

females)  or  fitness  benefits  experienced  by  males  that  obtain  high  quality  mates  (if  by  

attending  to  these  signals  males  increase  the  chances  of  monopolizing  females  of  higher  

quality),  or  some  combination  of  these  two  scenarios.  However,  this  evidence  of  male  

mate  choice  and  the  potential  evolutionary  explanation  it  reveals  nothing  about  the  

sexual  selection  pressure  on  the  female  trait  itself,  exaggerated  estrous  swellings  in  this  

case.  Again,  in  order  for  this  male  mate  choice  to  exert  selection  pressure  on  the  female  

trait,  females  must  receive  a  fitness  benefit  as  a  consequence  of  having  been  chosen.  Do  

these  female  primates  receive  higher  quality  mates  as  a  result  of  being  chosen?  Do  they  

receive  more  mates  as  result  of  being  chosen?  If  so,  does  this  translate  into  a  fitness  

benefit?  Without  answers  to  these  questions,  no  conclusions  about  the  action  of  sexual  

selection  can  be  drawn.  
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The  Expanded  Bateman  Gradient  exposes  the  hidden  assumption  that  leads  to  

this  error  in  inference.  Assuming  that  male  mate  choice  will  select  on  female  traits  

assumes  that  at  least  one  of  the  four  possible  gradients  is  generating  selection.  While  the  

action  of  one  or  multiple  gradients  is  a  clear  possibility,  that  action  cannot  safely  be  

assumed,  because  each  of  those  four  underlying  relationships  remains  largely  

undescribed  in  females.    

2.3.4 The sexy son and the handicap principle 

An  additional  strength  of  this  framework  is  that  it  can  gather  multiple  aspects  of  

sexual  selection  theory  under  one  organizing  umbrella.  This  is  particularly  useful  as  the  

discipline  becomes  topically  more  diverse  (i.e.  pre  and  post-­‐‑copulatory  sexual  selection,  

mate  choice  in  both  sexes,  formal  modeling,  empirical  research).  In  other  words,  the  

Expanded  Bateman  Gradient  provides  both  a  conceptual  and  organizational  framework.  

    

As  an  example,  consider  again  the  sexy-­‐‑son  hypothesis,  which  has  been  under  

study  since  Fisher  proposed  it.  This  hypothesis  tries  to  explain  the  evolution  of  female  

choice  as  a  function  of  variation  in  the  reproductive  success  of  her  sons.  Simply  put,  

females  who  prefer  “sexy”  males,  and  therefore  mate  with  them,  will  bear  sons  that  are  

also  sexy  and  have  higher  reproductive  success.  In  other  words,  this  hypothesis  invokes  

an  underlying  positive  relationship  between  mate  quality  (sexy  mates)  and  offspring  

quality  (sexy  sons  with  high  reproductive  success)  for  females  of  some  species,  and  
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proposes  that  a  gradient  has  selected  for  choosiness  in  the  females  of  that  species.  From  

this  perspective,  the  sexy  son  explanation  for  female  choice  can  be  represented  by  the  

fourth  gradient  in  the  Expanded  Bateman  Gradient  (Fig  1d).  On  the  other  hand,  the  sexy  

son  explanation  for  the  extreme  trait  in  males  is  represented  by  the  first  gradient  (Fig  1a)  

—the  Classical  Bateman  Gradient—because  these  males  accumulate  mates  on  account  of  

their  showy  traits  and  that  increased  mating  success  yields  more  offspring.  By  

positioning  mate  choice—whether  in  males  or  females—as  a  potential  outcome  of  these  

selection  gradients,  the  Expanded  Bateman  Gradient  views  mate  choice  not  only  as  a  

mechanism  of  selection,  as  it  has  commonly  been  viewed,  but  also  as  a  response  to  sexual  

selection  (Fig  4).    

  

Similarly,  the  handicap  principle  can  be  situated  within  the  Expanded  Bateman  

Framework.  Simply  stated,  the  handicap  principle  posits  that  female  choice  will  evolve  

to  track,  and  therefore  shape,  male  traits  that  are  condition-­‐‑dependent.  That  is,  females  

will  benefit  by  choosing  mates  on  the  basis  of  traits  that  impose  a  cost  on  those  males  

that  display  them  because  only  high  quality  males  will  have  the  physiological  resources  

to  bear  the  cost  of  producing  them.  An  assumption  of  the  handicap  principle  is  not  just  

that  high  quality  males  have  more  resources  with  which  to  signal,  but  that  the  cost  to  

benefit  ratio  for  high  and  low  quality  males  is  not  equivalent;  it  costs  more  for  low-­‐‑

quality  males  to  produce  the  trait  than  it  costs  high  quality  males.  By  positing  that  
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females  benefit  from  this  choice,  the  handicap  principle—like  the  sexy  son—also  invokes  

a  selection  gradient  that  emerges  from  the  underlying  relationship  of  fitness  as  a  

function  of  mate  quality.  Thus,  the  handicap  principle  as  an  explanation  for  female  

choice  can  be  represented  by  either  the  third  or  fourth  gradients  in  the  Expanded  

Bateman  Gradient  framework  (Fig  1c-­‐‑d),  depending  on  whether  the  fitness  benefits  

conferred  upon  females  are  in  the  form  of  offspring  number  or  offspring  quality,  either  

of  which  is  plausible.  In  contrast,  the  evolution  of  these  disproportionately  costly  (and  

therefore  reliable)  signals  in  males  (e.g.  black  manes  of  lions;  West  and  Packer  2002)  

invokes  the  first  gradient,  the  Classical  Bateman  Gradient,  because  those  males  who  

signal  fully  have  higher  mating  success,  yielding  higher  reproductive  success.    
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Figure  4:  Mate  choice  (both  male  and  female)  can  both  evolve  as  a  consequence  
of  sexual  selection  and  function  as  a  mechanism  of  sexual  selection.  

  

2.4 Future directions 

To  be  clear,  what  I  present  here  is  a  synthesis  and  an  overarching  conceptual  

model.  Therefore,  this  initial  framework  calls  both  for  more  formal  theoretical  work  and  

more  empirical  research  specifically  focused  on  the  topics  presented  here.  Formal  

theoretical  treatments  should  elucidate  the  potential  for,  and  constraints  upon,  sexual  

selection  driven  by  variation  in  mate  quality  rather  than,  or  in  addition  to,  mating  

success.  A  key  component  of  this  model  will  be  both  critical  to  its  utility  and  challenging  
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to  address:  the  potentially  complex  interaction  between  mating  success  and  mate  

quality.  The  current  shortage  of  field  and  lab  studies  that  examine  this  interaction  leaves  

the  theoretician  to  consider  a  multitude  of  hypothetical  interactions.  Indeed,  empirical  

research  of  primarily  two  types  is  needed.  First,  studies  that  describe  selection  as  a  

consequence  of  VMQ  and  examine  the  variation  in  the  strength  of  that  selection  across  

multiple  taxa  are  necessary  to  understand  the  role  this  force  plays  in  evolution.  Second,  

as  has  been  acknowledged,  the  potential  interactions  between  VMQ  and  VMS  are  not  

trivial;  empirical  studies  both  in  the  lab  and  in  the  field  should  characterize  how  that  

interaction  manifests  in  nature.  Because  this  framework  hypothesizes  and  makes  

predictions  for  both  males  and  females,  research  should  target  both  sexes  across  

multiple  taxa.  Finally,  I  urge  even  those  researchers  whose  primary  research  interests  

fall  outside  the  scope  of  sexual  selection  research  to  consider  this  expanded  framework.  

Because  sexual  selection  is  a  major  player  in  the  grand  narrative  of  evolution,  a  lucid  

understanding  of  its  potential  strength  as  well  as  its  limitations  as  an  agent  of  

evolutionary  change  is  required.  The  aim  of  this  graphical  model  is  to  recognize  and  

contribute  to  that  ongoing  project.  
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3. Sources of variance in a fertility signal 

3.1 Introduction 

Signals  of  fertility  are  common  among  females  across  taxa,  from  insects  (Liebig  et  

al.  2000;  Endler  et  al.  2004)  to  fish  (Rowland  et  al.  1991;  Massironi  et  al.  2005;  Benson  

2007)  to  reptiles  (Baird  2004;  Weiss  2006)  to  mammals  (Brauch  et  al.  2007;  Charlton  et  al.  

2010).  These  signals  are  generally  understood  to  have  evolved  because  they  increase  the  

probability  of  fertilization  (i.e.  reduce  wasted  reproductive  opportunities.)  Recently,  

evolutionary  biologists  have  demonstrated  a  growing  interest  in  the  potential  for  these  

signals  to  both  influence  male  mate  choice  decisions  and  to  evolve  under  sexual  

selection.  

  

Compared  to  the  study  of  secondary  sexual  characteristics  through  sexual  

selection  on  males  (Darwin  1871;  Fisher  1935a;  Bateman  1948;  Jones  and  Ratterman  

2009),  research  on  sexual  selection  in  females  is  quite  recent  (Clutton-­‐‑Brock  2007,  2009).  

In  many  cases,  female  traits  that  are  proposed  to  be  under  sexual  selection  are  

considered  signals  of  female  fertility  (Amundsen  and  Forsgren  2001;  Huchard  et  al.  

2009).        

  

Concurrent  with  the  increased  research  on  sexual  selection  on  females,  

researchers  are  turning  their  attention  to  the  evolution  male  mate  choice.  That  is,  
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although  the  evolution  of  female  mate  choice  has  been  under  study  for  nearly  a  century  

(Fisher  1915,  1935b;  Jones  and  Ratterman  2009),  biologists  have  recently  begun  to  

acknowledge  the  broad  prevalence  of  male  mate  choice,  both  with  empirical  and  

theoretical  support  (Servedio  2007;  Plath  et  al.  2010;  Edward  and  Chapman  2011).  Male  

mate  choice  is  expected  to  evolve  if  females  vary  in  quality  and  if  males  incur  mating  

costs.  In  other  words,  it  can  be  considered  a  consequence  of  sexual  selection.  Once  it  has  

evolved  in  a  population,  male  mate  choice  might  go  on  to  exert  sexual  selection  pressure  

on  female  traits  if  females  receive  some  fitness  advantage  as  a  result  of  being  chosen  

(much  like  female  choice  is  known  to  shape  male  traits).  That  is,  it  can  also  be  considered  

a  mechanism  of  sexual  selection  (see  Chapter  1  for  a  thorough  discussion  of  this  point).  

In  both  cases,  an  understanding  of  the  variation  in  the  female  trait  is  required  in  order  to  

understand  the  extent  to  which  male  mate  choice  is  tracking  a  fertility  signal  (male  mate  

choice  as  a  result  of  sexual  selection  on  males),  shaping  a  trait  (male  mate  choice  as  a  

mechanism  of  sexual  selection  on  females),  or  both.  However,  despite  this  growing  

interest  both  in  sexual  selection  on  females  and  choosiness  in  males,  there  has  been  

relatively  little  research  on  the  variation  in  female  fertility  signals.    

    

3.1.1 Exaggerated swellings in primates 

One  of  the  most  conspicuous  signals  of  female  reproductive  status  in  

vertebrates—indeed,  one  that  many  suggest  is  sexually  selected—is  the  exaggerated  
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estrous  swelling  of  many  female  cercopithecine  primates.  These  swellings  of  the  

anogenital  region  appear  during  the  follicular  phase  of  the  sexual  cycle,  are  thought  to  

have  evolved  multiple  times  in  the  primate  lineage,  and  are  most  commonly  associated  

with  multi-­‐‑male  multi-­‐‑female  social  systems  (Dixson  1983;  Nunn  1999).  The  period  of  

maximal  swelling  generally  correlates  with  ovulation,  but  the  strength  of  this  correlation  

varies  across  species.  In  some  species,  the  period  of  maximal  swelling  predicts  ovulation  

(Wildt  et  al.  1977;  Emery  and  Whitten  2003),  while  the  concordance  is  much  lower  in  

other  species  (Reichert  et  al.  2002;  Engelhardt  et  al.  2005).One  key  consequence  of  

exaggerated  swellings  is  that  they  extend  the  period  of  female  sexual  receptivity  beyond  

that  which  is  required  only  for  fertilization.  In  other  words,  exaggerated  swellings  signal  

the  possibility  of  conception  beyond  that  period  of  time  when  it  may  be  most  probable,  

even  for  those  species  in  which  ovulation  and  maximal  swelling  are  tightly  correlated  

(see  Alberts  and  Fitzpatrick  2012  for  thorough  review).  

    

This  charismatic  trait  has  captured  the  interest  of  evolutionary  biologists  for  

decades  and  a  number  of  hypotheses  posit  ultimate  explanations  for  its  existence.  Some  

researchers  have  proposed  that  it  simply  be  considered  a  classical  sexually-­‐‑selected  trait  

(much  like  the  iconic  tail  of  the  peacock)  but  in  females  rather  than  males  (Pagel  1994;  

Domb  and  Pagel  2001;  Clutton-­‐‑Brock  2007).  Others  hypothesize  that,  by  extending  the  

period  of  receptivity  and  thus  the  probability  of  multiple  mating,  swellings  function  to  
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confuse  paternity  and  reduce  infanticide  risk  (Hrdy  1981;  Hrdy  and  Whitten  1987).  

Nunn  (1999)  proposed  the  “graded-­‐‑signal  hypothesis”,  which  posits  that  these  swellings  

allow  females  to  reconcile  the  “female  dilemma”  (van  Schaik  et  al.  1999)  by  allowing  

females  to  both  confuse  paternity  (by  facilitating  multiple  mating  by  females,  thereby  

increasing  the  number  of  males  that  are  potential  fathers  and  thus  protectors  of  the  

infant)  and  bias  paternity  towards  high  quality  males  (by  inciting  the  heaviest  

competition  when  conception  is  most  probable.)  We  recently  built  upon  Nunn  (1999)  by  

hypothesizing  that,  in  fact,  this  trait  allows  females  to  obtain  the  right  amount  of  

paternal  care,  an  optimum  that  will  vary  depending  on  ecological,  demographic,  and  

phylogenetic  constraints  (Alberts  and  Fitzpatrick  2012).      

  

Observational  and  experimental  research  show  that  this  signal  functions  

primarily  as  a  visual  cue  to  males  on  a  proximate  level,  and  that  swelling  size  is  likely  to  

be  its  most  salient  feature.  Decades  of  studies  in  natural  primate  populations  

demonstrate  that  males  respond  to  these  swellings  as  cues  to  initiate  mating  and  mate-­‐‑

guarding  behaviors  (Hausfater  1975;  Tutin  1979;  Packer  1979;  van  Noordwijk  1985).  

Further,  experimental  studies  confirm  that  swellings  are  a  primarily  visual  stimulus  

(Bielert  and  Girolami  1986;  Girolami  and  Bielert  1987).  Although  some  studies  suggest  

that  shape  (Huchard  et  al.  2009),  color  (Higham  et  al.  2010),  and  odor  (Clarke  et  al.  2009)  

may  sometimes  provide  information  to  males,  the  importance  of  swelling  size  has  been  
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repeatedly  and  consistently  upheld  (Bielert  and  Anderson  1985;  Emery  and  Whitten  

2003;  Deschner  et  al.  2004;  Gesquiere  et  al.  2007;  Brauch  et  al.  2007;  Higham,  MacLarnon,  

et  al.  2008;  Huchard  et  al.  2009;  Nitsch  et  al.  2011;  Breaux  et  al.  2012)  

  

Despite  the  fact  that  every  hypothesis  that  attempts  to  explain  the  evolution  and  

function  of  the  exaggerated  swelling  invokes  size  variation  as  its  most  important  feature,  

the  sources  of  that  variance  remain  largely  unexplored.  This  may  be,  in  part,  because  

swellings  vary  in  three  different  ways,  presenting  both  conceptual  and  logistical  

complications,  as  laid  out  by  Zinner  et  al.  (2002).  1)  Swelling  size  first  can  vary  within  a  

cycle,  usually  getting  bigger  until  around  the  time  of  ovulation  and  then  decreasing  in  

size.  Thus,  a  female’s  reproductive  cycle  is  tracked  by  a  cyclical  increase  and  decrease  in  

size.  2)  Swelling  size  can  also  vary  between  cycles  within  an  individual;  females  in  the  

majority  of  primate  species  cycle  repeatedly  before  conception  actually  occurs,  and  in  

several  species  maximum  swelling  size  has  been  shown  to  increase  from  one  cycle  to  the  

next.  3)  Swelling  size  can  vary  between  individuals.  That  is,  differences  in  maximal  

swelling  size  may  be  an  intrinsic  characteristic  of  an  individual  such  that  some  

individuals  always  have  large  swellings  while  others  always  have  relatively  small  

swellings.  Thus,  the  multi-­‐‑dimensional  variation  inherent  to  this  trait  makes  it  difficult  

to  characterize  and  study.  
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Within  cycle  variation  has  been  characterized  quite  thoroughly.  The  appearance  

of  a  swelling  and  its  subsequent  size  increase  is  generally  associated  with  the  follicular  

phase  of  the  estrous  cycle,  although  the  precise  concordance  of  ovulation  and  maximal  

swelling  differs  between  species  (Wildt  et  al.  1977;  Reichert  et  al.  2002;  Emery  and  

Whitten  2003;  Deschner  et  al.  2004;  Engelhardt  et  al.  2005;  Gesquiere  et  al.  2007)  

Furthermore,  the  proximate  driver  behind  this  within-­‐‑cycle  variation  is  well  

understood.  Increased  levels  of  circulating  estrogen  during  the  follicular  phase  activate  

receptors,  highly  expressed  in  the  anogenital  tissue  (Onouchi  and  Kato  1983)  and  

regulate  a  suite  of  downstream  targets.  This  activation  increases  water  retention  (Bentley  

et  al.  1986)  and  produces  an  edema.  Similarly,  increases  in  progesterone  levels  activate  

progesterone  receptors,  also  highly  expressed  in  the  ano-­‐‑genital  tissue  (Kato  et  al.  1980),  

which  subsequently  suppress  the  estrogen  receptors  (West  et  al.  1990),  leading  to  a  rapid  

decline  in  swelling  size.  In  broad  terms  then,  the  within-­‐‑cycle  increase  and  decrease  in  

swelling  size  is  tied  to  the  variation  in  circulating  hormones.  

  

In  contrast,  the  second  and  third  types  of  variation  (within  individual  and  between  

individual)  remain  much  less  well  characterized.  Only  a  few  studies  have  examined  

variation  in  swelling  size  between  cycles,  within  an  individual.  Although  the  taxonomic  

scope  of  these  studies  has  been  narrow,  the  results  so  far  suggest  unequivocally  that  

swelling  sizes  increase  from  one  cycle  to  the  next  (reviewed  in  Alberts  and  Fitzpatrick  
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2012).  Although  some  studies  have  tried  to  examine  the  variation  between  individuals,  

none  have  been  able  to  control  for  the  potentially  confounding  effect  of  within  

individual  variation.  Furthermore,  the  one  study  that  claimed  to  find  solid  evidence  of  

variation  between  individuals  (Domb  and  Pagel  2001)  was  heavily  critiqued  on  

methodological  grounds  (Zinner  et  al.  2002)  and  is  therefore  not  considered  good  

evidence.    

    

The  relative  dearth  of  studies  on  within  individual  and  between  individual  variation  

may  be  in  part  due  to  the  unique  challenges  inherent  to  collection  of  the  required  data.  

These  challenges  are  two-­‐‑fold.  First,  longitudinal  data  are  required  in  order  to  compare  

maximal  swelling  sizes  of  multiple  cycles  within  individuals.  In  order  to  control  for  

potentially  confounding  factors  that  might  influence  swelling  size  (e.g.  age  and  

dominance  rank),  detailed  long-­‐‑term  knowledge  of  the  study  population  is  required.  

Finally,  because  female  primates  cycle  for  but  a  fraction  of  their  reproductive  years  

(otherwise  pregnant  or  lactating),  only  a  large  overall  study  population  will  yield  a  

sample  subset  of  cycling  females  large  enough  for  meaningful  analysis.  In  other  words,  

this  type  of  research  can  only  be  conducted  in  a  large,  long-­‐‑term  study  population  from  

which  both  demographic  and  reproductive  data  are  collected.  In  wild  primates,  

establishing  and  maintaining  this  kind  of  study  population  is  notoriously  difficult.  
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The  second  of  these  two  main  challenges  is  methodological.  Because  the  

differences  in  maximal  swelling  size  between  cycles  or  between  individuals  may  often  

(though  not  always)  be  quite  small,  the  collection  of  meaningful  morphological  data  

requires  a  method  that  is  sensitive  to  these  very  small  changes.  Specifically,  unless  the  

measurement  error  is  smaller  than  the  size  differences  in  question,  any  relevant  

variation  that  is  fine  scale  will  not  be  captured.  This  challenge  becomes  increasingly  

formidable  as  the  object  of  study  becomes  smaller  and  smaller.  For  example,  capturing  

real  size  differences  among  large  mammals  (e.g.  elephants;  Lee  and  Moss  1995;  Morgan  

and  Lee  2003)  can  tolerate  more  measurement  error  than  detecting  meaningful  size  

differences  between  much  smaller  objects,  such  as  these  estrous  swellings  of  primates.  

Achieving  this  high  level  of  precision  non-­‐‑invasively  in  the  field  is  exceptionally  difficult  

because  small  amounts  of  movement  or  obstruction  of  view  can  interfere  with  the  

measurements  and  unrestrained  animals  in  the  wild  are  rarely  still  and  often  forage  in  

difficult  habitat  (e.g.  forest  canopy  or  tall  grass).    

  

Nonetheless,  studies  have  made  many  attempts  to  overcome  both  of  these  

challenges.  Visual  assessments  of  swelling  size  have  been  conducted  in  ongoing  

longitudinal  research  projects  for  decades  (Reichert  et  al.  2002;  Deschner  et  al.  2003;  

Engelhardt  et  al.  2005),  a  method  that  allowed  at  least  one  group  to  detect  swelling  size  

differences  between  conceptive  and  non-­‐‑conceptive  (Gesquiere  et  al.  2007),  suggesting  
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variation  within  individuals.  In  an  attempt  to  capture  more  fine-­‐‑scale  variation,  

researchers  have  explored  various  digital  technologies.  For  example,  a  number  of  

studies  have  taken  measurements  from  digital  images,  both  stills  and  video  captures  

(still  photographs,  (Setchell  2004;  Huchard  et  al.  2009);  video  captures,  Domb  and  Pagel  

2001;  Deschner  et  al.  2004).  The  researchers  then  either  scaled  this  measurement  to  other  

body  parts  of  known  size  that  were  measured  either  during  capture  (Setchell  2004;  

Huchard  et  al.  2009)  or  by  placing  a  measuring  stick  where  the  subject  had  been  

standing  after  it  moved  out  of  the  camera  frame  (Domb  and  Pagel  2001;  Deschner  et  al.  

2004).  

  

Among  studies  examining  sexual  swelling  size  in  primates,  only  two  to  our  

knowledge  have  reported  the  error  in  their  measurement  (Emery  and  Whitten  2003;  

Huchard  et  al.  2009);  in  both  cases,  measurement  error  was  greater  than  5%.  Further,  no  

studies  have  presented  a  full  analysis  that  evaluates  measurement  error  relative  to  the  

targeted  variation  they  are  attempting  to  measure.  This  absence  of  any  error  analysis  

places  major  limitations  on  potential  interpretations  of  the  data.    

  

Here  we  present  a  field  method  that  is  precise  enough  to  capture  fine  scale  

variation  in  swelling  size  and  use  it  to  describe  between  individual  variation  in  swelling  

size  in  a  natural  population  of  baboons  (Papio  cynocephalus).  We  used  reproductive  data,  
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ecological  data,  and  data  about  individually  varying  characteristics  (e.g.  age,  dominance  

rank)  to  investigate  potentially  key  sources  of  variance  in  the  maximal  swelling  sizes  

achieved  by  females.  Because  the  study  period  spanned  both  a  period  of  nearly  

unprecedented  drought  and  a  period  of  extreme  rainfall,  we  were  presented  with  a  

unique  opportunity  to  examine  ecological  constraints  on  swelling  size.  We  present  our  

findings  here  and  close  with  a  discussion  both  of  the  implications  of  our  findings  for  

understanding  exaggerated  signals  of  fertility  in  females  as  well  as  the  future  potential  

for  this  field  method.    

  

3.2 Methods 

3.2.1 Study population 

We  collected  morphological,  reproductive,  and  ecological  data  from  a  natural  

population  of  savannah  baboons  (Papio  cynocephalus),  which  has  been  under  continuous  

study  by  the  Amboseli  Baboon  Research  Project  for  over  four  decades  (Hausfater  1975;  

Alberts  et  al.  2006;  Gesquiere  et  al.  2007;  Altmann  et  al.  2010).  The  study  population  

comprises  over  300  individuals,  all  of  which  are  habituated  to  human  observers,  

individually  identifiable  by  sight,  and  were  distributed  across  five  different  social  

groups  during  the  period  of  this  study.    
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3.2.2 Swelling size measures 

Swelling  sizes  were  estimated  from  digital  images  of  individual  reproductive  

females,  collected  opportunistically  during  one  field  season  of  12  months  (November  

2008  through  November  2009)  and  a  second  field  season  of  5  months  (February  2010  

through  June  2010).  Because  we  were  especially  interested  in  capturing  the  maximal  

swelling  size  for  each  female,  we  attempted  to  follow  and  collect  size  estimates  from  all  

cycling  females  until  deturgescence  (reduction  of  swelling)  was  observed,  which  was  

identified  by  sight  (Gesquiere  et  al.  2007).    

  

We  first  designated  the  day  of  deturgescence  as  “d-­‐‑day.”  We  then  retrospectively  

assigned  each  preceding  day  relative  to  d-­‐‑day  as  follows:  one  day  prior  to  d-­‐‑day  was  “d-­‐‑

1”,  two  days  prior  to  d-­‐‑day  was  “d-­‐‑2,”  and  so  on.  When  more  females  in  the  population  

were  cycling  than  we  could  follow  simultaneously,  we  prioritized  those  females  that  

were  expected  to  be  closer  to  deturgescence,  estimated  from  onset  of  turgescence.  (We  

assumed  that  females  that  had  been  swollen  longer  were  closer  to  deturgescence.)  This  

resulted  in  having  digital  images  from  multiple  days  for  a  given  female’s  cycle,  but  

rarely  for  multiple  consecutive  days  leading  up  to  d-­‐‑day.      

3.2.2.1  Photoscale-­‐‑2  and  Nikon  D70  

We  used  a  Nikon  D70  digital  camera  body  with  a  300mm  fixed  manual  lens,  

fitted  with  a  Photoscale-­‐‑2  to  generate  images  that  allow  conversion  of  a  direct  



  

   60  

measurement  of  pixels  to  an  estimate  of  size  in  millimeters  (Jacobsen  1991).  The  

Photoscale-­‐‑2  comprises  a  lens  ring,  which  the  observer  attaches  to  the  camera  lens,  and  a  

digital  reader  with  a  sliding  scale  bar,  which  the  observer  attaches  to  the  camera  body  

(Fig.  5).  In  this  way,  the  Photoscale-­‐‑2  exploits  the  “lens  extension”  (LE),  a  mechanical  

contraction  and  extension  that  occurs  as  the  photographer  focuses  on  a  subject.  The  

Photoscale-­‐‑2  then  records  a  digital  measurement  of  the  LE  associated  with  any  possible  

“focus  distance,”  the  distance  from  digital  sensor  plane  to  subject.  The  closer  the  subject  

is  to  the  photographer,  the  further  the  lens  will  extend.  Therefore,  a  relatively  close  

subject  will  produce  a  higher  LE  than  a  subject  that  is  further  away.  For  this  method  to  

be  consistent  and  effective,  it  is  critical  to  consider  the  size  of  the  lens  aperture.  Aperture  

size  (“f-­‐‑stop”)  has  a  marked  influence  on  the  depth  of  field,  which,  in  turn,  affects  the  

ability  of  LE  to  capture  subtle  changes  in  focus  distance.  Therefore,  we  forced  and  

maintained  the  shallowest  depth  of  field  by  fixing  the  lens  aperture  to  its  widest  possible  

setting.  Use  of  the  wide  aperture  in  combination  with  the  high-­‐‑light  conditions  of  the  

East  African  savannah  allowed  for  fast  shutter  speeds  (usually  >  1000),  which  prevent  

blur  in  the  images  that  can  result  from  minor  movements  by  either  the  photographer  or  

the  subject.  This  combination  of  aperture  and  shutter  speed  is  ideal  because  it  maximizes  

both  precision  and  photographic  clarity.  
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Figure  5:  Use  of  Photoscale-­‐‑2  in  the  field.  

  

3.2.2.2  Pixels/mm  conversion  

In  order  to  generate  a  conversion  of  pixels  to  millimeter,  we  photographed  a  

two-­‐‑dimensional  calibration  image  (a  circle,  diameter  of  119mm)  from  serial  distances  

and  recorded  the  associated  lens  extension.  We  then  uploaded  the  images  and  measured  

the  diameter  of  the  calibration  image  in  pixels  using  Image  J.  Using  the  lens  extensions,  

known  diameter,  and  pixel  measurements,  we  generated  a  conversion  equation  of  

pixels/millimeter    =  (LE)  *.4213  +  .0454.  This  equation  combined  with  the  lens  extension  for  
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a  given  photographic  image  allows  any  measurement  in  pixels  to  be  converted  to  an  

associated  estimate  in  millimeters.  It  is  important  to  note  that  the  accuracy  of  this  

method  is  entirely  dependent  upon  the  successful  alignment  of  the  focus  plane  to  the  

desired  plane  of  measurement.    

3.2.2.3  Individual  measures  

Using  this  conversion,  we  were  able  to  estimate  swelling  size  from  every  digital  

image  that  was  included  in  the  sample  set.  We  only  included  a  digital  image  in  the  

sample  set  if  it  met  the  following  4  criteria:  1)  the  image  was  shot  from  squarely  behind  

the  subject,  assessed  by  sight  on  the  computer  screen  after  the  images  were  downloaded,  

2)  the  desired  plane  of  measurement  (posterior  view  of  swelling)  was  clearly  in  focus,  

also  assessed  by  sight  on  the  computer  screen  after  image  download,  3)  the  image  had  

an  associated  lens  extension  higher  than  3mm,  4)  there  was  a  change  in  focus  distance  

between  consecutive  images  (either  the  subject  moved,  the  photographer  moved,  or  the  

lens  was  retracted  to  infinity  and  then  refocused).  (e.g  Fig.  6a).  

  

Initial  measurements  (pixels)  were  recorded  using  Image  J  software  

(http://rsbweb.nih.gov/ij/).  After  rotating  the  image  so  that  a  line  bisecting  the  swelling  

was  vertical,  a  Wacom  Bamboo  stylus  and  pen  tablet  was  used  to  trace  20  lines  

horizontally  across  the  widest  part  of  the  swelling.  The  largest  of  those  20  measurements  

was  retained.  Although  we  also  initially  collected  measurements  of  swelling  length  and  
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area,  we  chose  to  use  swelling  width  as  the  assay  of  “swelling  size”  because  it  was  the  

most  reliable  measure  with  the  highest  repeatability.  This  pixel  measurement  was  then  

converted  to  a  size  estimate  in  millimeters  using  the  previously  generated  pixel/mm  

conversion.  

    

We  collected  as  many  images  for  cycling  females  as  were  allowed  by  daily  

conditions,  and  multiple  images  for  a  given  female  on  the  same  day  contributed  to  a  

single  mean  estimate  of  size  for  that  day.  That  is,  each  day’s  value  for  swelling  size  was  

the  mean  of  all  size  estimates  in  a  given  day.  For  example,  a  female  for  whom  we  

collected  8  usable  images  on  a  given  day  would  receive  one  size  estimate  for  that  day,  

averaged  across  the  8  images  (Fig.  6b.).  We  scored  swelling  sizes  from  a  total  of  1,609  

individual  images,  across  61  unique  females  and  143  cycles.  However,  we  restricted  our  

data  set  for  this  study  to  those  individual  females  for  whom  we  were  able  to  determine  

maximal  swelling  size  for  a  given  cycle.    
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Figure  6:  Examples  of  digital  images  used  for  data  collection  and  scoring,  
completed  from  high-­‐‑resolution  color  versions.  A)  Images  were  first  subjected  to  four  
explicit  criteria  before  they  were  added  to  the  data  set.  Next,  they  were  rotated  until  
the  swelling  could  be  bisected  vertically  (represented  by  dashed  white  line).  Finally,  
width  was  measured  at  the  largest  point  across  the  swelling  (represented  by  the  solid  
white  line.)  B)  Multiple  images  for  the  same  individual  on  the  same  day  were  scored  
individually,  but  contributed  to  only  one  final  measurement  of  swelling  size  for  a  
given  individual  on  a  given  day.  Each  image  is  tagged  with  the  unique  three  letter  
code  that  identifies  the  individual,  the  collection  date,  and  the  lens  extension  
associated  with  the  image.  Using  the  pixels/mm  conversion  associated  with  each  lens  
extension,  a  measurement  was  generated  for  each  image  (displayed  at  immediate  right  
of  image).  The  mean  of  these  measurements  constituted  the  daily  swelling  size  and  
the  standard  deviation  was  considered  measurement  error.  
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3.2.2.4  Designation  of  “maximal”  swelling  size  

To  confirm  that  the  changes  in  size  detectable  by  our  method  were  larger  than  

the  error  in  that  method,  we  first  defined  our  measurement  error  as  the  set  of  standard  

deviations  for  every  size  estimate  in  our  sample  that  was  averaged  across  two  or  more  

images.  We  then  produced  a  distribution  of  these  standard  deviations,  or  measurement  

errors.  Next,  we  produced  a  distribution  of  absolute  changes  in  swelling  size  from  day  

to  day.  To  do  so,  we  identified  all  individuals  for  whom  we  had  swelling  size  measures  

on  at  least  two  consecutive  days  between  days  d  -­‐‑  4  and  d  –  1  of  the  cycle.  We  thus  had  

one  set  of  swelling  size  differences  between  d-­‐‑4  and  d-­‐‑3  (N  =  14  individuals),  a  second  

set  of  swelling  size  differences  between  d-­‐‑3  and  d-­‐‑2  (N  =  20  individuals),  and  a  third  set  

of  swelling  size  differences  between  d-­‐‑2  and  d-­‐‑1  (N  =  23  individuals.)  We  used  the  

absolute  values  of  the  swelling  size  estimates  in  producing  these  swelling  size  

differences,  even  though  in  a  few  cases  swellings  actually  shrank  slightly  from  one  day  

to  the  next,  because  the  goal  of  this  particular  analysis  was  to  assess  the  sensitivity  of  the  

method,  rather  than  to  describe  the  biology  of  sexual  swellings.    

  

The  maximal  swelling  sizes  ranged  from  105.36  mm  to  164.83  mm  and  the  

average  standard  deviation  was  1.94  mm,  a  percent  error  ranging  from  of  1.18%  to  

1.84%.  We  found  a  highly  significant  difference  between  this  measurement  error  and  the  

detected  change  in  swelling  size  from  day  d-­‐‑4  to  d-­‐‑3  (Wilcoxon  rank  sum  test:  W  =  2486,  
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p  =  0.006),  and  from  day  d-­‐‑3  to  d-­‐‑2  (Wilcoxon  rank  sum  test:  W  =  3804,  p  =  0.000072).  

That  is,  the  changes  in  size  captured  by  the  method  two  and  three  days  prior  to  d-­‐‑day  

were  much  larger  than  the  method’s  intrinsic  error.  In  contrast,  although  the  detectable  

change  in  swelling  size  from  d-­‐‑2  to  d-­‐‑1  trended  toward  being  larger  than  the  error,  that  

difference  was  not  significant  (Wilcoxon  rank  sum  test:  W  =  3452,  p  =  0.10).  In  other  

words,  the  average  change  in  swelling  size  one  day  prior  to  d-­‐‑day  was  not  statistically  

larger  than  the  error  in  a  given  mean  daily  estimate  (Fig.  7).  This  suggests  that  

measurements  from  either  the  first  or  second  day  before  deturgescence  should  be  

considered  “maximal  swelling  size.”  

     

We  also  asked  how  likely  it  was  that  a  swelling  would  increase  versus  decrease  

in  size  from  one  day  to  the  next.  All  14  of  the  paired  size  estimates  (100%)  for  d-­‐‑4  and  d-­‐‑

3  showed  an  increase  in  size.  16  of  the  20  paired  size  estimates  (80%)  for  d-­‐‑3  and  d-­‐‑2  

showed  an  increase  and  size.  Both  of  these  proportions  were  statistically  greater  than  

chance  (Exact  Binomial  Test;  p  =  0.0001,  p  =  0.01  respectively.)  However,  only  12  of  the  

23  paired  size  estimates  (52%)  for  d-­‐‑2  and  d-­‐‑1  showed  an  increase  in  size  (Exact  Binomial  

Test;  p  =  1).  That  is,  our  data  indicated  that  a  given  sexual  swelling  was  just  as  likely  to  

decrease  as  increase  between  d-­‐‑2  and  d-­‐‑1.  This  suggests  that  some  swellings  began  to  

slowly  decrease  in  size  before  observers  could  visually  detect  deturgescence,  and  for  

those  that  did  so,  it  may  have  been  more  difficult  to  pinpoint  the  exact  d-­‐‑day  by  sight.  



  

   67  

This  points  to  a  biological  reason  to  designate  measurements  from  both  d-­‐‑2  and  d-­‐‑1  as  

“maximal  swelling.”      

  

Therefore,  we  considered  measurements  from  either  the  first  or  second  day  

before  deturgescence  as  measurements  of  “maximal  swelling  size”  and  we  restricted  the  

remainder  of  the  analyses  only  to  those  subjects  for  whom  we  had  size  estimates  on  one  

or  both  of  days  d-­‐‑1  and  d-­‐‑2.  When  we  had  size  estimates  for  both  days  for  a  given  

subject,  we  designated  the  larger  of  the  two  as  the  subject’s  “maximal  swelling  size”  for  

that  cycle.      
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Figure  7:  Comparison  of  distribution  of  measurement  errors  to  detected  
changes  in  swelling  sizes  from  d-­‐‑4  to  d-­‐‑3,  d-­‐‑3  to  d-­‐‑2,  d-­‐‑2  to  d-­‐‑1.  Average  detectable  
change  in  swelling  size  from  d-­‐‑4  to  d-­‐‑3  and  from  d-­‐‑3  to  d-­‐‑2  was  significantly  larger  
than  the  average  measurement  error.  In  contrast,  average  detectable  change  in  
swelling  size  from  d-­‐‑2  to  d-­‐‑1  was  not  statistically  different  from  the  average  
measurement  error.  (**  p  <  .01;  ***  p  <  .001).  
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3.2.3 Ecological data 

A  year  in  the  Amboseli  basin  is  characterized  by  one  long  dry  period  (June  –  

October),  typically  flanked  by  an  earlier  wet  season  (the  “long  rains,”  typically  March  –  

May)  and  a  later  one  (the  “short  rains,”  typically  November  –  December)  (Altmann  et  al.  

2002;  Alberts  et  al.  2005).  In  2009,  the  long  rains  failed,  which  resulted  in  the  most  severe  

drought  that  Kenya  had  experienced  in  over  50  years.  The  first  of  our  study’s  two  time  

periods  (see  “Swelling  Size  Measures”,  above)  overlapped  with  this  period  of  extreme  

drought  (June  2009  –  October  2009).  The  second  of  our  study’s  two  time  periods  

(February  through  June  2010)  occurred  during  a  period  of  heavy  rains,  probably  due  to  

an  El  Nino  effect  (Kiage  and  Obuoyo  2011).    

  

This  contrast  of  extreme  ecological  conditions  within  our  data  set  presented  a  

rare  and  unanticipated  opportunity  to  examine  ecological  effects  on  sexual  swelling  size.  

To  investigate  the  extent  to  which  rainfall  and  temperature  contributed  to  variation  in  

swelling  size,  we  created  a  metric  of  drought  status  using  rainfall  data  (mm)  and  

temperature  data  (˚C),  both  of  which  are  collected  continuously  by  the  Amboseli  Baboon  

Research  Project  (Alberts  and  Altmann  2011).  Following  Beehner  et  al.  (2006),  we  

defined  a  “wet  month”  as  any  30-­‐‑day  period  that  received  more  than  twice  the  mean  

annual  temperature,  a  criterion  that  is  regularly  used  by  ecologists.  In  other  words,  

rather  than  characterizing  given  calendar  months  as  wet,  this  method  classifies  every  30-­‐‑
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day  period  as  a  sliding  window.  In  the  Amboseli  basin,  this  threshold  of  rainfall  is  50  

mm  (Beehner  2006a).  To  categorize  the  ecological  conditions  that  each  female  was  under  

when  a  given  swelling  measurement  was  collected,  we  counted  the  number  of  days  

since  the  end  of  the  last  “wet”  30-­‐‑day  period.  This  created  a  “drought  score,”  a  

continuous  variable  that  reflected  the  distribution  of  ecological  conditions.  For  example,  

a  day  falling  within  a  30-­‐‑day  period  of  over  50  mm  of  rain—lush  ecological  conditions  in  

the  Amboseli  basin—would  receive  a  drought  score  of  0.  In  contrast,  a  day  falling  25  

days  since  there  had  been  a  cumulative  rainfall  of  50  mm  within  a  30-­‐‑day  period  

received  a  score  of  25.  Because  a  typical  year  in  Amboseli  includes  a  five-­‐‑month  dry  

season,  a  drought  score  greater  than  150  (corresponding  to  more  than  five  continuous  

dry  months)  can  be  thought  of  as  reflecting  drought  conditions,  with  the  severity  of  the  

drought  increasing  as  the  drought  score  increases.  The  ecological  conditions  during  the  

period  of  this  study  were  such  that  our  data  are  distributed  bimodally,  with  most  of  the  

size  data  either  having  been  collected  under  very  wet  conditions  (for  Amboseli)  or  under  

extreme  drought  conditions  (Fig.  8).    
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Figure  8:  Distribution  of  swelling  size  data  across  days  since  last  wet  month,  
demonstrating  that  the  data  set  captured  ecological  extremes.  

  

3.2.4 Reproductive data, Age, and Dominance rank 

To  investigate  the  extent  to  which  age,  rank,  and  reproductive  status  contributed  

to  variation  in  swelling  size,  we  used  behavioral,  reproductive,  and  other  longitudinal  

data  that  were  collected  in  accordance  with  the  ABRP  protocol.  We  included  female  age,  

female  rank  (ordinal  rank  number),  parity  (number  of  pregnancies),  and  cycles  since  

resumption  (number  of  cycles  since  last  pregnancy)  as  predictor  variables  in  the  model.  

  



  

   72  

3.2.4.1  Age  (a)  

We  included  age  as  predictor  variable  because  it  is  reasonable  to  hypothesize  

that—if  sexual  swelling  size  signals  reproductive  capacity  or  reproductive  value—the  

signal  may  change  with  age.  Reproductive  capacity  in  female  mammals  often  declines  

with  age  and  does  so  in  the  Amboseli  baboons  (Alberts  and  Altmann  2003;  Beehner  

2006b;  Altmann  et  al.  2010).  On  the  other  hand,  one  study  found  that  male  chimpanzees  

prefer  older  females  (Muller  et  al.  2006).  Either  way,  multiple  studies  have  provided  

evidence  to  support  the  hypothesis  that  age  may  contribute  to  variation  in  swelling  size.  

Each  individual  female  in  the  study  population  had  a  known  birthdate,  from  which  age  

(rounded  to  the  nearest  tenth  of  a  year)  was  calculated.    

3.2.4.2  Dominance  rank  (r)  

We  included  female  dominance  rank  as  a  predictor  in  the  analysis  because  

dominance  rank  influences  access  to  resources  (Barton  1993;  Barton  and  Whiten  

1993),which  influences  fertility.  Furthermore,  previous  studies  of  sexual  swellings  have  

noted  that  provisioned  populations  of  primates  display  especially  large  sexual  swellings  

(Fa  and  Southwick  1988)  suggesting  that  access  to  resources  may  be  a  likely  contributor  

to  variation  in  swelling  size.  As  part  of  the  ongoing  Amboseli  baboon  research,  females  

are  assigned  an  ordinal  dominance  rank  each  month  on  the  basis  of  decided  agonistic  

interactions  between  pairs  of  individuals.  The  highest  ranking  female  in  the  group  is  

assigned  rank  1,  the  next  highest  ranking  female  is  assigned  rank  2,  and  so  on.        
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3.2.4.3  Cycles  since  resumption  

In  order  to  examine  within-­‐‑individual  variation,  we  included  as  a  predictor  

variable  an  ordinal  number  indicating  the  number  of  cycles  since  resumption  

represented  by  that  cycle.  Once  females  reach  menarche,  their  reproductive  status  is  

monitored  regularly.  Females  who  are  pregnant  do  not  cycle  and,  after  parturition,  

generally  undergo  a  period  of  post-­‐‑partum  amenorrhea,  ranging  anywhere  from  6  to  16  

months  (Altmann  et  al.  1977).  Thus,  each  cycle  was  counted  relative  to  the  first  cycle  

since  last  pregnancy,  so  that  the  first  (‘resume’)  cycle  was  1,  the  second  cycle  was  2,  and  

so  on.      

3.2.4.4  Parity  (p)  

Because  the  number  of  pregnancies  that  a  female  carries  (her  ‘parity’)  may  well  

impact  her  fertility,  fecundity,  and  fecundability,  we  included  it  as  a  predictor  variable.    

Pregnancies  are  easy  to  identify  in  baboons  because  they  have  a  pregnancy  signal,  a  pink  

coloration  on  the  hairless  haunches  (paracallosal  skin)  that  generally  appears  at  the  end  

of  the  first  trimester  (Beehner  et  al.  2006).  Although  females  in  the  study  population  are  

monitored  carefully  even  for  those  pregnancies  that  terminate  spontaneously,  we  

included  only  those  pregnancies  that  resulted  in  a  live  birth  in  our  count  of  parity.  In  

other  words,  a  female  who  had  one  miscarriage  and  two  live  births  would  have  a  parity  

only  of  2  for  this  study.      
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3.2.5 Data analysis 

Because  our  inquiry  was  fundamentally  exploratory-­‐‑-­‐‑rather  than  a  test  of  one  

alternative  hypothesis  against  a  null-­‐‑-­‐‑we  used  an  information  theoretic  approach  to  

investigate  the  potential  sources  of  variance  in  maximal  swelling  size  (reviewed  by  

Burnham  et  al.  2010;  Garamszegi  2010;  Symonds  and  Moussalli  2010).  While  the  

variables  that  we  considered  as  potential  predictors  of  variance  in  swelling  size  were  

informed  by  our  biological  knowledge,  several  permutations  of  those  predictors  were  

equally  plausible  at  the  outset,  making  this  study  ideal  for  an  information  theoretic  

approach.  

  

Therefore,  we  calculated  Akaike’s  Information  Criterion  (AIC)  (Akaike  1973)  

using  the  statistical  software,  R.  We  calculated  AIC  for  each  model  in  a  total  set  that  

included  age,  female  rank,  number  of  cycles  since  resumption,  parity,  and  days  since  last  wet  

month  as  fixed  effects  in  a  linear  mixed-­‐‑effects  model  using  a  maximum  likelihood  

method  (see  Table  1).  To  account  for  the  repeated  sampling  of  those  subjects  that  were  

represented  in  the  data  set  more  than  once  (for  multiple  cycles),  we  included  female  as  a  

random  effect  in  all  of  the  models.    

          

We  used  an  adjusted  measure  of  AIC  that  accounts  for  limited  samples  sizes  

(AICC),  because  our  sample  size  for  this  analysis  was  n=86  estrous  cycles  and  the  
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parameters  (k)  in  our  model  set  ranged  from  3  to  7.  In  those  cases  where  n/k  is  less  than  

40  (as  it  always  is  in  our  data  set),  this  modified  version  of  AIC  is  recommended  

(Burnham  et  al.  2010;  Symonds  and  Moussalli  2010).  Finally,  we  calculated  two  

measures  of  goodness  of  fit  to  evaluate  the  model  set,  the  Akaike  weight  value  (wi)  and  

the  evidence  ratio  (ER)  (see  Table  2).    

  

After  identifying  the  best  models  using  the  AIC  approach,  we  further  explored  

the  effects  of  each  variable  in  post  hoc  analyses  that  focused  on  the  variance  explained  by  

each  of  the  most  important  predictor  variables  and  the  nature  of  its  relationship  to  

swelling  size.       

  

Table  1:  Parameters  used  in  analysis  of  variation  in  swelling  size.  

Variable	
   Description	
  

csr	
   cycles	
  since	
  resumption:	
  ordinal	
  number	
  representing,	
  for	
  a	
  
given	
  cycle,	
  how	
  many	
  cycles	
  have	
  passed	
  since	
  completion	
  of	
  
most	
  recent	
  episode	
  of	
  post-­‐partum	
  ammeonorrhea	
  

p	
   parity:	
  number	
  of	
  live	
  births	
  since	
  	
  
dslwm	
   days	
  since	
  last	
  wet	
  month:	
  number	
  of	
  days	
  that	
  have	
  passed	
  

since	
  a	
  single	
  30-­‐day	
  period	
  that	
  contained	
  50	
  mm	
  of	
  rain	
  or	
  
more.	
  	
  

r	
   dominance	
  rank:	
  a	
  female's	
  dominance	
  rank	
  relative	
  to	
  other	
  
females	
  in	
  the	
  social	
  group.	
  1	
  =	
  highest	
  rank.	
  

a	
   age:	
  a	
  female's	
  age	
  at	
  time	
  of	
  measurement	
  of	
  swellings,	
  to	
  the	
  
nearest	
  tenth	
  of	
  a	
  year.	
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Table  2:  Comparison  of  models  fitted.  Number  of  parameters  (k),  AIC  score,  
adjusted  AICC  score,  Δi,  Akaike  weight  (wi),  and  evidence  ration  (ER)  is  listed  for  
each.  As  not  all  models  are  included  in  the  table,  wi  do  not  sum  to  one.  Shaded  rows  
indicate  those  models  that  should  be  considered  equivalent  to  best  model  (i.e.  Δi  <2).  

Fixed	
  Effects	
   k	
   AIC	
   AICC	
   Δi	
   wi	
   ER	
  
csr	
  +	
  a	
   4	
   595.50	
   595.99	
   0.00	
   0.156	
   1.00	
  
csr	
  +	
  p	
   4	
   595.60	
   596.09	
   0.10	
   0.148	
   1.05	
  
csr*dslwm	
  +	
  a	
   5	
   596.03	
   596.78	
   0.79	
   0.105	
   1.48	
  
csr	
   3	
   596.96	
   597.25	
   1.26	
   0.083	
   1.88	
  
csr*dslwm	
  +	
  p	
   5	
   596.55	
   597.30	
   1.31	
   0.081	
   1.92	
  
csr	
  +	
  a	
  +	
  dslwm	
   5	
   597.12	
   597.87	
   1.88	
   0.061	
   2.56	
  
csr	
  +	
  p	
  +	
  dslwm	
   5	
   597.15	
   597.90	
   1.91	
   0.060	
   2.59	
  
csr	
  +	
  p	
  +	
  r	
   5	
   597.24	
   597.99	
   2.00	
   0.058	
   2.71	
  
csr	
  +	
  a	
  +	
  r	
   5	
   597.32	
   598.07	
   2.08	
   0.055	
   2.82	
  
csr	
  +	
  p*dslwm	
   5	
   597.70	
   598.45	
   2.46	
   0.046	
   3.42	
  
csr	
  +	
  dslwm	
   4	
   598.74	
   599.23	
   3.24	
   0.031	
   5.05	
  
csr	
  +	
  p	
  +	
  dslwm	
  +	
  r	
   6	
   598.88	
   599.94	
   3.95	
   0.022	
   7.20	
  
csr	
  +	
  a	
  +	
  p	
  +	
  dslwm	
   6	
   598.98	
   600.04	
   4.05	
   0.021	
   7.57	
  
csr	
  +	
  a	
  +	
  dslwm	
  +	
  r	
   6	
   599.01	
   600.07	
   4.08	
   0.020	
   7.69	
  
csr	
  +	
  a	
  +	
  p	
  +	
  	
  r	
   6	
   599.14	
   600.20	
   4.21	
   0.019	
   8.20	
  
csr	
  +	
  p	
  +	
  r*dslwm	
   6	
   599.85	
   600.91	
   4.92	
   0.013	
   11.70	
  
csr	
  +	
  dslwm	
  +	
  r	
   5	
   600.26	
   601.01	
   5.02	
   0.013	
   12.28	
  
csr	
  +	
  a	
  +	
  p	
  +	
  dslwm	
  +	
  r	
   7	
   600.80	
   602.24	
   6.24	
   0.007	
   22.67	
  
a	
  +	
  dslwm	
  +	
  r	
   5	
   608.05	
   608.80	
   12.81	
   0.000	
   603.71	
  
a	
   3	
   608.64	
   608.93	
   12.94	
   0.000	
   645.11	
  
p	
  +	
  dslwm	
   4	
   608.75	
   609.24	
   13.25	
   0.000	
   753.70	
  
p	
  +	
  dslwm	
  +	
  r	
   5	
   609.92	
   610.67	
   14.68	
   0.000	
   1537.77	
  
a	
  +	
  p	
  +	
  dslwm	
  +	
  r	
   6	
   609.81	
   610.87	
   14.88	
   0.000	
   1702.29	
  
p	
   3	
   611.88	
   612.17	
   16.18	
   0.000	
   3259.82	
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3.3 Results 

3.3.1 Multi-model inference 

Maximal  swelling  sizes  for  our  sample  (86  cycles  across  46  unique  females)  were  

normally  distributed  and  ranged  from  105.36mm  to  164.83mm  (mean  =  124.99  ±  11.62).  

Although  the  model  with  the  lowest  AIC  in  our  candidate  set  included  only  cycles  since  

resumption  and  age  as  predictors,  the  Δi,  Akaike  weights  (wi),  and  evidence  ratios  (ER)  

point  to  seven  top  models  worth  considering.  Together,  these  models  suggest  that,  in  

addition  to  age  and  cycles  since  resumption,  two  other  variables  -­‐‑  days  since  last  wet  month  

and  parity  -­‐‑  may  have  had  a  role  in  determining  maximal  swelling  size  (Table  2).  To  

elucidate  how  each  of  the  variables  contributed  to  variation  in  maximal  swelling  size,  we  

describe  the  individual  effects  of  each  below  in  post  hoc  analyses.  

3.3.2 Cycles since resumption 

Cycles  since  resumption  had  a  strong  and  clear  effect  on  maximal  swelling  sizes,  as  

indicated  by  the  fact  that  this  variable  appeared  in  every  one  of  the  best  models,  and  that  

all  models  without  csr  had  large  Di  values  and  Akaike  weight  values  of  zero  (Table  2).  

Specifically,  maximal  swelling  sizes  were  larger  with  increasing  numbers  of  cycles  since  

resumption,  indicating  that  swellings  increased  in  size  with  each  consecutive  cycle.  This  

observation  is  consistent  with  previous  studies  in  baboons  (Gesquiere  et  al.  2007;  

Huchard  et  al.  2009)  as  well  as  chimpanzees  (Deschner  et  al.  2004),  which  also  report  

that  swellings  increase  in  size  across  a  female’s  consecutive  cycles.  This  population-­‐‑level  
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pattern  was  also  evident  in  individual  trajectories  of  maximal  swelling  size  across  

consecutive  cycles.  All  10  individual  females  that  we  observed  across  at  least  two  cycles  

in  the  wetter  2010  study  period  showed  this  pattern  of  increased  size  across  cycles  (Fig.  

9;  see  below  for  a  discussion  of  how  the  pattern  during  the  drought  was  different).    

  

Figure  9:  Longitudinal  data  for  ten  individual  females  for  whom  we  had  
multiple  cycles  represented  during  the  wet  season.  All  10  females  showed  an  increase  
in  size  across  the  two  or  three  cycles  for  which  we  had  swelling  size  data.  Lines  are  
simple  linear  regression  lines  for  each  individual  female.  
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3.3.3 Female age and parity 

Although  in  principle  age  and  parity  may  contribute  to  variance  in  swelling  size,  

they  were  highly  collinear  (female  age  accounted  for  83%  of  the  variance  in  parity.)  Both  

age  and  parity  were  included  in  the  well-­‐‑supported  models,  but  those  that  included  age  

rather  than  parity  as  a  predictor  had  consistently  lower  Δi  values.  This  suggested  a  

stronger  influence  of  age  on  maximal  swelling  size  than  parity.  In  a  general  linear  mixed  

model  including  only  age  as  a  predictor  variable,  swelling  sizes  were  larger  among  the  

older  females  in  our  sample  (parameter  estimate  =  1.11,  p  =  .01,  N  =  46  females).  

However,  we  had  very  few  older  females  in  our  data  set;  although  the  maximum  

lifespan  for  baboons  in  Amboseli  is  27-­‐‑28  y  (Bronikowski  et  al.  2011),  only  4%  of  the  

females  in  our  total  sample  (2  of  46  females)  were  over  the  age  of  20.  In  other  words,  the  

most  appropriate  interpretation  of  these  results  is  that  maximal  swelling  sizes  increased  

for  females  as  they  aged  from  early  to  middle  adulthood  (Fig.  10).  Characterization  of  the  

extent  to  which  maximal  swelling  sizes  may  change  as  a  function  of  aging  in  late  

adulthood  will  require  additional  data  and  analyses.        
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Figure  10:  Maximal  swelling  size  as  a  function  of  female  age.  Dashed  line  
represents  linear  regression.  

  

3.3.4 Days since last wet month 

To  further  examine  the  role  of  rainfall  and  drought  on  swelling  size,  we  visually  

compared  the  distributions  of  maximal  swelling  size  during  the  most  extreme  drought  

period  (when  females  had  experienced  150  days  or  more  since  a  30  day  period  of  over  

50mm  rain)  with  the  distribution  of  maximal  swelling  sizes  during  a  “wet”  period  (i.e.  

during  a  30  day  period  when  there  had  been  at  least  50mm  of  rain.)  Mean  maximal  

swelling  sizes  during  “drought”  periods  were  significantly  smaller  than  during  “wet”  

periods  (Fig.  11a).  In  order  to  control  further  for  variation  in  maximal  swelling  size  that  
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is  known  to  occur  within  individuals,  we  repeated  this  comparison  with  a  data  set  that  

was  restricted  to  conceptive  cycles  only,  resulting  in  a  single  value  for  each  female  (Fig.  

11b).  Although  the  effect  was  weaker  with  the  smaller  data  set,  the  same  trend  persisted,  

providing  reliable  evidence  that  drought  conditions  constrained  maximal  swelling  size,  

while  wetter  conditions  enhanced  them.    

  

  

Figure  11:  Comparative  distributions  for  maximal  swelling  sizes  for  A)  all  
cycles  during  drought  conditions  (dashed  line,  n  =  35)  and  wet  conditions  (solid  line,  
n  =  40,  Wilcoxon  ranked-­‐‑sum  test,  p  =  .02)  as  well  as  B)  conceptive  cycles  only  during  
drought  conditions  (dashed  line,  n  =  9)  and  wet  conditions  (solid  line,  n  =  18,  
Wilcoxon  ranked-­‐‑sum  test,  p  =  .08).  Maximal  swelling  sizes  were  significantly  smaller  
during  drought  conditions.  Inserts  show  q-­‐‑q  plots  confirming  differentiation  between  
the  distributions.    
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The  results  of  our  model  selection  suggested  that  drought  conditions  constrained  

the  maximal  swelling  size  during  a  sexual  cycle.  In  particular,  the  third  best  model  in  

our  candidate  set  includes  a  dslwm  x  csr  interaction,  with  a  Δi  <1  and  an  ER  of  only  1.48,  

indicating  that  the  best  model  is  only  1.48  times  more  likely  to  be  the  accurate  model  

than  one  that  included  a  dslwm  and  csr  interaction.  In  a  post  hoc  analysis,  we  examined  

that  interaction  by  partitioning  the  data  into  drought  days  (dslwm  >  150)  and  wet  days  

(dslwm  <30),  excluding  data  that  fell  between  these  two  partitions,  and  modeling  the  

effect  of  csr  on  maximal  swelling  size  during  both  times.  In  a  least  squares  regression,  csr  

was  a  significant  predictor  of  swelling  size  during  the  wet  months  (parameter  estimate  =  

2.86,  p  =  0.0008,  N  =  26  females),  but  not  during  the  drought  (parameter  estimate  =  .284,  

p  =  0.64,  N  =  20  females)  (Fig.  12).  
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Figure  12:  Maximal  swelling  size  as  a  function  of  cycles  since  resumption  for  
drought  (triangles,  solid  line—150  days  or  more  since  last  wet  month)  and  wet  (stars,  
dashed  line  —30  days  or  fewer  since  last  wet  month).  During  drought  times,  cycles  
since  resumption  has  no  effect  on  swelling  size.  However,  during  wet  times,  cycles  
since  resumption  predicts  swelling  size.  Repeated  samples  of  individual  females  are  
represented  in  this  visualization  and  it  should  not  be  considered  a  substitute  for  the  
full  post-­‐‑hoc  analysis.    

  

3.3.5 Unexplained variation and enduring differences between 
individuals 

In  an  attempt  to  understand  how  much  of  the  variance  in  swelling  size  remained  

unexplained  by  even  the  best  model  in  our  model  set,  we  performed  a  post-­‐‑hoc  

multivariate  regression  analysis,  including  the  predictors  that  the  information  theoretic  

approach  identified  as  important  (cycles  since  resumption,  age,  and  days  since  last  wet  
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month).  In  this  analysis  we  temporarily  restricted  the  data  set  to  include  each  female  only  

once.  For  those  females  who  contributed  multiple  cycles  to  our  data  set,  we  retained  

only  the  cycle  furthest  from  resumption  (i.e.  the  highest  csr).  With  this  restricted  data  set,  

csr,  age,  and  days  since  last  wet  month  predicted  27%  of  the  variance  in  swelling  size  in  a  

generalized  linear  model  (F  =  5.43,  p  =  .001),  indicating  that  a  substantial  portion  of  the  

variation  in  swelling  size  remains  unexplained  by  the  variables  in  this  analysis.      

  

Further,  in  order  to  examine  individual  differences  between  females,  we  

compared  our  best  model  to  one  that  excluded  female  as  a  random  variable.  The  AICC  

for  the  latter  was  665.5  and  the  AICC  for  the  former  was  595.5,  a  Δi  of  70.  In  other  words,  

including  female  as  a  random  variable  added  a  large  amount  of  information  to  the  

model.  This  provides  very  strong  evidence  that  individuals  exhibit  significant  

differences  in  swelling  size  that  are  not  accounted  for  simply  by  their  age  or  dominance  

rank,  that  are  enduring  across  consecutive  cycles  (i.e.  are  not  explained  by  whether  a  

female  is  closer  or  further  from  her  conceptive  cycle),  and  that  persist  in  spite  of  the  

effects  of  environmental  perturbations  such  as  droughts  (Fig.  13).  
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Figure  13:  Maximal  conceptive  swelling  width  for  unique  individuals  (n  =  33).  
Each  measure  represents  a  mean  calculated  from  multiple  images  (range  =  2,  10)  
collected  on  the  same  day  and  error  bars  represent  standard  deviation  from  the  mean  
width.    

  

3.4 Discussion 

Our  analysis  takes  advantage  of  an  ongoing  longitudinal  study  and  unusual  

ecological  conditions  to  demonstrate  that  both  ecological  and  individually  varying  

characteristics  influence  the  maximal  swelling  size  achieved  for  a  given  sexual  cycle  in  

female  baboons.  The  strongest  effect  was  the  positive  relationship  between  cycles  since  
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resumption  and  swelling  size:  swellings  got  bigger  as  sexual  cycles  accumulated  after  a  

female’s  most  recent  episode  of  post-­‐‑partum  amenorrhea.  This  study  confirms  previous  

findings  that  have  also  found  evidence  for  this  type  of  within  individual  variation  (Emery  

and  Whitten  2003;  Deschner  et  al.  2004;  Higham,  Heistermann,  et  al.  2008).  However,  

sample  sizes  in  previous  studies  were  limited.  Because  the  effect  of  cycles  since  

resumption  in  the  results  presented  here  is  strong,  and  the  sample  size  was  large  (for  

studies  of  wild  primates),  this  study  should  be  considered  conclusive  evidence  for  intra-­‐‑

individual  variation  in  at  least  some  species.  That  is,  sexual  swellings  in  some  if  not  all  

primate  species  increase  in  size  as  cycles  progress  towards  a  conceptive  one.  This  points  

to  the  potential  for  primate  estrous  swellings  to  function  as  a  graded  signal  not  only  

within  a  cycle,  as  has  now  been  widely  accepted  (Nunn  1999;  Alberts  and  Fitzpatrick  

2012),  but  between  cycles  as  well:  variation  in  size  within  individuals  signals  the  

probability  of  conception  across  cycles  as  well  as  within  each  cycle.        

  

Likewise,  the  positive  relationship  between  age  and  swelling  size  within  

reproductively  active  young  to  middle-­‐‑aged  females  further  suggests  that  swellings  can  

signal  a  female’s  age-­‐‑specific  fertility.  The  increase  in  swelling  size  over  the  age  range  

represented  in  our  study  mirrors  an  age-­‐‑related  increase  in  the  probability  of  conception  

for  cycling  females  in  this  population  (Beehner  2006a).  Older  females  (beyond  18  years)  

experience  an  age-­‐‑related  decline  in  fertility  and  we  predict  that  when  swelling  size  data  
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are  available  for  females  in  that  age  range,  they  will  show  a  gradual  decline  in  swelling  

size  with  age.  Such  data  will  require  more  time  to  accumulate.    

  

Our  study  also  provides  the  first  evidence,  to  our  knowledge,  that  the  signaling  

potential  of  swelling  size  is  constrained  by  drought  conditions.  Specifically,  our  results  

show  that  swelling  sizes  in  the  Amboseli  baboons  were  smaller  during  drought  times  

than  during  wet  times.  This  overall  difference  in  size  is  likely  a  consequence  of  the  

interaction  that  we  also  found  between  days  since  last  wet  month  and  cycles  since  

resumption.  In  particular,  we  found  that  females  exhibited  larger  swellings  with  each  

subsequent  cycle  during  the  period  of  heavy  rainfall,  but  not  during  the  period  of  

drought.  The  physiological  mechanism  underlying  the  swelling  of  the  sexual  skin  in  

female  primates  depends  on  the  sequestration,  in  the  sexual  skin,  of  available  water  

(Bentley  et  al.  1986).  Our  finding  that,  during  droughts,  swellings  were  smaller  and  

swelling  size  increases  were  constrained  across  cycles,  suggests  that  this  water  

sequestration  required  to  produce  a  swelling  can  present  a  physiological  challenge  to  

female  primates.  Furthermore,  the  ecological  constraint  on  swelling  size  is  also  

consistent  with  the  hypothesis  that  swellings  signal  important  information  about  access  

to  resources.    
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Importantly,  our  results  reveal  substantial  variation  in  swelling  size  between  

individuals,  much  of  which  remains  unaccounted  for  by  the  variables  we  examined.  

Specifically,  this  study  demonstrates  that  significant  between-­‐‑individual  differences  in  

swelling  size  persist  even  when  controlling  for  within  cycle  and  within  individual  

variation.  This  is  an  important  step  toward  a  complete  description  of  how  primate  

sexual  swellings  vary  because,  while  other  studies  have  made  attempts  to  describe  that  

variation  (Domb  and  Pagel  2001;  Huchard  et  al.  2009),  this  study  is  the  first  one  to  

control  for  the  many  potentially  confounding  factors.    

  

Several  variables  might  influence  this  inter-­‐‑individual  variation.  One  possible  

source  of  variance  in  swelling  size  between  individuals  might  be  variance  in  body  size.  

Because  we  could  not  reliably  estimate  body  size  in  the  field,  we  were  not  able  to  assess  

the  extent  to  which  swelling  size  correlates  with  body  size.  This  potential  correlation  

between  swelling  size  and  body  size  might  reveal  important  information  to  males.  For  

example,  if  larger  females  have  higher  fitness  (e.g.  higher  fecundity,  or  higher  offspring  

survival)  and  larger  females  have  larger  swellings,  then  males  might  benefit  from  using  

variation  in  swelling  size  as  an  estimate  of  body  size.  On  the  other  hand,  if  this  were  the  

case,  then  males  should  simply  use  visually-­‐‑assessed  body  size  directly.  If  body  size  is  

important,  it  may  be  important  because  it  allows  males  to  assess  whether  a  female’s  

swellings  are  particularly  large  for  her  body  size;  this  might  represent  somewhat  more  
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refined  information  than  simply  absolute  swelling  size.  Specifically,  if  sexual  swellings  

function  as  a  condition-­‐‑dependent  “handicap,”  one  way  that  this  handicap  might  be  

expressed  is  if  high  quality  females  produce  swellings  that  are  large  relative  to  their  

body  size.  Currently,  we  have  no  evidence  to  indicate  whether  absolute  swelling  size  or  

swelling  size  relative  to  body  size  is  the  more  relevant  signal.  As  technology  for  field  

measurement  advances,  the  body  size  data  required  to  examine  this  potential  correlation  

will  become  available.    

  

Differences  in  access  to  resources  may  also  influence  inter-­‐‑individual  differences  

in  swelling  size.  Indeed,  the  constraint  that  severe  drought  placed  on  swelling  size  

during  our  study  points  to  the  possibility  that  access  to  resources  might  influence  

swelling  size  even  under  less  extreme  ecological  conditions.  Furthermore,  this  

hypothesis  is  consistent  with  the  decrease  in  swelling  size  that  we  predict  with  advanced  

age  because  old  females  may  have  physical  deficits  that  contribute  to  them  spending  less  

time  drinking  at  water  holes  than  younger  individuals  (personal  observation).    

  

Individual  differences  in  swelling  size  may  also  reflect  underlying  genetic  

variation.  In  particular,  a  recent  study  hypothesizes  that  exaggerated  traits  in  many  or  

all  species  experiencing  sexual  selection  are  most  likely  to  exploit  the  insulin/IgF  

pathway  (Emlen  et  al.  2012).  This  hypothesis  is  supported  by  empirical  work  in  male  
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rhinoceros  beetles  and  specifically  addresses  exaggerated  traits  in  males.  However,  it  

can  easily  be  extended  to  the  production  of  extreme  traits  in  both  sexes.  The  insulin/IgF  

pathway  is  highly  conserved  and  broadly  regulates  tissue  growth  and  has  been  strongly  

implicated  in  longevity  (Franceschi  et  al.  2005).  Furthermore,  in  mammals,  sex  steroid  

hormones  regulate  the  production  of  critical  actors  in  this  pathway  in  the  reproductive  

tract  and  associated  tissues  (Roith  1997).  Under  this  hypothesis,  tissues  that  are  more  

sensitive  to  insulin/IgF  signaling  are  more  likely  to  evolve  as  exaggerated  signals.  Thus,  

if  genetic  variation  influences  variation  in  swelling  size,  the  important  genetic  

differences  might  be  found  in  insulin/IgF  receptor  genes.  Similarly,  because  circulating  

levels  of  estrogen  are  known  to  drive  the  increase  in  swelling  size  and  are  highly  

expressed  in  the  anogenital  tissue  (Ozasa  and  Gould  1982;  Onouchi  and  Kato  1983),  

genetic  variation  in  estrogen  receptor  genes  and  their  associated  regulatory  regions  may  

well  be  important  in  determining  maximal  swelling  size.  As  genetic  data  continue  to  

accumulate  in  our  baboon  study  population,  the  potential  to  investigate  whether  genetic  

variation  contributes  to  individual  differences  in  swelling  size  will  become  increasingly  

possible.          

  

Finally,  inter-­‐‑individual  variation  in  swelling  size  may  reflect  enduring  

differences  in  circulating  levels  of  hormones.  If  consistent  differences  in  hormone  levels  

underlie  inter-­‐‑individual  differences  in  swelling  size,  one  possible  explanation  is  that  
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females  with  consistently  larger  swellings  would  have  consistently  higher  levels  of  

estrogen.  Estrogens  play  a  critical  role  both  in  successful  ovulation  and  the  success  of  

primate  pregnancies  (Pepe  and  Albrecht  1995;  Albrecht  et  al.  2000;  Beehner  et  al.  2006).  

Therefore,  this  extreme  trait,  already  known  to  be  driven  by  within-­‐‑individual  variation  

in  hormone  levels,  may  also  reflect  variation  in  hormone  levels  between  individuals.  If  

so,  such  inter-­‐‑individual  variation  in  hormone  levels  may  have  important  fitness  

consequences.            

  

Taken  together,  these  results  suggest  that  sexual  swellings  signal  multiple  types  

of  information  relevant  to  fertility.  In  addition,  the  information  content  of  sexual  

swellings  is  likely  to  vary  with  ecological  variation  so  that  during  times  of  abundance  

the  potential  for  signaling  multiple  types  of  information  may  be  high,  while  during  

times  of  scarcity  females  may  be  limited  to  signaling  fewer  types  (e.g.  perhaps  only  the  

probability  of  ovulation  within  a  cycle,  in  accordance  with  the  graded  signal  hypothesis;  

Nunn  1999).  In  other  words,  sexual  swellings  may  be  thought  of  has  having  multiple  

signaling  potential,  a  potential  that  may  be  constrained  or  maximized  depending  on  the  

ecological  constraints  and  female  condition.  

  

Our  results  point  to  the  need  for  greater  understanding  of  variation  in  sexual  

swellings  in  other  populations  of  baboons  and  other  species  of  primates  that  display  
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them,  and  also  for  increased  study  of  fertility  signals  more  generally  across  taxa.  As  

interest  grows  in  both  the  evolution  of  male  mate  choice  and  in  sexual  selection  on  

female  traits,  a  detailed  understanding  is  needed  of  the  multiple  types  of  information  

that  females  may  have  the  potential  to  signal.  While  female  fertility  signals  have  been  

primarily  considered  signals  of  fecundity  and  fecundability,  it  may  be  that  females  can  

often  signal  more  complex  information  within  one  signal  than  previously  believed.        

3.4.1 Advancing the field methods 

This  study  also  presents  a  refined  technique  for  measuring  sexual  swellings  in  

the  wild,  a  technique  that  increases  precision.  Although  the  Photoscale-­‐‑2  has  been  used  

in  one  previous  study  of  sexual  swellings  (Emery  and  Whitten  2003),  this  is  the  first  

study  to  present  its  use  in  the  field  to  gather  data  on  swelling  size.  Further,  our  

technique  resolves  much  of  the  ongoing  difficulty  that  biologists  have  encountered  

when  trying  to  collect  similar  data  in  other  populations,  by  carefully  measuring  error  in  

size  estimates.  Previous  studies  either  have  not  reported  error  in  their  measurements  

(Domb  and  Pagel  2001)  or  have  reported  error  that  ranges  from  5-­‐‑9%  (Emery  and  

Whitten  2003;  Huchard  et  al.  2009)In  contrast,  here  we  report  an  average  error  below  2%,  

greatly  increasing  the  ability  to  describe  biologically  real  variation  in  swelling  size.  The  

reduced  error  in  our  method  was  made  possible  by  the  fact  that  the  person  taking  all  the  

measurements  (CLF)  invested  intensively  in  gaining  facility  with  the  technique,  

including  1)  engaging  in  extensive  observations  that  allowed  her  to  anticipate  an  
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animal’s  movement,  2)  repeatedly  practicing  manually  focusing  the  camera  lens,  3)  

developing  a  technique  to  note  and  write  a  lens  extension  value  with  each  shutter  

release,  and  4)  developing  best  practices  for  photographing  in  a  wild  population  so  as  

not  to  disrupt  habituation.      

  

A  second  factor  that  contributed  to  the  reduced  error  in  this  study  was  the  use  of  

measurements  from  only  one  day  of  each  cycle  in  our  estimates  of  maximal  swelling  

size.  Previous  studies  have  combined  measurements  from  the  entire  presumed  peri-­‐‑

ovulatory  period  (i.e.  multiple  days).  Our  data  show  that,  rather  than  plateau  at  one  

maximal  size  for  multiple  days,  swellings  continue  to  change  size  during  that  period,  at  

least  in  baboons.  Thus,  by  averaging  across  multiple  days,  previous  studies  have  most  

likely  combined  real  size  variation  with  measurement  error.  By  restricting  our  analysis  

to  a  comparison  only  of  final  maximal  swelling  size,  we  reduce  the  error  and  capture  

more  variation.        

  

The  rate-­‐‑limiting  step  in  this  technique  is  the  use  of  a  manual  lens.  The  

challenges  of  focusing  manually  on  a  subject  that  is  often  moving,  often  in  rough  terrain,  

while  committed  to  a  shallow  depth  of  field  are  not  trivial.  An  obvious  solution  to  these  

challenges  would  be  the  use  of  an  automatic  lens.  However,  because  the  mechanics  of  

the  Photoscale-­‐‑2  depend  on  physical  lens  extension  and  because  automatic  lens  
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extension  happens  encased  within  a  larger,  stationary  cylinder,  effective  use  of  the  

Photoscale-­‐‑2  with  an  automatic  lens  is  not  currently  possible.  Furthermore,  the  “focus  

distance”  (distance  from  subject  to  sensor  plane)  is  not  recorded  in  the  exif  data  

associated  with  digital  images  for  any  digital  lens/camera  combination  that  we  found.  

Automatic  digital  access  to  focus  distance  (or  a  correlated  value)  for  each  image  would  

increase  the  potential  power  of  this  technique  in  the  field  exponentially  because  neither  

additional  equipment  (other  than  digital  camera  and  lens)  nor  additional  skill  (other  

than  basic  camera  use)  would  continue  to  be  required.  With  this  potential  in  mind,  we  

encourage  those  with  computer  science  backgrounds  to  explore  the  possibility  of  

retrieving  exif  data  beyond  that  which  is  currently  accessible.      

3.4.2 Future directions 

This  study  makes  an  important  contribution  to  our  understanding  of  biological  

variation  in  a  vertebrate  fertility  signal,  and  advances  the  field  methods  associated  with  

collecting  the  necessary  data.  Future  research  should  continue  to  focus  on  both  of  these  

issues,  and  additional  studies  are  needed  that  investigate  the  sources  of  variance  in  

individual  variation  as  well  as  the  specific  components  of  fitness  that  variation  in  

swelling  size—and  fertility  signals  in  general—might  be  correlated  to.  This  is  especially  

important  as  biologists  begin  trying  to  understand  how  these  fertility  signals  might  

determine  male  mate  choice  and  how  the  traits  themselves  evolve  under  sexual  

selection.  As  technologies  that  allow  for  automation  of  the  methods  presented  in  this  
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study  become  available,  we  will  see  both  rapid  growth  in  the  amount  of  data  that  can  be  

collected  in  the  field  as  well  as  increased  precision  of  those  data,  opening  up  new  

possibilities  for  studying  the  evolution  of  fertility  signal  in  natural  populations.  
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4. Male mate choice for a signal of female fertility 

4.1 Introduction 

Mate  choice  is  a  behavioral  phenotype  that  is  typically  viewed  as  characteristic  of  

females.  Despite  the  skepticism  displayed  by  Darwin’s  contemporaries  when  he  

proposed  female  choice  as  a  mechanism  of  sexual  selection,  this  phenomenon  has  since  

been  subjected  to  thorough  investigation  and  is  now  accepted  as  widespread.  Empirical  

studies  show  that  in  many  species,  female  choice  has  evolved  because  choosy  females  

receive  direct  fitness  benefits  (e.g.  nuptial  gifts  or  paternal  care).  In  addition,  the  

evolution  of  female  choice  has  been  modeled  in  theoretical  studies  as  a  response  to  

indirect  benefits  (e.g.  “good  genes,”  the  handicap  principle,  or  “sexy  son”)  (see  Price  et  

al.  1993;  Kokko  et  al.  2003;  Mays  and  Hill  2004  for  review  of  both  direct  and  indirect  

advantages  of  female  choice).    

  

More  recently,  male  mate  choice—as  opposed  to  female  choice—has  become  a  

topic  of  interest  to  evolutionary  biologists.  The  evolution  of  male  mate  choice  in  sex  role  

reversed  species  (i.e.,  in  cases  in  which  females  are  mate  limited,  perhaps  due  to  

extended  paternal  care)  can  easily  be  understood  according  to  the  general  principles  of  

sexual  selection.  That  is,  when  females  are  mate-­‐‑limited  they  are  expected  to  compete  for  

access  to  males  and  those  males,  in  turn,  are  expected  to  be  choosy.  Indeed,  this  is  

observed  in  some  species  of  pipefish  (Berglund  et  al.  1989;  Vincent  et  al.  1992)  in  some  
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species  of  shorebirds  (Szekely  &  Reynolds  1995).  However,  theory  predicts  that  in  cases  

where  the  sex  roles  are  conventional,  choosy  males  will  be  at  a  competitive  disadvantage  

and  that  male  mate  choice  should  therefore  be  selected  against  (Servedio  &  Lande  2006).    

  

Nevertheless,  empirical  work  across  a  broad  range  of  taxa  indicates  that  

choosiness  among  males  is  common.  For  example,  in  species  where  female  body  size  

predicts  fecundity,  males  often  demonstrate  a  preference  for  larger  females.  Female  

fecundity  in  sand  lizards  correlates  to  body  size  and,  indeed,  males  of  this  species  have  

been  shown  to  bias  their  courtship  efforts  toward  larger  females  (Olsson  1993).  

Similarly,  both  three-­‐‑spined  sticklebacks  and  Coho  salmon  males  bias  their  courtship  

efforts  toward  larger,  more  fecund  females  (Sargent  et  al.  1986)  and  this  relationship  

between  female  body  size  and  male  mate  choice  exists  in  a  number  of  insect  species  as  

well  (Bonduriansky  2001).  In  all  of  these  cases,  males  receive  direct  fitness  benefits  by  

differentiating  females  who  are  more  fecund  from  those  who  are  less  so.    

  

However,  male  mate  choice  is  often  observed  even  when  direct  fecundity  

benefits  for  choosy  males  are  not  apparent.  In  some  cases,  males  might  receive  indirect  

benefits  from  females,  analogous  to  the  “good  genes”  models  of  mate  choice  that  have  

been  developed  for  female  choice.  For  example,  experimental  work  in  barn  owls  

suggests  that  the  offspring  of  females  with  spottier  plumage  mount  a  more  effective  
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immune  response  (Roulin  et  al.  2000,  2001).  In  other  cases,  males  may  experience  

selection  to  evolve  preferences  when  male  investment  in  mating  is  high  or  costly,  thus  

limiting  future  mating  opportunities.  For  example,  males  may  experience  selection  to  

choose  mates  carefully  when  their  ability  to  mate  with  many  females  is  constrained  by  

intense  male-­‐‑male  competition  or  sperm  competition  (Schwagmeyer  and  Parker  1990;  

Owens  and  Thompson  1994;  reviewed  by  Edward  and  Chapman  2011).  This  is  

consistent  with  observations  of  male  mate  choice  among  Soay  sheep,  a  species  in  which  

males  face  a  highly  competitive  environment  (Preston  et  al.  2005).    

  

4.1.1 Exaggerated estrous swellings in cercopithecine primates 

 

The  exaggerated  estrous  swelling  displayed  by  many  cercopithecine  primates  is  

commonly  cited  as  a  trait  upon  which  males  base  mate  choice  and  studies  in  several  

species  have  shown  that  males  prefer  females  with  larger  swellings.  However,  because  

the  fitness  benefits  that  males  might  receive  as  a  result  of  this  choosiness  are  unknown,  

the  evolutionary  forces  that  have  shaped  both  the  behavior  and  the  trait  remain  

obscured,  and  the  question  of  what  information  males  may  receive  from  these  signals  

remains  open  to  debate  (Deschner  et  al.  2004;  Higham  et  al.  2008a,  2009;  Huchard  et  al.  

2009).  Sexual  swellings  appear  during  the  follicular  phase  of  the  female  sexual  cycle,  are  

thought  to  have  evolved  multiple  times  in  the  primate  lineage  (Dixson  1983),  and  are  
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most  commonly  associated  with  multi-­‐‑male  multi-­‐‑female  social  systems  (Nunn  1999).  

Indeed,  it  is  well  established  in  several  species  that  males  pay  close  attention  to  changes  

in  swelling  size  (Hausfater  1975;  Tutin  1979;  Packer  1979;  Bielert  &  Anderson  1985;  van  

Noordwijk  1985;  Emery  &  Whitten  2003;  Deschner  et  al.  2004;  Brauch  et  al.  2007;  Higham  

et  al.  2008b;  Huchard  et  al.  2009;  Nitsch  et  al.  2011;  Breaux  et  al.  2012).    

  

As  the  understanding  of  this  trait  has  become  more  refined  over  the  past  decade,  

researchers  have  identified  three  different  types  of  variation  in  swelling  size  (Zinner  et  

al.  2002).  1)  Swelling  size  varies  within  a  cycle,  generally  achieving  maximal  size  for  that  

cycle  around  the  time  of  ovulation.  This  type  of  variation  has  been  demonstrated  

repeatedly  to  be  a  probabilistic  indicator  of  ovulation  in  at  least  some  species  (Hendrickx  

and  Kraemer  1969;  Wildt  et  al.  1977;  Dahl  et  al.  1991;  Emery  and  Whitten  2003;  see  Nunn  

1999;  Alberts  and  Fitzpatrick  2012  for  thorough  review)  and  it  has  been  shown  that  

males  do  attend  most  carefully  to  the  period  of  highest  fertility  (Noe  &  Sluijter  1990;  

Deschner  et  al.  2004).  2)  Females  of  most  primate  species  cycle  repeatedly  before  

conceiving  and  it  has  been  demonstrated  in  several  species  that  maximal  swelling  size  

increases  from  cycle  to  cycle  within  one  individual  (Emery  and  Whitten  2003;  Deschner  

et  al.  2004;  Higham  et  al.  2008b;  Chapter  2).  That  is,  the  maximal  swelling  size  achieved  

in  a  given  cycle  is  generally  larger  than  the  maximal  size  achieved  in  the  previous  cycle  

and,  if  the  probability  of  conception  increases  with  subsequent  cycles,  this  type  of  
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variation  has  the  potential  to  function  as  a  probabilistic  signal  of  conception.  3)  Finally,  

swelling  sizes  may  differ  between  individuals.  Because  this  type  of  variation  can  only  be  

revealed  by  controlling  for  the  within  cycle  and  within  individual  variation,  it  is  more  

challenging  to  demonstrate  empirically.  Yet,  some  studies  have  been  able  to  do  so  

(Deschner  et  al.  2004;  Huchard  et  al.  2009;  Chapter  2).  However,  while  studies  of  

variation  in  swelling  size  have  made  it  clear  that  size  variation  signals  the  probability  of  

ovulation  within  a  cycle  and  the  probability  of  conception  across  cycles  in  at  least  some  

species,  it  remains  unclear  whether  differences  between  females  in  sexual  swelling  size  

have  additional  information  content  for  male  primates.      

  

Nevertheless,  a  main  hypothesis  that  attempts  to  explain  both  the  evolution  of  

exaggerated  swellings  and  the  male  response  to  them  assumes  that  the  third  type  of  

variation  (between  individuals)  is  salient  for  males.  This  hypothesis  has  become  known  

as  “the  reliable  indicator  hypothesis”  and  posits  both  that  exaggerated  swellings  signal  

intrinsic  differences  in  female  quality  (e.g.  genetic  or  epigenetic  quality)  and  that  males  

bias  their  mating  behavior  toward  females  with  larger  swellings  (Pagel  1994).  One  

empirical  test  of  this  hypothesis  reported  that  male  baboons  preferred  females  with  

larger  swellings  and  that  those  females  had  higher  infant  survival  (Domb  &  Pagel  2001).  

These  findings  were  presented  as  support  for  the  reliable  indicator  hypothesis  and  the  

authors  concluded  that  exaggerated  swellings  are  under  sexual  selection.  
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This  conclusion  was  fundamentally  flawed  for  several  reasons.  First,  it  conflated  

the  evolution  of  male  mate  choice  with  sexual  selection  on  females.  In  fact,  the  existence  

of  male  mate  choice  alone  does  not  necessarily  exert  sexual  selection  pressure  on  female  

traits  (see  Fig  4  in  Chapter  1).  That  is,  definitive  evidence  that  males  prefer  females  with  

larger  swellings  and  that  females  with  larger  swellings  have  higher  fitness  does  not  

address  the  question  of  whether  or  not  exaggerated  swellings  have  evolved  in  response  

to  sexual  selection  pressure  on  females  via  male  mate  choice.  This  male  mate  choice  will  

only  exert  selection  pressure  on  swelling  size  if  females  with  larger  swellings  receive  

fitness  advantages  as  a  result  of  being  preferred  beyond  those  that  they  would  receive  

from  being  mated  at  random.  To  our  knowledge,  no  study  has  provided  evidence  of  

such  fitness  benefits  in  primates.  Thus,  data  about  male  behavior  in  response  to  

variation  in  swelling  size,  combined  with  data  about  correlations  between  components  

of  female  fitness  and  variation  in  swelling  size  can  only  address  questions  about  the  

evolution  of  male  mate  choice  in  this  system.  In  other  words,  the  common  portrayal  of  

the  reliable  indicator  hypothesis  for  the  evolution  of  sexual  swellings,  at  the  outset,  

conflates  male  mate  choice  as  a  consequence  of  sexual  selection  on  males  (if  females  with  

larger  swellings  really  do  have  higher  infant  survival  and  therefore  males  prefer  them)  

with  male  mate  choice  as  a  potential  cause  of  sexual  selection  on  females.  Despite  this  

error  in  logic,  studies  continue  to  cite  exaggerated  swellings  as  an  example  of  sexual  
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selection  in  females,  pointing  to  the  need  for  this  clarification  (Paul  2002;  Jawor  et  al.  

2004;  Deschner  et  al.  2004;  Drea  2005;  LeBas  2006;  Fernandez  &  Morris  2007;  Clutton-­‐‑

Brock  2007,  2009;  Huchard  et  al.  2009;  Rundle  &  Chenoweth  2011;  Weiss  et  al.  2011;  

Davies  et  al.  2012).    

  

Domb  and  Pagel  (2001)  also  received  a  thorough  critique  on  methodological  

grounds  (Zinner  et  al.  2002).  A  reanalysis  of  the  data  reported  by  Domb  and  Pagel  (2001)  

demonstrated  that  their  results  were  readily  explained  by  differences  among  baboon  

social  groups  in  access  to  resources.  Specifically,  one  social  group  had  access  to  fish  from  

the  activities  of  local  fishermen.  The  effect  of  this  food  enhancement  on  infant  survival,  

swelling  size,  and  male  dispersal  patterns  accounted  for  the  reported  relationship  and  

the  study  is  therefore  not  accepted  as  good  evidence  either  of  male  mate  choice  or  of  the  

potential  for  sexual  swellings  to  indicate  female  fitness.  While  many  studies  recognize  

that  this  methodological  flaw  limits  the  utility  of  the  study,  others  still  cite  it  as  having  

shown  that  exaggerated  swellings  are  a  reliable  indicator  of  female  quality,  despite  the  

fact  that  it  has  not  yet  been  demonstrated  to  be  one  (Gouzoules  &  Gouzoules  2002;  Paul  

2002;  Jablonski  2004;  Jawor  et  al.  2004;  Dixson  &  Anderson  2004;  Caro  2005;  Preston  et  al.  

2005;  Massironi  et  al.  2005;  Veiga  &  Polo  2005;  Drea  2005;  LeBas  2006;  Weiss  2006;  Polo  &  

Veiga  2006;  Pagel  &  Meade  2006;  Gumert  2007;  Watson  &  Platt  2008;  Huchard  et  al.  2009;  
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Huangshan  et  al.  2010;  Gladbach  et  al.  2010;  Rundle  &  Chenoweth  2011;  Weiss  et  al.  

2011;  Haselton  &  Gildersleeve  2012).  

  

Several  attempts  have  been  made  to  replicate  pieces  of  Domb  and  Pagel  (2001),  

with  mixed  conclusions.  Setchell  and  Wickings  (  2004)  found  no  relationship  between  

maximal  swelling  size  and  components  of  female  fitness  in  mandrills,  and  mixed  results  

about  male  response  to  swelling  size.  They  concluded  that  support  for  the  reliable  

indicator  hypothesis  in  mandrills  was  limited.  However,  habitat  conditions  in  this  study  

(dense  forest)  limited  the  researchers’  ability  to  collect  behavioral  data.  Further,  the  

population  was  semi-­‐‑free-­‐‑ranging  and  provisioned,  potentially  obscuring  inter-­‐‑

individual  variation  in  swelling  size  and  relaxing  the  ecological  conditions  that  might  

reveal  variation  in  the  relevant  components  of  female  fitness.  Still,  a  follow  up  study  in  

the  identical  population  found  no  relationship  between  swelling  size  and  immune  

responsiveness  (Setchell  et  al.  2006).    

  

Deschner  et  al.  (2004)  also  reported  an  absence  of  support  for  the  reliable  

indicator  hypothesis  in  chimpanzees  because,  when  presented  with  a  choice  between  

two  females,  alpha  males  did  not  opt  for  the  female  whose  swelling  was  larger  –  instead,  

males  preferred  females  who  were  closer  to  the  likely  day  of  ovulation.  The  authors  did  
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not  examine  the  relationship  between  swelling  size  and  female  fitness  and  therefore  

could  not  assess  the  signaling  potential  of  exaggerated  swellings.    

  

Huchard  et  al.  (2009)  found  that  female  baboons  in  better  body  condition  had  

both  larger  swellings  and  higher  reproductive  success  (measured  as  proportion  of  

population  represented  by  surviving  offspring).  In  contrast  to  the  Deschner  et  al  (2004)  

study  on  chimpanzees,  Huchard  (2009)  found  that  when  faced  with  two  females  cycling  

simultaneously,  male  baboons  preferred  the  female  with  the  larger  swelling.  From  this  

evidence,  Huchard  et  al.  (2009)  concluded  that  their  results  supported  the  reliable  

indicator  hypothesis.  However,  this  study  was  limited  by  a  small  sample  size  (18  cycles  

for  11  females)  and  by  the  fact  that  fully  half  (9  of  18)  of  the  cycles  in  the  sample  were  the  

first  that  a  given  female  had  experienced  since  her  most  recent  pregnancy.  These  first  

post-­‐‑partum  cycles  exhibit  both  smaller  swellings  and  lower  probabilities  of  conception  

than  later  cycles  in  both  chimpanzees  and  baboons  (Chapter  2;  Emery  and  Whitten  2003;  

Deschner  et  al.  2004;  Higham  et  al.  2008b).  Consequently,  the  authors  could  not  

distinguish  male  response  based  on  swelling  size  from  male  response  based  on  temporal  

changes  within  female  in  the  probability  of  conception.    

  

Taken  together,  these  studies  reveal  that—despite  many  efforts—the  question  of  

what  drives  male  mate  choice  in  response  to  exaggerated  swellings  is  still  open.  
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Moreover,  the  conclusions  reported  by  all  of  these  authors  are  weakened  because,  

despite  the  fact  that  conceptive  status  (i.e.  a  cycle  does  or  does  not  result  in  conception)  

has  potentially  important  consequences  for  both  swelling  size  and  male  behavior,  only  

one  of  the  above  studies  took  this  variable  into  account,  and  reported  no  effect  of  

conceptive  status  on  swelling  size,  again  perhaps  due  to  provisioning  (Setchell  2004).  In  

contrast,  one  early  study  in  wild  baboons  found  that  males  pay  significantly  less  

attention  to  non-­‐‑conceptive  cycles  than  they  do  to  conceptive  or  penultimate  cycles  

(Bercovitch  1987).  Furthermore,  subsequent  studies  in  baboons  indicated  that  males  are  

more  responsive  to  conceptive  cycles  (Bulger  1993;  Weingrill  et  al.  2003;  Alberts  et  al.  

2006;  Gesquiere  et  al.  2007).  Therefore,  without  controlling  for  conceptive  status,  the  

reliable  indicator  hypothesis  cannot  be  adequately  investigated  because  if  conceptive  

swellings  are  larger  than  non-­‐‑conceptive  ones  (which  appears  to  be  true  if  each  swelling  

size  increases  as  a  female  continues  to  cycle)  and  males  can  identify  cycles  with  higher  

probabilities  of  conception  and  prefer  them  (as  previous  studies  suggest),  then  it  may  

appear  that  males  prefer  larger  swellings  when,  in  fact,  they  may  only  be  tracking  

probability  of  conception.  

       

Thus,  a  thorough  replication  of  Domb  and  Pagel  (2001)  faces  multiple  obstacles.  

First,  non-­‐‑invasive  collection  of  the  precise  swelling  size  data  that  are  needed  is  a  major  

technical  challenge  in  a  natural  population.  Second,  a  large  population  and  long  field  
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seasons  are  required  in  order  both  to  generate  a  sufficient  sample  size  and  control  for  

conceptive  status  because  only  a  fraction  of  the  sexual  cycles  that  take  place  during  any  

one  time  period  will  result  in  a  conception.  Finally,  in  order  to  control  for  potentially  

confounding  variables  (e.g.  age  and  dominance  rank)  and  to  assess  components  of  

female  fitness  (e.g.  fitness  relative  to  the  rest  of  the  population),  data  are  needed  from  a  

population  that  is  monitored  long-­‐‑term.  

  

Here,  we  take  advantage  of  an  on-­‐‑going  long-­‐‑term  study  of  savannah  baboons  

(Papio  cynocephalus)  to  test  predictions  of  the  reliable  indicator  hypothesis  in  a  natural  

population,  thus  replicating  Domb  and  Pagel  (2001).  We  ask  first  whether  males  bias  

their  mating  energy  toward  females  with  larger  swellings  and  then  whether  this  

variation  in  swelling  size  predicts  female  fitness.  We  emphasize  that  the  reliable  

indicator  hypothesis  has  been  inaccurately  represented  in  the  literature  as  an  

investigation  of  sexual  selection  on  females.  That  is,  our  test  of  the  reliable  indicator  

hypothesis  does  not  address  the  question  of  whether  female  baboons  experience  sexual  

selection.  Rather,  this  study  investigates  the  evolution  of  male  mate  choice  in  a  long-­‐‑

lived  mammal.    
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4.2 Methods 

4.2.1 Study population 

We  collected  morphological  and  behavioral  data  from  a  natural  population  of  

savannah  baboons  (Papio  cynocephalus),  which  has  been  under  continuous  study  by  the  

Amboseli  Baboon  Research  Project  for  over  four  decades  (Hausfater  1975;  Alberts  et  al.  

2006;  Gesquiere  et  al.  2007;  Altmann  et  al.  2010).  The  study  population  comprises  over  

300  individuals,  all  of  which  are  habituated  to  human  observers,  are  individually  

identifiable  by  sight,  and  were  distributed  across  five  different  social  groups  during  the  

period  of  this  study.    

4.2.2 Data analysis 

We  carried  out  two  different  analyses  with  maximal  swelling  size  as  the  

predictor  of  primary  interest  in  each.  Our  first  analysis  examined  the  effect  of  swelling  

size  on  male  mating  behavior.  Because  several  variables  may  influence  male  mating  

behavior,  we  evaluated  a  candidate  set  of  models  using  an  information  theoretic  

approach.  The  second  analysis  tested  a  prediction  of  the  reliable  indicator  hypothesis  by  

examining  the  relationship  between  swelling  size  and  components  of  female  fitness.  We  

used  the  standard  null/alternative  hypothesis  testing  approach  for  this  second  analysis.      

4.2.3 Main predictor variable of interest: maximal swelling size 

Swelling  sizes  were  estimated  from  digital  images  of  individual  reproductive  

females,  collected  opportunistically  during  one  field  season  of  12  months  (November  
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2008  through  November  2009)  and  a  second  field  season  of  5  months  (February  2010  

through  June  2010).  Digital  images  were  collected  using  a  Photoscale-­‐‑2  and  digital  

caliper,  a  system  that  can  convert  a  measurement  in  pixels  to  an  estimate  in  millimeters.    

In  order  to  control  for  the  within  cycle  variation,  we  included  only  those  females  

for  whom  we  were  able  to  capture  maximal  swelling  size,  designated  as  an  estimate  that  

was  collected  within  two  days  of  the  first  day  of  deturgescence  (“d-­‐‑day”).  This  

designation  is  justified  by  previous  analyses  showing  that  size  estimates  gathered  on  “d-­‐‑

2”  (two  days  prior  to  deturgescence)  and  “d-­‐‑1”  (one  day  prior  to  deturgescence)  were  

statistically  equivalent  (see  Chapter  2  for  a  thorough  explanation  of  this  designation).  

Because  previous  studies  have  shown  that  male  baboons  respond  differently  to  cycles  

that  are  conceptive  than  they  do  to  those  that  are  non-­‐‑conceptive  (Bercovitch  1987;  

Bulger  1993;  Weingrill  et  al.  2003;  Alberts  et  al.  2006;  Gesquiere  et  al.  2007),  we  included  

only  those  cycles  that  resulted  in  a  pregnancy.  Therefore,  each  female  in  the  data  set  was  

represented  only  once  (N  =  33  females).  Although  spontaneous  miscarriages  and  

stillbirths  are  not  uncommon  in  this  population  (Beehner  et  al.  2006;  Beehner  2006),  all  

conceptions  represented  in  this  analysis  resulted  in  a  live  birth.    

4.2.4 Analysis 1: male mate choice 

4.2.4.1  Response  variables:  behavioral  data  

To  assay  whether  male  preference  varied  in  response  to  differences  in  swelling  

size  between  individuals,  we  collected  behavioral  data  that  we  expected  to  reflect  the  
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perceived  value  of  a  given  cycle  to  males.  All  behavioral  data  were  collected  during  the  

five-­‐‑day  window  prior  to  “d-­‐‑day”  because  this  is  the  period  of  time  during  which  

ovulation  is  most  likely  to  occur  in  baboons  (Wildt  et  al.  1977;  Higham  et  al.  2008b;  

Daspre  et  al.  2009).  Behavioral  data  were  also  collected  during  clear  bouts  of  mate  

guarding,  or  “consortships.”  These  consortships  are  unambiguous  associations  between  

one  estrous  female  and  one  adult  male  (Saayman  1970;  Seyfarth  1978;  Packer  1979;  

Bercovitch  1988;  Alberts  et  al.  1996,  2003).  Consorting  males  attend  closely  to  the  estrous  

female,  maintain  proximity,  and  display  vigilance.  However,  males  fight  intensively  

with  each  other  over  access  to  estrous  females  and  consortship  possession  is  often  

overturned.  As  a  consequence,  it  is  usually  the  case  that  females  are  consorted  

continuously  during  the  five-­‐‑day  window,  and  are  consorted  by  more  than  one  male  

during  a  given  cycle.  In  the  Amboseli  baboon  population,  the  highest-­‐‑ranking  male  is  

more  likely  to  monopolize  a  consortship  than  expected  by  chance  (Alberts  et  al.  2003),  

although  dominance  rank  is  not  the  near-­‐‑perfect  predictor  of  access  to  estrous  females  

that  it  is  in  some  primate  populations  (Bulger  1993;  Weingrill  et  al.  2003).  That  is,  of  all  

the  males  in  a  social  group,  the  highest-­‐‑ranking  male  is  the  most  likely  to  be  able  to  

exercise  choice  (see  Hausfater  1975  for  thorough  descriptive  summary  of  consortships  in  

this  population).    
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A  common  manifestation  of  male-­‐‑male  competition  in  this  population  is  male  

“following,”  in  which  one  or  more  males  that  are  not  the  consort  partner  will  

consistently  trail  the  consort  pair.  Following  males  are  identifiable  because  they  clearly  

coordinate  their  movements  with  the  consort  pair,  and  glance  at  the  consort  pair  

regularly  and  more  often  than  do  other  individuals  in  the  group.  Followers  sometimes  

make  blatant  attempts  to  take  over  possession  of  the  established  consortships,  which  

usually  involves  charging,  fighting,  or  coalitionary  behavior  with  other  males.  Even  in  

the  absence  of  a  true  takeover  attempt,  however,  the  presence  of  a  follower  often  

provokes  increased  vigilance  and  anxious  behaviors  in  the  primary  consort  male,  

indicating  that  follower  males  are  a  perceived  threat  (Hall  &  DeVore  1965;  Hausfater  

1975).  

  

   Informed  by  these  features  of  male  competition  in  the  presence  of  estrous  

females,  we  selected  two  behavioral  measures  of  male  preference.  1)  Proportion  of  a  

female’s  consortship  time  that  is  monopolized  by  the  highest-­‐‑ranking  male.  2)  

Proportion  of  a  female’s  consortship  time  that  the  main  consort  is  trailed  by  at  least  one  

follower.  
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4.2.4.1.1  Consortship  by  highest-­‐‑ranking  male  

To  calculate  this  metric,  we  used  consortship  observations  that  were  collected  on  

a  near-­‐‑daily  basis  as  part  of  the  ongoing  ABRP  data  collection  protocol.  Consortship  

data,  including  start  time,  stop  time,  identity  of  individuals  in  the  consort  pair,  were  

recorded  ad-­‐‑libitum  whenever  an  observer  was  monitoring  one  of  the  study  groups  

(Alberts  &  Altmann  2011).  From  these  data,  we  created  a  simple  proportion  (observed  

consort  time  with  alpha  male/total  observed  consort  time)  for  each  female  for  whom  we  

had  a  measure  of  maximal  swelling  size.  When  we  performed  the  multivariate  linear  

regression  (predictors  described  in  Data  Analysis  section),  the  residuals  were  non-­‐‑

normally  distributed,  and  did  not  respond  to  transformation.  Therefore,  we  converted  

this  response  variable  to  a  binary  variable  (i.e.,  the  female  either  was  or  was  not  

consorted  by  the  highest  ranking  male  during  a  given  sexual  cycle)  and  subsequently  

performed  a  logistic  regression  (see  Results  section).      

  

4.2.4.1.2  Proportion  of  consort  time  with  a  follower  

Data  on  followers  were  collected  during  point  samples  taken  during  30-­‐‑min  focal  

animal  samples.  Point  samples  are  instantaneous  samples  of  behavior  collected,  in  this  

case,  every  two  minutes  on  the  minute  (Altmann  1974).  The  unit  of  the  focal  samples  

was  one  consort  pair  (i.e.  one  estrous  female  and  her  consort  partner).  At  each  point  

sample  we  recorded  the  distance  between  the  consort  pair,  the  number  of  followers  
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present,  and  the  distance  between  the  closest  follower  and  the  consort  pair.  From  these  

data  we  created  a  proportion  of  consort  time  spent  with  at  least  one  follower,  as  number  

of  point  samples  with  follower/total  number  of  points  samples  collected.  Field  

conditions  prevented  the  collection  of  focal  samples  from  2  of  the  33  conceptive  females  

for  which  we  captured  maximal  swelling  size.  Therefore,  when  using  this  second  

response  variable  (proportion  of  consort  time  with  a  follower),  the  sample  included  only  

31  conceptive  females.  When  we  performed  the  multivariate  linear  regression  

(predictors  described  in  Data  Analysis  section),  the  residuals  were  distributed  normally.  

Therefore,  this  response  variable  remained  as  a  proportion  in  the  multivariate  linear  

regression  (see  Results  section).    

4.2.4.2  Additional  predictor  variables  

In  addition  to  swelling  size  (size),  we  modeled  additional  features  of  each  

individual  female  including  age  (a),  female  rank  (r),  and  number  of  cycles  since  resumption  

(csr)  (see  Ch.  2).  In  addition,  we  included  one  demographic  variable,  number  of  adult  

males  in  queue  (queue),  and  one  ecological  variable,  days  since  last  wet  month  (dslwm)  as  

predictor  variables  (Table  3).  

  

We  included  rank  in  our  initial  analysis  because  recent  studies  in  this  population  

found  evidence  of  assortative  mating  as  a  function  of  rank  (Tung  et  al.  2012).  Thus,  high-­‐‑

ranking  males  may  be  more  likely  to  target  females  of  similarly  high  rank.  We  included  
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female  age  as  a  predictor  both  because  fertility  changes  with  age  for  female  baboons  

(Alberts  &  Altmann  2003;  Beehner  2006)  and  because  a  study  in  chimpanzees  found  

evidence  that  male  chimpanzees  prefer  older  females  (Muller  et  al.  2006).  That  is,  males  

may  modify  their  investment  as  a  function  of  female  age.  Furthermore,  previous  

analysis  in  our  study  population  showed  that  age  was  a  source  of  variance  in  swelling  

size  (Chapter  2),  indicating  that  we  need  to  control  for  the  effect  of  age  in  attempting  to  

identify  an  effect  of  swelling  size.  Similarly,  we  included  cycles  since  resumption  (csr)  

because  this  variable  had  the  largest  effect  on  variation  in  swelling  size  in  our  previous  

analysis  (Ch.  2)  and,  therefore,  swelling  size  cannot  be  effectively  examined  without  

controlling  for  an  effect  of  csr.  Correlation  coefficients  between  all  predictor  variables  

were  less  than  .5  and  the  variance  inflation  factors  were  all  less  than  2.    

  

Because  males  can  only  consort  one  female  at  a  time,  the  competitive  

environment  is  a  function  of  both  the  number  of  adult  males  and  the  number  of  cycling  

females  in  the  group.  The  intensity  of  the  competitive  environment  is  likely  to  influence  

both  the  probability  that  a  given  consortship  attracts  a  follower  and  the  probability  that  

the  alpha  male  can  obtain  a  consortship.  Consequently,  we  included  a  variable,  number  

of  adult  males  in  queue,  in  our  candidate  model  set  that  controlled  for  this  effect.  To  create  

this  variable,  we  subtracted  the  number  of  cycling  females  available  in  the  social  group  

on  a  given  day  from  the  number  of  adult  males  that  were  present  that  day.  In  this  case,  
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we  included  cycles  that  were  both  conceptive  and  non-­‐‑conceptive  because  it  is  extremely  

rare  for  a  cycling  female  (whether  she  conceives  or  not)  not  to  be  consorted  at  all.  That  is,  

every  female  that  is  cycling  will  reduce  the  intensity  of  the  competitive  environment.  We  

calculated  this  variable  for  each  of  the  five  days  during  which  behavioral  data  were  

collected.  If  the  number  of  males  in  the  group  varied  during  those  five  days,  we  

averaged  across  that  period.  Males  were  defined  as  adult  when  they  achieved  a  

dominance  rank  among  other  adult  males  in  the  social  group  by  winning  at  least  one  

agonistic  interaction  with  another  adult  male  (Alberts  &  Altmann  1995).    

  

Finally,  we  included  days  since  last  wet  month  (dslwm)  because  our  two  study  

periods  spanned  nearly  unprecedented  ecological  extremes  of  drought  (June-­‐‑October  

2009)  and  heavy  rainfall  (November  2009-­‐‑February  2010).  Our  previous  analysis  

(Chapter  2)  found  that  dslwm  constrained  swelling  size  and  these  ecological  conditions  

may  also  constrain  male  behavior.    
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Table  3:  Parameters  used  in  analysis  of  male  mate  choice.  

Variable	
   Description	
  

queue	
   Number	
  of	
  adult	
  males	
  in	
  the	
  queue	
  (number	
  of	
  cycling	
  females	
  
available	
  subtracted	
  from	
  number	
  of	
  adult	
  males	
  present	
  in	
  the	
  
group).	
  

size	
   Maximal	
  swelling	
  size	
  (mm)	
  .	
  
csr	
   Cycles	
  since	
  resumption:	
  ordinal	
  number	
  representing,	
  for	
  a	
  

given	
  cycle,	
  how	
  many	
  cycles	
  have	
  passed	
  since	
  completion	
  of	
  
most	
  recent	
  episode	
  of	
  post-­‐partum	
  ammeonorrhea.	
  

a	
   Age:	
  a	
  female's	
  age	
  at	
  time	
  of	
  measurement	
  of	
  swellings,	
  to	
  the	
  
nearest	
  tenth	
  of	
  a	
  year.	
  

r	
   Dominance	
  rank:	
  a	
  female's	
  dominance	
  rank	
  relative	
  to	
  other	
  
females	
  in	
  the	
  social	
  group.	
  1	
  =	
  highest	
  rank.	
  

dwlwm	
   Days	
  since	
  last	
  wet	
  month:	
  number	
  of	
  days	
  that	
  have	
  passed	
  
since	
  a	
  single	
  30-­‐day	
  period	
  that	
  contained	
  50	
  mm	
  of	
  rain	
  or	
  
more.	
  

  

       

  

4.2.4.3  Information  theoretic  approach  

We  calculated  Akaike’s  Information  Criterion  (AIC)  (Akaike  1973)  for  each  

model  in  our  candidate  set  using  the  statistical  software,  R.  We  used  an  adjusted  

measure  of  AIC  that  accounts  for  limited  samples  sizes  (AICC),  because  our  sample  size  

for  this  analysis  was  n=33  females  and  the  parameters  (k)  in  our  model  set  ranged  from  3  

to  7.  In  those  cases  where  n/k  is  less  than  40  (as  it  is  in  our  data  set),  this  modified  

version  of  AIC  is  recommended  (Burnham  et  al.  2010;  Symonds  &  Moussalli  2010).  

Because  this  data  set  was  restricted  only  to  conceptive  cycles,  each  individual  female  

was  represented  only  once  and  random  effects  were  not  included  in  any  of  the  models.    
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Finally,  we  calculated  two  measures  of  goodness  of  fit  to  evaluate  the  model  set,  the  

Akaike  weight  value  (wi)  and  the  evidence  ratio  (ER).  After  identifying  each  of  the  best  

models  using  the  AIC  approach,  we  further  explored  the  effects  of  each  variable  in  post  

hoc  analyses  that  focused  on  elucidating  the  effect  of  swelling  size  on  our  two  assays  of  

male  preference.    

4.2.5 Analysis 2: swellings as an indicator of female fitness 

4.2.5.1  response  variables:  components  of  female  fitness  

To  test  the  hypothesis  that  swelling  size  signals  female  fitness,  we  examined  the  

effect  of  variation  in  swelling  size  on  known  components  of  female  fitness.  To  test  for  

significance,  we  calculated  partial  correlations  (controlling  for  age  and  female  rank)  

between  maximal  swelling  size  the  five  different  response  variables.  The  first  response  

variable  was  age  at  first  conception,  which  we  examined  because  several  studies  indicate  

that  this  is  a  predictor  of  lifetime  reproductive  success  in  female  baboons.  In  addition,  

we  examined  five  direct  measures  of  reproductive  success:  1)  number  of  offspring  born  

alive  per  reproductive  year,  2)  number  of  offspring  surviving  to  age  2  per  reproductive  

year,  3)  proportion  of  total  offspring  surviving  to  year  2,  and  4)  infant  survival  relative  

to  population  median.  Age  at  first  conception  and  the  first  three  measures  of  infant  

survival  directly  replicate  the  response  variables  used  by  Domb  and  Pagel  (2001).  

Relative  infant  survival  (RIS)  is  calculated  as  the  difference  between  infant  survival  to  

year  2  and  the  median  infant  survival  to  year  2  for  the  population,  as  described  by  Silk  et  
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al.  (2003).  A  negative  value  for  RIS  indicates  that  a  female  has  lower  infant  survival  than  

the  population  average  and  a  positive  value  for  RIS  indicates  that  a  female  has  higher  

infant  survival  than  the  population  average.      

4.2.5.2  Additional  predictor  variables  

Although  we  found  no  effect  of  female  rank  on  swelling  size  (Chapter  2),  we  

included  it  as  an  additional  predictor  variable  in  order  to  replicate  Domb  and  Pagel  

(2001).  We  also  controlled  for  female  age,  both  as  part  of  the  replication  and  because  

previous  analysis  found  that  female  age  is  a  source  of  variance  in  swelling  size.  

4.3 Results 

4.3.1 Analysis 1 

4.3.1.1  multi-­‐‑model  inference  

When  consortship  by  the  highest-­‐‑ranking  male  was  modeled  as  the  response  

variable,  the  model  with  the  lowest  AIC  included  only  number  of  males  in  the  queue  

(queue)  and  cycles  since  resumption  (csr)  as  predictors.  However,  the  Δi,  Akaike  weights  

(wi),  and  evidence  ratios  (ER)  point  to  two  top  models  worth  considering  and  indicate  

that  the  best  model  cannot  be  differentiated  from  a  model  that  also  includes  swelling  size  

as  a  predictor  (i.e.  queue,  csr,  and  size)  (Table  4).    

  

When  the  proportion  of  time  that  a  consortship  had  at  least  one  follower  was  

modeled  as  the  response  variable,  the  model  with  the  lowest  AIC  included  only  number  
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of  males  in  the  queue  and  swelling  size  as  predictors.  However,  the  Δi,  Akaike  weights  (wi),  

and  evidence  ratios  (ER)  point  to  three  top  models  worth  considering  and  indicate  that  

the  best  model  cannot  be  differentiated  from  a  model  that  also  includes  csr  as  a  predictor  

(i.e.  queue,  csr,  and  size)  or  from  a  model  that  contains  males  and  csr  as  its  only  two  

predictors  (Table  5).  

  

Taken  together,  the  multi-­‐‑model  inference  indicates  that  both  measures  of  male  

preference  are  likely  to  be  influenced  by  swelling  size,  cycles  since  resumption,  and  number  

of  males  in  the  queue.  To  differentiate  the  effects  of  size  from  csr,  and  to  further  examine  

the  effects  of  the  competitive  environment  (queue)  on  male  mate  choice,  we  performed  

post  hoc  analyses  to  explore  the  individual  effects  of  each.  We  report  only  R2  values  for  

these,  rather  than  P-­‐‑values,  because  as  post-­‐‑hoc  analyses,  these  are  subject  to  Type  1  

errors  due  to  multiple  testing.    
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Table  4:  Models  of  fixed  effects  on  probability  of  being  consorted  by  the  
highest-­‐‑ranking  male  in  the  group  (N  =  33  females).  Shaded  rows  indicate  those  
models  that  should  be  considered  equivalent  to  the  best  model  (i.e.  Δi  <  2).  

Fixed	
  Effects	
   K	
   AIC	
   AICC	
   Δi	
   wi	
   ER	
  
queue	
  	
  +	
  csr	
   4	
   34.83	
   36.26	
   0.00	
   0.41	
   2.45	
  
size	
  +	
  csr	
  +	
  queue	
   5	
   35.10	
   37.32	
   1.07	
   0.24	
   4.17	
  
csr	
   3	
   37.67	
   38.50	
   2.24	
   0.13	
   7.50	
  
size	
  +	
  csr	
   4	
   38.43	
   39.86	
   3.60	
   0.07	
   14.81	
  
dslwm	
   3	
   39.16	
   39.99	
   3.73	
   0.06	
   15.80	
  
queue	
   3	
   40.57	
   41.39	
   5.14	
   0.03	
   31.90	
  
a	
   3	
   42.22	
   43.05	
   6.79	
   0.01	
   72.93	
  
r	
   3	
   42.64	
   43.47	
   7.21	
   0.01	
   89.97	
  
size	
   3	
   42.66	
   43.49	
   7.23	
   0.01	
   90.88	
  
size	
  +	
  queue	
   4	
   42.55	
   43.98	
   7.72	
   0.01	
   115.99	
  
size	
  +	
  csr	
  +	
  queue	
  +	
  r	
  +	
  a	
  +	
  dslwm	
   8	
   38.51	
   44.51	
   7.19	
   0.01	
   89.07	
  

  

  

  

Table  5:  Models  of  fixed  effects  on  probability  that  a  consortship  has  at  least  
one  follower  male  (N  =  31  females).  Shaded  rows  indicate  those  models  that  should  be  

considered  equivalent  to  the  best  model  (i.e.  Δi  <  2).  

Fixed	
  Effects	
   K	
   AIC	
   AICC	
   Δi	
   wi	
   ER	
  
size	
  +	
  queue	
   4	
   -­‐2.72	
   -­‐1.29	
   0.00	
   0.31	
   3.24	
  
size	
  +	
  csr	
  +	
  queue	
   5	
   -­‐3.01	
   -­‐0.79	
   0.50	
   0.24	
   4.17	
  
queue	
  +	
  csr	
   4	
   -­‐1.74	
   -­‐0.31	
   0.98	
   0.19	
   5.30	
  
size	
  +	
  csr	
   4	
   -­‐0.07	
   1.36	
   2.65	
   0.08	
   12.19	
  
queue	
   3	
   0.88	
   1.70	
   3.00	
   0.07	
   14.51	
  
csr	
   3	
   1.38	
   2.21	
   3.50	
   0.05	
   18.70	
  
size	
   3	
   1.98	
   2.81	
   4.10	
   0.04	
   25.20	
  
a	
   3	
   5.05	
   5.88	
   7.17	
   0.01	
   117.03	
  
dslwm	
   3	
   6.19	
   7.02	
   8.31	
   0.00	
   206.89	
  
swelling+	
  csr	
  +	
  queue	
  	
  +	
  r	
  +	
  a	
  +	
  
dslwm	
   8	
   1.40	
   7.40	
   8.69	
   0.00	
   250.58	
  
r	
   3	
   8.47	
   9.30	
   10.59	
   0.00	
   646.12	
  

  



  

   120  

4.3.1.2  Consortship  by  highest-­‐‑ranking  male  

In  a  simple  bivariate  analysis,  females  were  less  likely  to  be  consorted  by  the  

highest-­‐‑ranking  male  in  groups  with  more  adult  males  relative  to  cycling  females  (Fig.  

14a).  In  addition,  the  probability  of  consortship  by  the  highest-­‐‑ranking  male  increased  

with  the  number  of  cycles  since  resumption  in  a  bivariate  relationship  (Fig.  14c).  Although  

our  multi-­‐‑model  analysis  suggested  that  swelling  size  may  have  influenced  the  

probability  that  the  highest-­‐‑ranking  male  monopolized  a  consortship,  this  pattern  was  

not  apparent  in  a  visualization  of  the  bivariate  relationship  (Fig.  14b).  

4.3.1.3  Proportion  of  consort  time  with  a  follower  

The  proportion  of  time  that  a  consortship  was  trailed  by  at  least  one  follower  

increased  as  a  function  of  the  number  of  males  in  the  queue  (Fig.  15a;  linear  regression  

parameter  estimate  =  .03,  R2  =  .20,  N  =  31  conceptive  cycles).  In  order  to  investigate  

whether  size  or  csr  explained  remaining  variation  in  this  assay  of  male  mate  choice  (as  

suggested  by  the  original  information  theoretic  analysis),  we  used  the  residuals  from  

this  linear  model  as  the  response  variable  for  two  subsequent  analyses.  Both  size  and  csr  

positively  predicted  deviation  from  the  original  linear  regression  (Fig.  15b-­‐‑c)  (csr,  R2  =  

.09;  size,  R2  =  .13;  N  =  31  females),  indicating  that  when  controlling  for  the  number  of  

males  in  a  social  group,  increases  in  both  size  and  csr  also  increased  the  likelihood  that  a  

consortship  would  attract  a  follower  male.  
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Figure  14:  Predicted  probability  of  being  consorted  by  the  highest-­‐‑ranking  
male  at  any  time  during  the  five  day  window  prior  to  d-­‐‑day  A)  as  a  function  of  the  
length  of  the  queue,  B)  as  a  function  of  maximal  swelling  size,  and  C)  as  a  function  of  
cycles  since  resumption.  Each  trend  line  was  generated  using  coefficients  generated  
from  bivariate  logistic  regression  with  single  predictor.  Observed  data  points  plotted  
and  jittered  to  facilitate  visibility.  
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Figure  15:  Predicted  probability  of  being  consorted  by  the  highest-­‐‑ranking  
male  at  any  time  during  the  five  day  window  prior  to  d-­‐‑day  A)  as  a  function  of  the  
length  of  the  queue,  B)  as  a  function  of  maximal  swelling  size,  and  C)  as  a  function  of  
cycles  since  resumption.  Each  trend  line  was  generated  using  coefficients  generated  
from  bivariate  logistic  regression  with  single  predictor.  Observed  data  points  plotted  
and  jittered  to  facilitate  visibility.  

  

  

4.3.2 Analysis 2 

Maximal  swelling  size  was  not  significantly  associated  with  a  female’s  age  at  first  

conception  (Pearson’s  product-­‐‑moment  correlation;  p  =  .36).  Neither  was  there  a  

significant  correlation  between  swelling  size  and  number  of  offspring  per  year  (p  =  .66),  

number  of  surviving  offspring  per  year  (p  =  .69),  proportion  of  offspring  surviving  (p  =  

.75),  or  relative  infant  survival  (p  =  .28).  All  partial  correlations  when  controlling  for  age  

and  rank  remained  insignificant.  
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4.4 Discussion 

4.4.1 Male mate choice for swelling size 

One  feature  of  primate  reproductive  biology  that  is  unusual  among  vertebrates  is  

that  many  species  cycle  repeatedly  without  conceiving.  That  is,  even  an  ovulatory  sexual  

cycle  has  some  probability  of  not  resulting  in  offspring.  This  means  that  primate  males  

are  presented  with  mating  opportunities  that  vary  in  the  extent  to  which  they  will  

deliver  fitness  pay  offs.  Thus,  male  primates  should  experience  selection  to  distinguish  

reproductive  opportunities  –  and  in  particular  female  sexual  cycles  –  that  have  a  low  

probability  of  conception  from  those  with  a  higher  probability  of  conception.  If  females  

are  more  likely  to  conceive  with  each  consecutive  cycle,  males  will  benefit  by  tracking  

the  number  of  times  that  a  female  has  cycled  since  her  most  recent  bout  of  post-­‐‑partum  

amenorrhea.    

  

While  this  possibility  invokes  a  seemingly  unlikely  scenario-­‐‑-­‐‑that  males  count  

and  keep  track  of  the  number  of  times  a  female  has  cycled-­‐‑-­‐‑our  study  provides  some  

support  for  this  hypothesis.  Females  in  our  study  who  had  experienced  more  cycles  

since  resumption  (higher  csr)  were  both  more  likely  to  be  consorted  by  the  highest-­‐‑

ranking  male  and  were  more  likely  to  attract  at  least  one  follower  male,  even  when  

controlling  for  swelling  size.  In  other  words,  cycles  become  more  valuable  from  a  male’s  

perspective  as  a  female  progresses  further  and  further  away  from  her  previous  
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pregnancy,  perhaps  because  as  time  passes  she  becomes  more  physiologically  ready  to  

support  another  pregnancy.  Two  previous  studies  in  this  population  found  that  high-­‐‑

ranking  males  appear  to  differentiate  between  conceptive  and  non-­‐‑conceptive  cycles  

(Alberts  et  al.  2006;  Gesquiere  et  al.  2007)  and  evidence  of  this  has  been  found  in  other  

baboon  populations  as  well  (Bercovitch  1987;  Bulger  1993;  Weingrill  et  al.  2003).  If  csr  

predicts  probability  of  conception,  and  males  can  track  csr,  our  study  may  point  to  one  

mechanism  by  which  males  might  differentiate  cycles  with  high  potential  from  those  

with  low  potential.  

  

However,  the  effect  of  cycles  since  resumption  on  male  behavior  does  not  negate  

the  possibility  that  males  also  care  about  swelling  size  independent  of  csr.  Indeed,  our  

results  suggest  that  male  baboons  are  attuned  to  differences  between  females  in  the  

swelling  sizes  they  are  able  to  achieve,  even  controlling  for  the  number  of  cycles  a  

female  has  experienced  since  resumption.  That  is,  males  attend  to  differences  in  swelling  

size  between  individuals  even  after  controlling  for  within  cycle  and  within  individual  

variation.  Although  our  information  theoretic  model  selection  suggests  that  both  alpha  

males  and  follower  males  may  respond  to  variation  in  swelling  size  independently  of  its  

relationship  to  cycles  since  resumption,  the  effect  is  most  pronounced  on  the  probability  of  

having  a  follower.  This  difference  between  alpha  and  follower  males  points  to  the  

possibility  that  alpha  males  and  follower  males  may  not  have  access  to  the  same  signal  
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information,  may  prioritize  that  information  differently,  may  be  differently  constrained,  

or  may  have  different  opportunities.    

  

For  instance,  follower  males  might  attend  more  closely  than  alpha  males  to  

swelling  size  if  they  tended  to  be  newly  immigrated  males  that  would  not  have  the  

information  necessary  to  assess  a  female’s  reproductive  history  or  her  number  of  cycles  

since  resumption.  In  that  case,  naïve  males  might  benefit  by  using  swelling  size  as  a  proxy  

for  cycles  since  resumption.  However,  in  our  sample,  follower  males  were  almost  entirely  

tenured  males  who  had  been  in  the  social  group  for  longer  than  size  months.  In  other  

words,  it  seems  unlikely  that  these  males  had  less  information  than  alpha  males  about  

the  number  of  times  that  a  female  has  cycled  since  her  last  pregnancy.    

  

Alternatively,  the  lower  costs  associated  with  following  behavior  compared  to  

the  costs  of  being  the  primary  consort  partner  could  result  in  a  lower  stimulatory  

threshold  for  following  than  guarding  males,  with  the  consequence  that  follower  males  

respond  more  strongly  to  swelling  size  per  se.  Indeed,  consorting  males  incur  costs  by  

forgoing  foraging  opportunities  (Packer  1979;  Alberts  et  al.  1996).  In  addition,  alpha  

males  (who  are  typically  the  most  active  mate  guarders  among  adult  males  in  a  baboon  

group)  have  higher  glucocorticoid  levels  than  other  males,  indicating  considerable  

energetic  stress  (Gesquiere  et  al.  2011).  Therefore,  successful  consortship  behavior  
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requires  good  energetic  and  physiological  reserves.  In  contrast,  following  behavior  

requires  little  or  no  special  skill  and  the  stakes  are  relatively  low.    

  

4.4.2 Competitive environment (number of males in the queue) 

The  intensity  of  male  competition  is  expected  to  constrain  male  behavior.  Indeed,  

both  assays  of  male  mate  choice  in  our  study  were  influenced  by  the  number  of  males  

present  in  the  group  relative  to  the  cycling  females  available.  Specifically,  as  the  number  

of  males  in  the  queue  increased,  sexual  cycles  were  1)  less  likely  to  be  monopolized  by  

the  highest-­‐‑ranking  male  in  the  group  and  2)  more  likely  to  attract  at  least  one  additional  

male  as  a  follower.  The  reduced  probability  of  successful  consortship  by  the  alpha  male  

in  the  presence  of  more  males  suggests  that,  in  this  population,  an  increased  competitive  

environment  constrains  the  ability  of  the  alpha  male  to  claim  available  reproductive  

opportunities.  This  result  is  consistent  with  previous  comparative,  cross-­‐‑species  reports  

that  male  ability  to  monopolize  estrous  females  declines  with  group  size  (Cowlishaw  &  

Dunbar  1991)  as  well  as  studies  in  our  study  population,  which  found  that  as  the  

number  of  adult  males  in  a  social  group  increased,  male  dominance  rank  was  less  

predictive  of  access  to  cycling  females  (Alberts  et  al.  2003).  Our  result  –  that  consortships  

were  more  likely  to  attract  follower  males  in  larger  groups  –  lends  further  support  to  the  

argument  that  the  competitive  environment  is  variable  and  has  a  profound  effect  on  

mating  outcomes.  Indeed,  the  decreased  probability  that  the  alpha  male  monopolizes  a  
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consortship  may  be,  in  part,  a  consequence  of  the  increased  probability  of  having  a  

follower.  Taken  together,  these  results  confirm  our  initial  expectation  that  assays  of  male  

preference,  including  assays  other  than  those  we  selected,  are  meaningful  only  if  they  

are  interpreted  within  the  context  of  variation  in  the  competitive  environment.  To  our  

knowledge,  this  study  is  the  first  to  control  for  the  effect  of  the  competitive  environment  

on  male  mate  choice  with  respect  to  swelling  size.      

4.4.3 Swelling size as a reliable indicator 

Regardless  of  whether  alpha  males  and  follower  males  respond  differently  to  

variation  in  swelling  size,  our  results  still  raise  the  question,  what  information  is  being  

signaled  by  variation  in  swelling  size?  That  is,  is  there  any  evidence  that  this  variation  

contains  information  that  males  care  about,  beyond  probability  of  ovulation  within  a  

cycle  and  probability  of  conception  between  cycles?  For  the  reliable  indicator  hypothesis  

to  explain  variation  in  male  response  to  sexual  swellings,  variation  in  swelling  size  

should  predict  some  component  of  female  fitness.  However,  our  analysis  indicates  that  

females  with  larger  swellings  are  not  likely  to  have  higher  reproductive  success,  infant  

survival,  or  earlier  reproduction  than  females  with  smaller  swellings.  In  fact,  although  

not  statistically  significant,  the  relationship  was  at  times  in  the  opposite  direction  

opposite  of  that  predicted  by  the  reliable  indicator  hypothesis.  Furthermore,  we  found  

no  relationship  between  swelling  size  and  female  dominance  rank,  a  key  predictor  of  

female  reproductive  success  (Alberts  &  Altmann  2003).  Our  study  provides  the  strongest  
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evidence  to  date  that  exaggerated  swellings  are  not  signals  of  enduring  differences  in  

fitness  between  females.  

4.4.4 Swelling size as an indicator of body condition 

Because  gestation  and  lactation  require  large  energetic  investments,  female  

mammals  with  superior  body  condition  might  produce  offspring  who  are  healthier  or  

more  likely  to  survive  harsh  post-­‐‑natal  conditions.  The  effect  of  body  size  on  maternal  

success  may  be  especially  strong  in  primates,  where  conception  is  not  guaranteed,  

spontaneous  miscarriage  is  common,  gestation  is  physiologically  taxing,  and  the  post-­‐‑

natal  period  of  dependency  is  extensive.  Maternal  body  condition  is  likely  to  affect  the  

outcome  at  each  of  these  critical  stages  of  reproduction.  As  a  consequence,  males  may  

benefit  by  detecting  females  who  are  in  good  physical  condition  (perhaps  by  having  

greater  access  to  resources)  and  increasing  their  chances  of  siring  the  offspring  of  those  

females.  Domb  (2000)  indicated  that  when  female  baboons  had  increased  access  to  food,  

they  produced  larger  swellings.  Similarly,  a  baboon  group  adjacent  to  our  study  

population  forages  on  food  refuse  discarded  by  a  nearby  tourist  lodge  and  females  from  

this  group  produce  noticeably  larger  sexual  swellings  (Alberts  and  Altmann,  personal  

communication).  Finally,  research  during  this  study  period  in  our  population  

demonstrated  that  average  swelling  size  is  smaller  during  drought  conditions  (Chapter  

2).  Although  it  is  possible  that  sexual  swellings  signal  body  condition  to  males,  we  were  
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not  able  to  test  this  hypothesis  because  all  attempts  to  establish  non-­‐‑invasive  field  

methods  for  estimating  body  condition  in  this  population  have  proven  unreliable.          

  

4.4.5 Swelling size as a “readiness” indicator 

In  those  species  where  the  operational  sex  ratio  is  heavily  skewed  toward  males,  

the  potential  fitness  benefits  conferred  upon  males  who  successfully  identify  the  

likelihood  of  a  rare  fertilization  opportunity,  thereby  increasing  their  chance  of  

obtaining  it,  may  override  the  potential  benefits  of  securing  a  female  with  “good  genes”.  

That  is,  when  males  are  presented  with  few  chances  to  monopolize  a  fertilization  and  

face  a  high  risk  of  siring  zero  offspring,  they  may  experience  selection  to  base  their  

choice  on  the  quality  of  the  reproductive  opportunity  (i.e.  likelihood  of  successful  

fertilization)  rather  than  the  quality  of  the  female  (i.e.  likelihood  of  siring  offspring  with  

higher  relative  fitness).  Male  baboons  are  a  good  example  of  one  such  species.    

  

Indeed,  the  absence  of  evidence  that  sexual  swellings  signal  enduring  differences  

in  quality  between  females,  taken  together  with  the  evidence  that  males  respond  to  

changes  in  swelling  size  both  within  and  between  cycles,  suggests  that  swelling  size  is  

indeed  an  indicator,  but  not  of  the  type  of  quality  proposed  by  Pagel  (1994).  Rather,  we  

propose  that  the  potential  fitness  benefit  conferred  upon  males  from  tracking  within  

cycle  and  between  cycle  variation  (probability  of  ovulation  and  conception  respectively)  
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is  so  great  that  it  selects  for  male  mate  choice  based  on  swelling  size.  That  is,  it  is  a  cause  

of  sexual  selection  on  male  mating  behavior,  driven  by  the  transient  variation  in  female  

readiness  to  conceive.  To  the  extent  that  this  readiness  correlates  with  swelling  size,  this  

correlation  may  result  in  a  signal  that  appears  to  be  a  reliable  indicator  of  enduring  

differences  in  female  fitness,  even  though  it  is  not  one.  This  interpretation  is  supported  

by  the  strong  evidence  in  multiple  species  that  variation  in  swelling  size  correlates  with  

important  information  about  the  conceptive  probability  of  a  cycle,  contrasted  with  the  

absence  of  evidence  that  variation  in  swelling  size  correlates  in  any  way  with  enduring  

differences  in  female  fitness.    

  

4.4.6 Summary and future directions 

Our  study  rejects  the  reliable  indicator  hypothesis  for  the  function  of  exaggerated  

swellings  in  cercopithecine  primates.  Rather  than  being  concerned  with  the  potential  

fitness  differences  between  females,  male  baboons  appear  to  be  more  concerned  with  the  

potential  for  a  reproductive  opportunity  to  result  in  fertilization.  The  strongest  such  

evidence  to  date,  our  results  should  shift  the  discussion  about  the  function  and  

evolution  of  exaggerated  swellings  from  one  that  invokes  intrinsic  differences  in  female  

quality  to  one  that  focuses  on  temporal  changes  in  the  quality  of  the  reproductive  

opportunity.  Future  research  should  investigate  whether  those  factors  that  are  known  to  

influence  the  outcome  of  a  given  sexual  cycle  correlate  with  variation  in  swelling  size.        
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