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Thesis  Summary  
  

Animals  within  populations  show  considerable  variation  in  physiological  and  

behavioural  traits.  These  phenotypic  differences  can  be  profoundly  influenced  by  the  

ecological  and  social  conditions  experienced  in  early  life.  Usually,  adverse  early  life  

conditions,  such  as  low  food  availability,  will  constrain  offspring  development.  

However,  recent  studies  suggest  that  in  some  contexts  suboptimal  developmental  

conditions  may  be  associated  with  fitness  benefits.  In  this  thesis  I  consider  the  

ultimate  and  proximate  mechanisms  underlying  individual  variation  in  a  cooperatively  

breeding  mammal.  I  use  hormone  samples  and  the  long-term  dataset  from  the  

banded  mongoose  research  project  to  investigate  the  social  factors  that  influence  

early  life  stress  and  how  patterns  of  reproductive  investment  change  with  maternal  

age.  In  chapter  one  I  review  current  theories  on  the  function  of  glucocorticoid  (GC)  

hormones  and  give  an  overview  of  maternal  stress  and  its  effect  on  offspring  

development  and  physiology.  In  addition,  I  discuss  the  influence  of  maternal  effects  

on  cooperatively  breeding  systems.  In  chapter  two,  I  introduce  the  study  population  

and  provide  a  general  outline  of  the  methods  used  in  data  collection  and  analysis.  In  

chapter  three,  I  test  how  maternal  effects,  specifically  maternal  rank,  influence  GC  

concentrations  in  banded  mongoose  pups  and  whether  elevated  early  life  GC  is  

associated  with  mortality  risk.  I  also  consider  whether  the  amount  of  cooperative  

care  received  by  offspring  in  early  life  affects  their  GC  concentrations.  In  chapter  

four,  I  use  a  larger  dataset  to  consider  how  maternal  effects  influence  adult  life-

history  traits.  I  examine  the  influence  that  maternal  age  has  on  offspring  survival,  

longevity  and  reproductive  success  and  consider  whether  any  effects  might  be  sex-

specific.  I  also  ask  whether  age-related  optimal  maternal  investment  strategies  can  

influence  offspring  sex  ratios.  In  chapter  five,  I  synthesis  my  findings  and  attempt  to  

draw  on  the  wider  implications  and  make  suggestions  for  future  study.  
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Chapter  1:  General  Introduction  

	  

1.1  Abstract  
  

Individuals  within  populations  show  considerable  variation  in  phenotypic  traits,  

including  their  response  to  external  stressors.  Physiological  stress  is  vital  in  

coordinating  organismal  response  to  changing  social  or  ecological  conditions  but  can  

prove  maladaptive  in  the  event  of  prolonged  exposure.  Although  understanding  of  

the  processes  underlying  phenotypic  variation  remains  limited,  conditions  during  

development  are  likely  to  profoundly  influence  adult  phenotype,  including  the  

neuroendocrine  stress  response.  Being  born  in  periods  with  low  resources  is  

traditionally  associated  with  poor  outcomes  for  offspring,  but  recent  work  suggests  

that  a  challenging  rearing  environment  can  become  adaptive  in  specific  contexts.  

The  proximate  mechanisms  mediating  such  adaptive  processes  are  difficult  to  

establish  but  it  is  predicted  that  maternal  hormonal  signalling  may  provide  a  link  

between  the  in-utero  environment  and  offspring  phenotype.  This  review  summarises  

work  considering  the  physiological  function  of  the  neuroendocrine  stress  response  

and  how  it  can  be  influenced  by  ecological  and  social  conditions.  I  also  examine  non-

genetic  drivers  of  phenotypic  variation,  in  particular  maternal  effects,  and  how  they  

can  influence  the  stress  hormone  concentrations  of  offspring.  I  particularly  focus  on  

the  potential  effects  of  offspring  exposure  to  maternally  derived  stress  hormones  and  

how  this  ‘maternal  stress’  may  mediate  transgenerational  phenotypic  plasticity.  As  

cooperatively  breeding  species  are  highlighted  as  good  models  for  studying  maternal  

effects  I  lastly  consider  how  the  care  provided  by  non-breeding  helpers  may  

influence  the  effect  of  maternal  condition  on  developing  offspring.    
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1.2  Introduction  
  

Individuals  within  species,  even  where  closely  related,  can  show  profound  

differences  in  lifespan,  fitness  and  behaviour  (Bolnick  et  al  2011,  Fay  et  al  2017).  

That  variation  in  individual  quality  (or  heterogeneity)  influences  life-history  and  

reproductive  traits  forms  a  theoretical  basis  of  evolution  by  natural  selection  (Darwin  

1859).  To  understand  phenotypic  variation  within  diverse  populations  it  is  important  

to  consider  both  proximate  and  ultimate  causal  mechanisms  (Tinbergen  1963,  Mayr  

1974).  Many  studies  have  considered  how  processes  such  as  plasticity,  maternal  

effects  and  gene  modification  can  influence  phenotypic  development  (Anacker  et  al  

2014,  Jablonka  &  Raz  2009,  Jenkins  et  al  2014).  Of  key  interest  is  understanding  

how  organisms  adjust  their  physiology  or  behaviour  in  response  to  social  or  

environmental  conditions.  Endocrine  systems  represent  good  candidate  mechanisms  

for  mediating  response  to  external  stressors  as  hormones  act  quickly  and  can  

influence  several  behavioural  phenotypes  simultaneously  (Sanderson  2012).  

Hormonal  profiles  may  differ  markedly  within  species  (Knapp  &  Moore  1997)  or  even  

social  groups  (Carlson  et  al  2006a,  2006b)  and  can  provide  valuable  insight  into  the  

underlying  selective  pressures  and  trade-offs  that  drive  phenotypic  variation.  

  

The  purpose  of  this  review  is  to  summarise  current  research  into  factors  underlying  

between-individual  variation  of  phenotypic  traits  and  consider  how  it  may  apply  to  

group-living  species.  I  focus  on  variation  in  stress  hormone  concentrations  during  

infancy  in  a  cooperatively  breeding  mammal,  but  the  concepts  proposed  may  be  

applied  to  other  phenotypic  traits  or  reproductive  systems.  I  begin  in  section  1.3  by  

introducing  stress  as  a  biological  concept  and  discussing  the  challenges  imposed  on  

organisms  by  ecological  and  social  variability.  I  then  consider  the  physiological  

mechanisms  by  which  organisms  maintain  internal  stability  when  faced  with  external  

stressors  with  a  particular  focus  on  the  neuroendocrine  stress  response.  I  conclude  

this  section  by  examining  the  frequently  reported  link  between  elevated  

glucocorticoid  (GC)  concentrations  and  sub-optimal  environmental  conditions.  

  

In  section  1.4,  I  consider  the  role  of  maternal  effects  in  generating  individual  variation  

of  phenotypic  traits,  as  a  mother’s  condition  is  predicted  to  strongly  influence  the  

development  and  fitness  of  her  offspring.  I  discuss  the  human  and  laboratory  studies  
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that  report  an  association  between  maternal  nutritional  state  during  crucial  

developmental  periods  and  the  development  of  some  adult-onset  diseases.  This  

research  suggests  that  an  individual’s  developing  stress  physiology  is  vulnerable  to  

impairment  from  inadequate  provision  of  early  life  care,  which  may  be  linked  to  poor  

maternal  state.  I  also  highlight  some  wild  systems  where  poor  early  life  conditions  

are  associated  with  improved  fitness  if  selection  pressure  results  in  weaker  animals  

failing  to  successfully  breed.  I  conclude  the  section  by  considering  the  potential  

influence  of  paternal  and  grandparental  effects  on  offspring  development.      

  

Section  1.5  considers  exposure  to  maternally  derived  stress  hormones  during  

pregnancy  (maternal  stress)  and  its  potential  impact  on  offspring  development.  

Elevated  maternal  stress  concentrations  are  generally  regarded  as  costly  to  offspring  

as  maternal  investment  may  be  reduced  through  impaired  physical  state  or  ability  to  

provide  care.  I  examine  the  physiological  mechanisms  by  which  maternal  stress  is  

predicted  to  affect  offspring  phenotype.  Of  key  interest  are  lab  studies  reporting  that  

epigenetic  mechanisms  can  impair  offspring  physiology  as  hormone  receptor  genes  

are  modified  by  the  quality  of  early  life  care.    

  

Section  1.6  describes  recent  work  that  re-evaluates  the  view  that  maternal  stress  is  

exclusively  maladaptive  to  offspring.  These  studies  propose  that  maternal  stress  

may  become  adaptive  in  specific  contexts,  particularly  where  conditions  during  

pregnancy  are  likely  to  match  with  those  experienced  in  early  life.  If  mothers  use  pre-

natal  environmental  cues  to  influence  offspring  phenotype  this  may  represent  a  form  

of  developmental  plasticity  known  as  Predictive  Adaptive  Response  (PAR).  Maternal  

stress  is  predicted  as  a  good  candidate  mechanism  for  regulating  PARs  and  I  

consider  the  trade-offs  that  may  be  associated  with  phenotypic  plasticity.  I  also  

consider  PARs  in  a  wider  context,  specifically  how  offspring  may  respond  if  maternal  

cues  do  not  match  early  life  conditions  and  the  potential  role  of  developmental  

plasticity  in  adapting  to  human  induced  environmental  change.    

Section  1.7  begins  with  a  brief  description  of  cooperative  breeding  as  a  reproductive  

strategy  and  highlights  why  it  represents  a  good  system  for  testing  maternal  effects.  

Of  key  interest  here  are  reports  that  mothers  might  obtain  information  about  the  

social  environment  and  adjust  reproductive  investment  depending  on  the  amount  of  



 12 

care  available  for  their  offspring  from  helpers.  I  end  by  discussing  whether  low  

quality  cooperative  care  could  impair  development  of  offspring  neuroendocrine  

system  in  the  same  way  that  poor  maternal  care  is  predicted  to.    

1.3  Mechanisms  and  functions  of  physiological  stress.	  
	  
Stress  is  broadly  defined  as  an  organism’s  neuroendocrine  response  to  changing  

conditions.  External  stimuli  that  trigger  stress  are  known  as  stressors  and  can  

include  intrinsic  or  extrinsic  environmental  challenges  (Raulo  &  Dantzer  2018).  The  

short-term  physiological  reaction  to  an  external  stressor  is  known  as  acute  stress  

and  may  trigger  a  behavioural  response  to  a  perceived  threat,  after  which  the  

organism  will  quickly  return  to  its  normal  or  baseline  state.  However,  stress  may  

become  chronic  when  the  demands  (or  perceived  demands)  imposed  by  external  

stressors  exceed  the  organism’s  ability  to  maintain  internal  stability  or  homeostasis.  

This  can  prove  physiologically  costly  to  individuals  by  increasing  biological  damage  

and  impairing  survival  or  competitive  ability  (Epel  et  al  2004).  In  wild  animals,  

quantifying  stress  levels  can  illustrate  the  challenges  implicit  in  adapting  to  changing  

conditions  (Romero  et  al  2009).  In  addition,  measuring  behavioural  and  physiological  

responses  to  external  stimuli  may  reveal  why  some  individuals  withstand  challenging  

periods  better  than  others.  Recent  studies  suggest  that  in  competitive  or  risky  

environments  stress  can  have  positive  fitness  outcomes  whilst  remaining  

physiologically  costly  (Dantzer  et  al  2013).  However,  the  effects  of  extended  periods  

of  high  stress  remain  profound.  In  humans  associated  disorders  include  

hypertension  and  eczema  (Cohen  et  al  2007)  and  animal  studies  have  identified  

additional  problems  including  impaired  growth,  immunity  and  reproductive  function  

(Sapolsky  et  al  2000,  Wingfield  et  al  1998).    

  

Vertebrate  stress  response  is  controlled  by  the  hypothalamic-pituitary-adrenal  (HPA)  

axis.  External  stimuli  trigger  the  hypothalamus  to  release  corticotrophin-releasing  

hormone  (CRH)  which  stimulates  secretion  of  adrenocorticotrophic  hormone  (ACTH)  

from  the  pituitary  gland.  This  in  turn  triggers  secretion  of  glucocorticoids  (GCs,  such  

as  cortisol  and  corticosterone)  from  the  adrenal  cortex  into  the  bloodstream.  GCs  are  

often  described  as  “stress  hormones”  due  to  their  role  in  coordinating  physiological  

responses  to  stressors  (Romero  2002,  Wingfield  2005).  This  includes  facilitating  the  
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conversion  of  fat  and  protein  reserves  into  useable  energy  whilst  temporarily  

suppressing  the  immune  system.  The  HPA  axis  is  highly  sensitive  to  environmental  

variability  as  unexpected  stimuli  will  trigger  the  release  of  GCs.  If  these  stressors  

prove  harmless,  hormones  already  in  the  bloodstream  inhibit  further  secretion.  This  

negative  feedback  ensures  that  hormone  concentrations  rapidly  return  to  normal  and  

do  not  reach  potentially  damaging  levels.  Release  of  GCs  may  prompt  behavioural  

responses  that  prioritise  survival  in  response  to  risk.  Studies  suggest  that  the  

developing  HPA  axis  is  vulnerable  to  impairment  by  intrinsic  factors  such  as  

resource  availability  and  maternal  stress  both  pre  and  post-birth  (Liu  et  al  1997).  

Therefore,  individual  differences  in  HPA  function  can  be  partly  explained  by  early  life  

conditions  and  may  account  for  some  degree  of  heterogeneity  within  populations.    

  
Figure  1;;  Graphical  illustration  showing  how  phenotypic  responses  to  ecological  and  
social  conditions  may  be  mediated  by  glucocorticoid  concentrations.  External  
stressors  trigger  the  secretion  of  GCs,  which  then  affect  organism  phenotype  through  
behavioural  or  metabolic  changes.  Here  I  am  interested  in  the  influence  of  maternal  
effects  on  offspring  GC  levels  and  how  they  may  influence  phenotypic  traits.  
  

The  process  of  achieving  homeostasis  through  physiological  or  behavioural  change  

is  known  as  allostasis  (Sterling  &  Eyer  1988,  McEwen  &  Wingfield  2003).  

Environmentally  induced  changes  to  energy  demand  may  be  associated  with  

predictable  seasonal  or  life-history  variation  or  as  an  emergency  response  to  

unforeseeable  threats.  An  ability  to  adapt  to  unpredictable  conditions  is  vital  in  

adjusting  to  social  or  environmental  variation  (McEwen  &  Wingfield  2010).  In  group-
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living  species  social  and  ecological  factors  are  known  to  affect  hormone  levels  and  

behaviour  (Goymann  &  Wingfield  2004,  Rubenstein  2007,  Rubenstein  &  Shen  2009).  

GCs  play  a  key  role  in  allostasis  by  mediating  circulating  glucose  levels  (Landys  et  al  

2006,  Romero  2004)  and  are  vital  in  regulating  energetically  costly  activities  such  as  

breeding  and  migration  (Romero  2002,  Love  et  al  2012).  As  such,  GCs  are  predicted  

to  influence  state-mediated  trade-offs  (Love  et  al  2005)  and  act  as  mechanisms  

underlying  life-history  evolution  (Zera  &  Harshman  2001).  Hormonal  measurements  

can  therefore  provide  insights  into  the  impact  of  adaptive  responses  on  individual-

level  fitness  and  performance,  which  may  be  positive,  negative  or  neutral  (Breuner  et  

al  2008)  depending  on  ecological  context.    

  

Many  studies  report  elevated  hormone  levels  in  response  to  ecological  variation  

(Sheriff  et  al  2011,  Wasser  et  al  2011).  Relatively  high  GCs  may  be  associated  with  

poor  physical  state  (Romero  &  Wikelski  2001)  when  adverse  conditions  increase  

local  resource  competition  or  food  shortages  lead  to  nutritional  stress  (Compagnucci  

et  al  2002).  If  energy  demands  exceed  available  resources,  circulating  GC  

concentrations  are  predicted  to  rise  in  order  to  regain  energetic  homeostasis  

(McEwen  &  Wingfield  2003).  Thus  elevated  early  life  GC  levels  could  be  associated  

with  both  short-term  (increased  mortality  linked  to  poor  physical  condition)  and  long-

term  costs  (reduced  fitness,  particularly  in  relation  to  competitors  raised  in  better  

nutritional  or  social  conditions).  In  addition,  the  impact  of  these  costs  will  be  

modulated  by  individual  genotype  (de  Kloet  et  al  2005,  Lightman  2008)  as  well  as  

non-genetic  processes  such  as  plasticity  and  maternal  effects.    

  

1.4  Maternal  effects  as  drivers  of  phenotypic  variation.	  
  

Maternal  effects  occur  when  the  mother’s  environment  or  physical  state  affects  

offspring  phenotype.  Early  life  social  or  ecological  conditions  can  influence  parental  

investment  strategies  and  affect  developing  morphology,  physiology  and  behaviour,  

with  effects  persisting  into  adulthood  (Mousseau  &  Fox  1998,  Mousseau  et  al  2009).  

The  impact  on  offspring  may  be  positive  or  negative,  depending  on  ecological  

context  (Groothius  et  al  2005,  Monaghan  2008)  and  can  become  adaptive  if  they  

improve  either  offspring  or  maternal  fitness  (Marshall  &  Uller  2007).  The  degree  to  
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which  offspring  phenotypic  traits  are  affected  may  depend  on  population-level  

plasticity  or  heritability  of  maternal  strategies  (Badyaev  2008),  and  levels  of  parent-

offspring  conflict  (Trivers  1974).  In  general,  resource  rich  conditions  in  early-life  are  

predicted  to  benefit  offspring,  reported  “silver  spoon  effects”  include  improved  health,  

survival  (Wong  &  Kolliker  2014,  Lindstrom  1999)  and  fitness  (Nussey  et  al  2007,  

Lummaa  &  Clutton-Brock  2002).  Similarly,  resource  poor  developmental  conditions  

have  been  linked  with  constraints  such  as  high  mortality,  reduced  lifespan  and  low  

reproductive  success  in  long-lived  species  including  humans  (Nettle  2014),  baboons  

(Lea  et  al  2015,  Tung  et  al  2016)  and  elephants  (Mumby  et  al  2015).  Offspring  born  

in  these  sub-optimal  developmental  conditions  may  be  unable  to,  or  selected  

against,  later  compensating  for  their  bad  start  in  life  (Metcalfe  &  Monaghan  2001).    

  

Alternatively,  individuals  born  in  apparently  adverse  early  life  conditions  may  show  

improved  survival  or  reproductive  success.  Many  human  and  lab  studies  associate  

dietary  restriction  with  increased  lifespan  in  the  absence  of  malnutrition  (Colman  

2009,  Masaro  2006).  In  wild  systems  this  may  represent  survivor  bias  if  infant  

mortality  is  higher  in  nutritionally  poor  conditions  that  impose  strong  viability  selection  

and  high  quality  individuals  are  more  likely  to  survive  (Chen  &  Maklakov  2012).  For  

example,  Roe  deer  (Capreolus  capeolus)  showed  a  sex-specific  response  to  high  

juvenile  mortality,  with  increased  female  but  reduced  male,  adult  survival  (Garrett  et  

al  2015).  Sex-biased  maternal  effects  also  occur  in  red  deer  (Cervus  elaphus)  where  

females  suffer  greater  reproductive  costs  when  exposed  to  low  temperatures  in  early  

life  than  males  (Kruuk  et  al  1999).  Harsh  early  life  conditions  can  also  produce  sex-

dependent  fitness  benefits  in  birds,  for  example,  male  superb  starlings  (Lamprotonis  

superbus)  hatched  during  dry  periods  were  more  likely  to  breed  in  later  life  

(Rubenstein  2016).  Similarly,  male  great  tits  (Parus  major)  born  in  poor  years  

showed  improved  lifespan  and  reproductive  success,  possibly  due  to  stronger  early  

life  selection  favouring  more  competitive  individuals  (Wilkin  &  Sheldon  2009).  Where  

early  life  conditions  are  associated  with  sex-specific  fitness  benefits,  maternal  

investment  decisions  may  be  dependent  on  offspring  sex.  In  banded  mongooses,  

males  that  experienced  more  variable  ecological  conditions  in  early  life  lived  longer  

and  had  higher  lifetime  reproductive  success.  In  contrast,  variation  in  mean  

conditions  influenced  males’  relative  fertility  and  lifespan  in  opposite  directions  and  

resulted  in  no  overall  effect  on  reproductive  success,  suggesting  a  life-history  trade-
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off  (Marshall  et  al  2017).  These  effects  were  not  seen  in  females  who  suffered  higher  

mortality  when  rainfall  was  low  (Marshall  et  al  2016).    

  

The  presence  of  sex-specific  maternal  effects  suggests  that  selection  may  act  

differently  on  male  and  female  offspring.  For  example,  maternal  stress  may  have  

sex-specific  impacts  on  offspring  (Schmidt  et  al  2012,  St-Cyr  et  al  2017)  with  sons  

seemingly  more  susceptible  to  the  effects  of  exposure  to  high  maternal  GC  than  

daughters  (Love  et  al  2005).  Differences  between  the  sexes  might  occur  even  

without  differential  early  life  survival  in  species  where  traits  associated  with  survival  

or  competitive  ability  are  more  closely  linked  to  maternal  condition  in  one  sex  than  

the  other.  Similarly,  sexually  antagonistic  selection  may  provide  a  mechanism  for  

maintaining  phenotypic  variation  if  males  and  females  show  different  optimal  traits  

(Bonduriansky  &  Chenoweth  2009,  Cox  &  Calsbeek  2009).  Alternatively,  offspring  

may  adaptively  adjust  life-history  trajectories  to  achieve  similar  fitness  to  those  born  

in  better  conditions  (Nettle  &  Bateson  2015,  Taborsky  2006).  For  example,  

seychelles  warblers  (Acrocephalus  sechellensis)  raised  in  poor  environments  show  

reduced  lifespan  but  breed  younger  to  match  competitors  born  in  better  conditions  

(Cartwright  et  al  2013,  Hammers  et  al  2014).  Likewise,  in  humans,  women  that  suffer  

early  life  stress  may  reproduce  earlier  than  those  raised  in  more  stable  conditions  

(Chisholm  et  al  2005,  Moffitt  et  al  1992),  although  early  menarche  is  also  linked  to  

general  patterns  of  health  and  nutrition  (Kaplowitz  et  al  2001).  

  

Studying  the  impacts  of  maternal  effects  may  further  our  understanding  of  the  origins  

of  human  disease.  Some  adult-onset  disorders  are  associated  with  the  in-utero  

environment  (Barker  1994)  and  poor  maternal  physical  state  can  disrupt  metabolic  

activity  and  predispose  children  to  increased  risk  of  strokes  or  heart  disease  in  later  

life.  Diabetes  is  linked  to  glucose  intolerance  and  inadequate  maternal  nutrition  may  

lead  to  offspring  with  fewer  insulin  producing  pancreatic  cells  (Hales  1997).  Similarly,  

low  protein  maternal  diet  in  rats  is  associated  with  constrained  processing  of  glucose  

in  offspring  livers  (Burns  1997).  Such  later  life  diseases  may  represent  a  trade-off,  

coordinated  by  secretion  of  GCs,  to  preserve  resources  through  nutritionally  poor  

early  life  conditions.  From  an  evolutionary  perspective  the  costs  of  such  trade-offs  

are  mitigated  as  organisms  often  die  prior  to  reaching  old  age.  The  thrifty  phenotype  

hypothesis  proposes  that  a  malnourished  foetus  is  maternally  programmed  for  a  
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nutritionally  poor  environment  and  accordingly  sets  biochemical  parameters  to  

conserve  energy  and  store  fat  (Hales  &  Barker  2001).  This  represents  a  form  of  

plasticity  as  offspring  traits  are  modified  to  match  developmental  conditions.  If  food  is  

scarce  these  individuals  may  survive  better  than  competitors  whose  metabolisms  

utilize,  rather  than  store  energy.  However,  problems  may  arise  if  thrifty  offspring  

encounter  plentiful  post-natal  conditions  as  the  predisposition  to  store  fat  may  

heighten  the  risk  of  lifestyle  diseases  in  later  life  (Hales  &  Barker  1992,  2001).    

  

In  wild  systems  individuals  may  suffer  additional  constraints  if  poor  maternal  physical  

state  disrupts  normal  patterns  of  parental  care.  Offspring  may  respond  to  food  

shortages  by  reducing  investment  in  growth  or  development  to  forego  starvation  risk.  

Low  resource  availability  in  early  life  has  been  linked  with  impaired  growth  (Emack  et  

al  2008),  immune  function  (Palmer  2011),  skills  acquisition  (Berghanel  et  al  2015)  

and  cognitive  development  (Coe  &  Lubach  2008).  Poor  maternal  nutrition  can  

constrain  offspring  as  pre-natal  investment  is  reduced  in  response  to  limited  

resources  (Klaus  et  al  2013,  Hinde  &  Milligan  2011)  or  by  compromising  the  mother’s  

ability  to  provide  care.  Development  of  the  HPA  axis  is  particularly  vulnerable  to  

naturally  occurring  variation  in  care  effort  (Drury  et  al  2016)  as  early  life  care  

provides  an  essential  buffer  against  the  physiological  damage  associated  with  stress  

(Gunnar  et  al  2015,  Hostinar  et  al  2014).  Both  rodent  (Liu  et  al  2000,  Ladd  et  al  

2004)  and  primate  (Sanchez  2006,  Sanchez  et  al  2015)  studies  link  neglectful  care  

with  HPA  hyperactivity  in  response  to  stressors.  Subsequent  improvement  in  care  

quality  may  reverse  any  negative  effects  (Champagne  et  al  2003,  Burton  et  al  2007)  

and,  in  humans  is  associated  with  improved  behaviour  (Dozier  et  al  2008,  Fisher  et  

al  2007).  When  analysing  these  effects,  it  is  important  to  consider  differences  in  

normal  patterns  of  care  between  species,  particularly  regarding  cooperative  species  

where  mothers  are  not  always  the  principal  providers  of  care.    

  

In  addition  to  maternal  effects,  studies  have  considered  the  potential  of  paternal  

(Braun  &  Champagne  2014)  and  grandparental  (Rando  2012,  Burton  &  Metcalfe  

2014)  effects  to  influence  offspring  development.  Paternal  stress  levels  may  affect  

offspring  phenotype  via  sperm  (Rodgers  et  al  2013,  Evans  et  al  2017)  and  depend  

on  whether  fathers  provide  offspring  care  or  not  (McGhee  &  Bell  2014).  When  male  

mice  were  trained  to  associate  a  stressor  with  a  specific  odour,  their  pups  showed  
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increased  behavioural  sensitivity  towards  that  smell  even  without  previous  exposure  

to  it  (Dias  &  Ressier  2014).  This  suggests  that  paternal  experience  of  specific  

stressors  may  transfer  to  offspring  via  signalling.  Future  work  could  consider  the  

nature  of  information  transferred  and  how  offspring  respond  when  parental  signals  

are  in  conflict  (Chapman  et  al  2003)  or  agreement  (Leimar  &  McNamara  2015).    

    

1.5  Maternal  stress  during  pregnancy  
  

A  key  factor  underlying  phenotypic  variation  is  exposure  to  maternally  derived  stress  

hormones  (maternal  stress)  and  the  influence  it  has  on  offspring  development.  

Reproduction  is  energetically  costly  (Williams  1966,  Blount  et  al  2015)  and  often  

associated  with  high  stress  hormone  concentrations  (Bonier  et  al  2011,  Love  et  al  

2014).  Chronically  elevated  GCs  can  increase  maternal  anxiety  and  constrain  the  

ability  to  provide  adequate  care  or  provisioning  (Cottrell  et  al  2012,  Baker  et  al  2008).  

The  offspring  of  chronically  stressed  mothers  may  themselves  have  higher  GC  

concentrations  (Feder  et  al  2009)  and  associated  fitness  costs  such  as  reduced  

survival  or  reproductive  success  (Stearns  1992,  Stier  et  al  2012).  Exposure  to  

chronic  stress  in  early  life  can  affect  physiology,  morphology  and  behaviour  (Dalmaz  

et  al  2015,  Meaney  et  al  1994)  and  has  been  linked  with  aggression,  anxiety  and  

depressive  behaviours  in  rodents  and  primates  (Heim  &  Nemeroff  2001,  McCormick  

&  Green  2013).  Maternal  GC  levels  during  gestation  may  be  influenced  by  extrinsic  

factors  such  as  population  density  (Dantzer  2013),  predation  risk  (Coslovsky  &  

Richner  2011),  anthropogenic  disturbance  (Ellenberg  et  al  2007)  or  food  availability.  

This  can  influence  offspring  phenotype  (Hayward  &  Wingfield  2004,  Meylan  &  

Clobert  2004,  2005),  disrupt  development  of  stress  physiology  (Harris  &  Secki  2011,  

Storm  &  Lima  2010)  and  restrict  size  or  growth  (Sheriff  &  Love  2013),  which  is  

usually  maladaptive.  There  is  even  potential  for  transgenerational  impacts  as  

maternal  GC  concentrations  are  known  to  influence  development  of  the  HPA  axis  in  

grandchildren  (Bertram  et  al  2008,  Matthews  &  Phillips  2012).    

  

Maternal  stress  is  generally  seen  as  costly  in  both  humans  and  animals  due  to  

potential  impairment  of  the  developing  HPA  axis  and  associated  health  problems  

(Hanson  &  Gluckman  2014,  Moisiadis  &  Matthews  2014).  The  mechanisms  by  which  
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maternal  stress  influences  offspring  phenotype  can  work  either  pre  or  post-birth.  GC  

levels  during  pregnancy  can  affect  offspring  either  through  prolonged  exposure  

(Matthews  2002)  or  via  acute  stressors  at  key  developmental  stages  (Kapoor  &  

Matthews  2005,  Kapoor  2009).  Similarly,  in  early  life,  offspring  may  be  affected  by  

maternal  GCs  directly  via  lactation  (Sullivan  et  al  2011)  or  through  a  stress  induced  

reduction  in  the  quality  of  parental  care  (Champagne  &  Meaney  2007).  Such  effects  

are  described  as  ‘maternal  programming’,  which  appears  to  assume  that  offspring  

have  no  recourse  to  any  potential  outcomes  (Monaghan  &  Spencer  2014).  In  

contrast,  studies  suggest  that  offspring  can  modulate  the  impact  of  low-level  

exposure  through  various  mechanisms  (Paitz  &  Bowden  2013,  Paitz  2016)  leading  to  

potential  “parent-offspring  conflict”  (Uller  &  Pen  2011,  Muller  et  al  2007).  However,  it  

seems  unlikely  that  these  mechanisms  can  fully  mitigate  the  damaging  effects  of  

chronic  maternal  stress  (Lesage  et  al  2001,  Lucassen  2009).    

  

In  order  to  generate  individual  phenotypic  variation  maternal  effects  should  trigger  

changes  on  which  selection  can  act.  Laboratory  studies  (Weaver  et  al  2004,  Meaney  

2001)  suggest  that  epigenetic  mechanisms,  such  as  DNA  methylation,  can  pass  

non-genetic  information  from  parents  to  offspring.  Rats  whose  mothers  were  fed  a  

low  protein  diet  had  different  patterns  of  gene  methylation  from  those  fed  a  normal  

diet,  changing  the  metabolic  profile  of  the  liver  (Lillycrop  et  al  2005).  Similarly,  in  rats,  

DNA  methylation  may  provide  the  mechanism  by  which  maternal  GC  levels  impair  

the  neuroendocrine  stress  response  of  offspring  (Weaver  et  al  2004).  Here  the  

number  of  GC  receptors  in  the  hippocampus  correlates  with  response  to  external  

stressors  and  is  linked  to  the  quality  of  early  life  care,  which  triggers  changes  to  the  

promoter  region  of  the  GC  receptor  gene  (Mueller  &  Bale  2008).  Initially  these  sites  

are  methylated  in  all  pups,  but  those  that  receive  intense  maternal  grooming  lose  

their  methylation,  which  is  retained  in  offspring  that  receive  less  intensive  care.  Pups  

with  methylated  genes  show  higher  GC  concentrations  and  anxiety  in  later  life,  which  

impairs  their  ability  to  provide  adequate  care  to  their  own  offspring.  Subsequent  

cross-fostering  experiments  suggested  that  individual  differences  were  due  to  levels  

of  care  rather  than  maternal  identity  (Weaver  et  al  2004).    



 20 

	  

1.6  An  adaptive  perspective  on  maternal  stress  
	  

Recent  work  questions  the  idea  that  maternal  stress  exclusively  leads  to  maladaptive  

outcomes  due  to  its  role  in  mediating  transgenerational  phenotypic  plasticity  (Sheriff  

et  al  2018).  Offspring  phenotypes  such  as  low  birth  weight,  slow  growth  and  anxiety  

were  previously  regarded  as  an  unavoidable  consequence  of  elevated  maternal  GC.  

However,  in  specific  conditions  and  contexts  maternal  stress  may  become  adaptive  

(Del  Giudice  2014,  Belsky  et  al  2015).  The  environmental  matching  hypothesis  (Love  

&  Williams  2008,  Monaghan  2008)  suggests  that  where  pre  and  post-natal  

conditions  match,  usually  in  challenging  environments,  phenotypes  associated  with  

maternal  stress  may  become  adaptive  (Marshall  &  Uller  2007,  Uller  2008,  but  see  

Uller  et  al  2013).  For  example,  light  birth  weights  are  usually  linked  with  low  survival  

(Allen  et  al  2008)  or  competitive  ability,  but  in  nutritionally  poor  conditions  could  be  

associated  with  positive  outcomes  if  individual  energetic  demands  are  lower.  GCs  

have  potential  to  modulate  such  effects  as  secretion  regulates  physiological  

processes,  including  metabolic  rate,  in  response  to  external  stressors  (Haase  2016,  

Sapolsky  2000).  In  constrained  environments  developing  organisms  may  adjust  

energy  expenditure  and  metabolism  in  response  to  food  intake  (Pontzer  2015,  2017).  

Thus  the  adaptive  value  of  phenotypic  variation  is  often  context  dependent,  

particularly  in  wild  studies  where  behavioural  responses  depend  on  social  conditions  

(Giesing  et  al  2011,  McGhee  et  al  2012).  Organisms  may  use  environmental  cues  to  

adaptively  adjust  their  phenotype  (Levins  1968,  Jablonka  et  al  1995)  with  the  

population  level  variation  being  known  as  a  “reaction  norm”  (Stearns  &  Koella  1986,  

Carter  et  al  2017).  Phenotypic  plasticity  may  allow  for  adaptation  to  ecological  

variation  without  genomic  alteration  (Bateson  &  Gluckmann  2011)  via  epigenetic  

changes  to  DNA  expression  (Godfrey  et  al  2007).  This  may  occur  when  social  or  

environmental  conditions  during  pregnancy  match  those  in  early  life  (Bateson  2001).  

Plasticity  is  predicted  to  evolve  in  variable  rather  than  stable  conditions,  which  favour  

more  fixed  phenotypes  (DeWitt  et  al  1998,  Kuijper  &  Hoyle  2015).  A  developmental  

trajectory  where  phenotype  is  matched  to  environmental  cues  is  termed  a  Predictive  

Adaptive  Responses  (PAR)  (Gluckman  &  Hanson  2004)  and  in  mammals,  may  be  

coordinated  by  maternally  derived  in-utero  hormonal  signalling  (Lee  &  Zucker  1988).    
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PARs  were  first  formulated  in  human  studies  looking  at  the  association  between  

childhood  events  and  later  life  disease  risk  (Bateson  et  al  2004,  Godfray  2010).  They  

have  since  been  considered  across  taxa  and  adaptively  match  offspring  phenotype  

to  future  environments  via  maternal  cues  that  reflect  conditions  during  gestation.  For  

example,  if  predation  risk  during  pregnancy  is  high,  mothers  may  produce  young  with  

enhanced  defensive  physiology  such  as  camouflage  (Rowell  1972),  armour  

(Laforsch  2006),  or  behavioural  adaptations  (Mathis  et  al  2008).  Offspring  anxiety  is  

linked  to  maternal  stress  and  may  be  adaptive  in  risky  environments  (Mateo  2007)  or  

arctic  systems  with  cyclical  predator-prey  interactions  (Sheriff  2010)  or  variable  intra-

specific  competition.  Variation  in  resource  availability  changes  population  densities  

and  may  represent  an  important  agent  of  natural  selection  (Wade  &  Kalisz  1990,  

MacColl  2011).  In  red  squirrels  (Tamiasciurus  hudsonicus),  maternal  GCs  increase  

in  response  to  population  density,  with  territorial  vocalisations  acting  as  a  cue.  

Offspring  born  in  high  densities  grow  faster  to  boost  the  probability  of  survival  to  

reproductive  maturity  (Dantzer  et  al  2013).  Accelerated  early  life  growth  is  adaptive  

in  high  density  conditions  but  is  linked  with  shortened  lifespan  (Descamps  et  al  2008)  

and  therefore  is  not  favoured  in  years  with  lower  density  (McAdam  et  al  2003).    

  

From  an  evolutionary  perspective  PARs  prioritise  survival  only  to  reproductive  age  

(Bateson  et  al  2014).  Adapting  to  risky  or  nutritionally  poor  conditions  may  represent  

a  life-history  trade-off  if  fast  growth  or  early  maturation  are  linked  to  reduced  

longevity  or  fitness  (Metcalfe  &  Monaghan  2001).  Early  maturation  in  response  to  

adverse  conditions  has  been  observed  in  both  rats  (Slobada  et  al  2009)  and  humans  

(Belsky  2012).  Wild  studies  reveal  both  positive  (Chin  et  al  2009)  and  negative  

(Hayward  &  Wingfield  2004,  Meylan  &  Clobert  2005)  effects  of  maternal  GC  on  

growth.  In  aspic  vipers  (Vipera  aspis),  maternal  water  deprivation  and  elevated  GC  

concentrations  are  associated  with  rapid  offspring  growth  (Dupoue  et  al  2016).  

Likewise,  in  lizards,  predation  risk  increased  maternal  stress  and  is  linked  to  large  

offspring  size,  particularly  tail  length  (Bestion  et  al  2014).  House  Wren  (Trogodytes  

aedon)  chicks  injected  with  corticosterone  prior  to  hatching  were  lighter  initially  but  

heavier  at  fledging,  suggesting  fast  compensatory  growth  (Strange  et  al  2016).  The  

treated  chicks  begged  more  intensely  and  mothers  with  experimentally  elevated  GC  

increased  investment  and  produced  fledglings  with  improved  body  condition  (Bowers  
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et  al  2016).  These  studies  suggest  that  in  certain  contexts,  maternal  stress  can  act  

as  a  cue  to  prompt  accelerated  growth  which  may  confer  advantages  to  offspring  in  

terms  of  predator  avoidance,  competitive  ability  or  dispersal  (Arendt  1997).    

  

Hormonal  in-utero  signalling  may  represent  a  mechanism  for  prioritising  growth  to  

prepare  for  competitive  early  life  environments  where  food  supply  is  unpredictable.  In  

rats,  when  maternal  diet  is  restricted  pups  are  smaller  at  birth  (Jones  &  Friedman  

1982)  but  gain  weight  faster  and  show  increased  appetite  (Vickers  2000).  Although  

these  individuals  are  generally  less  active  (Vickers  2003)  they  show  an  increased  

willingness  to  search  for  more  reliable  food  sources  (Miles  2009).  Poor  pre-natal  

nutrition  may  prepare  offspring  for  a  low  resource  environment  by  inducing  

phenotypes  with  lower  muscle,  a  higher  set  point  for  satiety  and  a  dietary  preference  

for  fat.  In  plentiful  post-natal  conditions  this  phenotype  is  associated  with  obesity  and  

heightened  disease  risk.  Human  studies  link  maternal  condition  to  traits  such  as  

body  composition,  metabolic  control,  reproductive  maturation  and  behaviour  

(Godfrey  2006,  Moritz  &  Cullen-McEwen  2006,  Slobada  et  al  2007).  This  presents  

significant  health  consequences  as  diseases  like  hypertension  and  type  2  diabetes  

are  more  prevalent  in  individuals  that  are  born  small  and  subsequently  follow  

western  lifestyles  with  abundant  nutrition  (Patel  et  al  2006,  Ebrahim  et  al  2010).  

  

Adaptive  plasticity  may  extend  into  the  post-natal  environment  if  early  life  conditions  

help  organisms  adapt  to  variation  in  later  life  (West-Eberhard  2003,  Snell-Rood  

2012).  There  is  evidence  both  that  good  early  life  conditions  can  negate  the  

phenotypic  effects  of  maternally  derived  stress  (Francis  et  al  1999)  and  that  they  

cannot  (Bian  et  al  2015,  Sheriff  et  al  2015).  Theoretical  models  suggest  that  the  

developmental  period  during  which  external  cues  mediate  plasticity  is  determined  by  

environmental  variation  and  species  life-history  traits  (Panchanathan  &  Frankenhuis  

2016).  For  PARs,  a  potential  field  of  interest  is  how  phenotypic  response  is  modified  

by  the  potential  for  conflicting  information  being  received  from  the  mother  and  the  

early  life  environment  (Kuijper  &  Hoyle  2015).  Another  question  is  to  what  extent  

maternally  derived  stress  can  allow  species  to  adapt  to  human  induced  ecological  

change.  Rapidly  acting  or  novel  stressors  can  set  evolutionary  traps  (Schlaepfer  et  al  

2002),  especially  where  they  compromise  maternal  ability  to  recognise  novel  events  

as  dangerous  (Sih  et  al  2010,  Trimmer  et  al  2017).  Significant  interest  has  focused  
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on  climatic  change  and  the  potential  for  environmental  stressors  to  become  more  

frequent  or  variable.  In  chinook  salmon  (Oncorhynchus  tshawytscha),  exposure  to  

pre-natal  stress  appears  to  improve  offspring  ability  to  respond  to  drought  conditions  

in  early  life  (Capelle  2016).  Some  human  activities  may  expose  organisms  to  novel  

predators  and  maternal  predation  risk  is  linked  to  reduced  offspring  size  and  weight  

(Sheriff  et  al  2009,  Zanette  et  al  2011).  Studies  suggest  that  species  may  be  able  to  

adjust  anti-predator  responses  to  include  closely  related  novel  predators  (Griffin  et  al  

2001,  Ferrari  et  al  2007)  and  it  is  possible  that  plasticity  in  predation  response  is  

linked  to  maternal  stress.    

  

1.7  Maternal  effects  in  cooperatively  breeding  species.    

  

Cooperatively  breeding  species  (Clutton-Brock  2009,  Hatchwell  2009),  where  adults  

help  raise  offspring  other  than  their  own,  represent  good  systems  for  testing  

maternal  effects  (Russell  &  Lummaa  2009).  Groups  usually  consist  of  a  dominant  

breeding  pair,  who  monopolise  reproduction,  and  younger  subordinate  individuals  

that  help  care  for  offspring  (Griffin  et  al  2003,  Nelson-Flower  at  al  2011,  although  

some  species  are  more  egalitarian,  Koenig  et  al  1995,  Packer  et  al  2001).  Helpers  

are  often  previous  offspring  that  forego  dispersal,  delaying  their  own  breeding  

opportunities  (Bourke  1997),  although  they  may  also  be  unrelated  immigrants.  Within  

social  groups  there  is  marked  phenotypic  variation,  even  between  individuals  of  

similar  sex,  age  or  dominance  status  which  is  partly  explained  by  differences  in  

maternal  condition  and  the  rearing  environment.  Therefore,  patterns  of  maternal  

investment  will  vary  depending  on  offspring  sex,  available  care  provision  and  levels  

of  intra-group  competition.  Social  rank  can  strongly  influence  GC  concentrations  

(Creel  2001,  Creel  et  al  2013)  with  subordinate  individuals  often  showing  elevated  

stress  due  to  receiving  aggression  from  dominants  (Abbott  et  al  2003,  Hacklander  et  

al  2003).  Where  elevated  GC  reduces  reproductive  success  (Sanderson  et  al  2015)  

such  aggression  may  be  associated  with  fitness  costs  and  represent  a  form  of  
stress-related  reproductive  suppression  (Young  et  al  2006).      

  

Cooperatively  breeding  mammals  may  be  good  candidates  for  evolving  PARs  if  

mothers  can  predict  the  competitiveness  of  the  early  life  environment.  Maternal  cues  
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may  be  drawn  from  hormonal  concentrations,  which  vary  depending  on  social  group  

composition  and  ecological  conditions  during  pregnancy,  and  investment  may  be  

adjusted  accordingly.  Within  groups,  reproductive  opportunities  vary  depending  on  

immigration,  extra  group  mating  or  co-breeding  (Cockburn  2004,  Russell  2004).  In  

addition,  sex-biased  dispersal,  care  or  immigration  may  influence  competition  and  

relative  maternal  investment.  When  daughters  remain  in  the  natal  group  as  helpers  

breeding  is  costly  as  they  have  fewer  remaining  resources  for  provision  of  social  

care  and  their  young  may  compete  with  either  their  mother  or  future  siblings.  This  

may  drive  aggressive  reproductive  competition  (Clutton-Brock  &  Huchard  2013)  

which  increases  maternal  stress  and  hormonal  signalling  may  prime  development  

towards  phenotypes  more  favoured  in  competitive  environments.  Mothers,  therefore  

may  face  conflict  between  conserving  resources  for  the  future,  and  maximising  

current  offspring  fitness.  Therefore,  patterns  of  maternal  investment  may  drive  

phenotypic  variation.  Most  maternal  strategies  will  represent  a  balance  of  these  two  

factors  depending  on  context,  often  determined  by  the  scope  of  future  reproductive  

opportunities,  care  availability  and  nutritional  state  during  pregnancy.    

  

In  social  species,  phenotypic  variation  is  partly  due  to  the  quality  of  care  provided  by  

helpers  (Savage  et  al  2015).  Mothers  may  tactically  adjust  investment  to  match  

conditions  (Cunningham  &  Russell  2000)  by  increasing  pre-birth  investment  to  

compensate  for  poor  rearing  conditions  with  fewer  helpers  (Bolund  et  al  2009)  or  

reducing  resource  allocation  to  transfer  costs  onto  other  carers  (Russell  et  al  2007).  

In  cooperative  breeders,  parents  may  respond  to  the  presence  of  helpers  by  either  

reducing  provisioning  (load-lightening,  see  Crick  1992)  or  maintaining  provisioning  

effort  (additive  effects)  (Hatchwell  1999).  In  general,  the  presence  of  helpers  is  

expected  to  affect  the  scale  of  maternal  effects  (Beery  &  Kaufer  2015)  but  this  may  

also  depend  on  which  of  the  above  strategies  is  favoured.  In  systems  where  mothers  

are  relieved  of  the  burden  of  care  pre-natal  conditions  may  be  crucial  in  mediating  

maternal  investment  decisions.  Studies  of  bi-parental  systems  suggest  that  the  

potential  costs  of  maternal  stress  may  be  overcome  by  the  partner  (Hinde  2006,  

Johnstone  &  Hinde  2006).  This  may  extend  to  cooperatively  breeders  if  offspring  are  

buffered  from  pre-natal  stress  in  systems  where  helpers  relieve  mothers  of  the  

burden  of  exclusive  care.  In  communally  breeding  degus,  high  maternal  GCs  are  
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associated  with  impaired  offspring  stress  physiology,  but  the  negative  effects  are  

buffered  by  the  presence  of  unstressed  carers  in  the  group  (Bauer  et  al  2015).  

Similarly,  studies  of  cooperatively  breeding  birds  suggest  that  the  presence  of  

helpers  can  compensate  for  reduced  maternal  investment  in  eggs  and  provisioning  
(Russell  et  al  2008,  Brouwer  et  al  2014).    

  

Many  lab  studies  associate  poor  maternal  care  during  crucial  developmental  periods  

with  impaired  stress  physiology.  However,  it  remains  unclear  whether  lower  

standards  of  cooperative  care  have  similar  effects  where  mothers  are  not  the  primary  

caregivers.  In  cooperatively  breeding  marmosets,  exposure  to  early  life  stressors  

increased  anxiety,  altered  the  HPA  stress  response  and  impaired  social  interactions  

(Solomon  &  French  1996).  Cues  from  various  classes  of  caregiver  (fathers,  siblings  

and  mothers)  were  all  found  to  influence  HPA  response  during  both  development  

and  adulthood  (Birnie  et  al  2013).  Offspring  that  received  higher  rates  of  rejection  

from  family  members  showed  higher  cortisol  in  response  to  social  separation.  Stress  

physiology  is  sensitive  to  social  cues  and  family  relationships  can  either  buffer  HPA  

response  (Rukstalis  &  French  2005)  or  intensify  HPA  activation  during  intragroup  

conflict  (Smith  &  French  1997).  The  role  of  GCs  in  maintaining  energetic  stability  

suggests  that  they  may  mediate  care  provision  by  helpers,  as  well  as  parents.  GC  

concentrations  have  been  both  positively  (Carlson  et  al  2006)  and  negatively  

(Sanderson  et  al  2014)  associated  with  cooperative  care  provision  and  some  studies  

have  reported  that  such  effects  may  be  dependent  on  helper  sex  (Reynauld  &  
Schradin  2015,  Dantzer  et  al  2017).        

  

1.8  Thesis  aims  
	  

The  aim  of  this  thesis  is  to  investigate  the  ultimate  and  proximate  mechanisms  

underlying  individual  phenotypic  variation  in  a  cooperatively  breeding  mammal.  To  

achieve  this,  I  use  the  long-term  dataset  collected  by  the  banded  mongoose  

research  project  to  analysis  maternal  investment  patterns  and  phenotypic  differences  

that  may  not  be  visible  in  short-term  studies.  By  using  a  mixed  approach,  I  hope  to  

provide  novel  insights  into  the  association  between  individual  behavior  and  

physiology  within  a  social  context,  and  enrich  our  understanding  of  the  evolutionary  
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processes  underpinning  sociality  and  cooperatively  breeding  systems.  

Chapter  two  introduces  the  study  population  and  provides  a  general  outline  of  the  

methods  used  in  data  collection  and  analysis.    

Chapter  three  tests  how  maternal  effects,  in  particular  maternal  rank,  and  levels  of  

cooperative  care  influence  GC  concentrations  in  banded  mongoose  pups.  In  

addition,  I  ask  whether  elevated  GC  levels  in  early  life  increase  the  probability  of  an  

individual  surviving  to  either  nutritional  independence  at  three  months  of  age  or  

maturity  at  one  year.  

Chapter  four  uses  a  larger  dataset  to  consider  how  early  life  conditions  and  maternal  

effects  influence  adult  life-history  traits.  Specifically,  I  test  whether  maternal  age  has  

sex-specific  effects  on  survival,  longevity  and  reproductive  success  and  whether  

these  patterns  reveal  condition-dependent  maternal  resource  allocation  strategies  

and  influence  offspring  sex  ratios.    

Chapter  five  synthesises  my  findings  and  attempts  to  draw  on  the  wider  implications  

and  make  suggestions  for  future  study.    
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Chapter  2:  General  Methods    
  
2.1  Summary  
	  

This  section  provides  a  summary  of  all  data  collection  and  analysis  methods  used  in  

this  thesis.  I  start  by  introducing  the  field  site,  banded  mongoose  system  and  data  

collection,  including  the  behavioural  observations  that  were  used  to  estimate  helper  

care  effort.  I  then  briefly  summarise  the  genetic  techniques  that  were  used  to  

establish  maternal  identity  and  the  methods  of  faecal  sample  collection  and  

hormonal  extraction.  All  of  the  above  data  is  collected  to  maintain  the  long-term  

dataset  and  was  not  conducted  by  me.  I  conclude  this  section  by  describing  the  

statistical  analyse  that  I  used  throughout  this  thesis.  

	  

2.2  Study  site  
	  

This  study  was  carried  out  using  a  habituated  population  of  banded  mongooses  

located  on  the  Mweya  Peninsula  in  Queen  Elizabeth  National  Park,  Uganda  (figure  

1)  which  comprises  a  mix  of  open  grassland  and  thick  scrub.  This  population  has  

been  studied  since  the  1970’s  but  the  current  research  project  was  started  in  1995  

by  Michael  Cant  and  Tim  Clutton-Brock.  This  study  uses  a  combination  of  faecal  

samples  from  five  packs  collected  by  Jenny  Sanderson  for  her  PhD  thesis  and  

analyses  from  the  long-term  dataset.  The  climate  is  equatorial  with  little  seasonal  

fluctuation  in  temperature  or  day  length.  Annual  rainfall  is  typically  800-900mm  per  

year  and  there  are  two  dry  periods  in  January-February  and  June-July  (figure  2).  

Meteorological  data  was  collected  at  a  weather  station  on  the  field  site.      

2.3  Study  System	  
	  
Banded  mongooses  (Mungos  mungo)  are  cooperatively  breeding  mammals  that  live  

in  mixed-sex  groups  of  between  approximately  8  and  40  individuals  (Cant  et  al  

2016).  Adults  reach  sexual  maturity  at  around  one  year  of  age  (Cant  et  al  2013)  and  

all  group  members  are  capable  of  breeding.  Reproductive  opportunities  are  skewed  

toward  older  animals  (Nichols  et  al,  2010,  2012)  and  females  usually  start  breeding  

at  a  younger  age  than  males,  who  tend  to  live  longer  (Vitikainen  et  al  2016).  Females  
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have  higher  mortality  rates  throughout  life,  particularly  in  periods  of  low  rainfall  

(Marshall  et  al  2016),  leading  to  male-biased  sex  ratios  within  groups.    

  

  
  a.                                            b.                                           c. 
Figure1.  Location  of  the  Banded  Mongoose  Research  Project  study  site.  Field  site  
location  in  (a)  Africa  and  (b)  Uganda  is  indicated  with  red  stars.  (c)  Map  of  the  Mweya  
Peninsula.  The  field  site  is  shown  with  a  red  dotted  line,  the  ridge  separating  the  
upper  and  Lower  Peninsula  is  shown  with  blue  dots  (from  Sanderson  2012).  
  

Unlike  in  cooperative  species  where  dominant  pairs  monopolise  reproduction  

(including  closely  related  meerkats  (Suricata  suricata)  (O’Rhian  et  al  2000)  and  

dwarf  mongooses  (Helogale  parvula)  (Keane  et  al  1994))  banded  mongooses  are  

plural  breeders.  Packs  have  up  to  four  litters  per  year  which  are  highly  synchronized  

(within  but  not  between  groups),  with  most  females  in  the  group  reproducing  in  each  

breeding  attempt  and  giving  birth  to  a  large  communal  litter  on  the  same  day  (Cant  

2000,  Hodge  2011).  The  evolution  of  synchronous  breeding  leads  to  large  cohorts  of  

similarly  aged  individuals  and  intense  intragroup  competition  for  reproductive  

opportunities  in  both  sexes.  Mothers  may  kill  the  pups  of  rival  breeders  where  birth  is  

asynchronous  (Cant  et  al  2014)  and  there  is  no  evidence  that  parents  can  

discriminate  their  offspring  from  others  in  the  communal  litter  (Vitikainen  et  al  2017).  

This  constrains  the  effectiveness  of  infanticide  as  a  mechanism  of  reproductive  

control  (Clutton-Brock  et  al  2001).  Instead,  in  response  to  reproductive  competition,  

older  females  violently  evict  younger  females  from  the  group  (Cant  et  al  2010,  

Thompson  et  al  2016),  implying  an  age-based  dominance  hierarchy.  The  threat  of  

expulsion  may  represent  a  covert  form  of  suppression  as  younger  breeding  females  

show  higher  stress  hormone  levels  during  pregnancy  and  lower  reproductive  

success  (Sanderson  et  al  2015a).  There  is  evidence  of  predictive  adaptive  response  

(PAR)  in  banded  mongooses  (Inzani  et  al  2016)  as  maternal  investment,  measured  
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by  foetus  size,  increased  when  pups  were  predicted  to  face  a  competitive  early  life  

environment.  Larger  size  is  expected  to  confer  a  competitive  advantage  and  may  

increase  the  amount  of  escorting  care  received  (Vitikainen  et  al  2017)  and  thus  

maternal  investment  appears  to  vary  according  to  the  social  conditions  experienced  

during  pregnancy.  Where  reproductive  suppression  is  largely  ineffective  and  pups  

are  born  in  competitive  environments  investment  may  be  adjusted  to  maximise  

offspring  fitness,  rather  than  conserving  resources  for  future  litters.  Thus,  maternal  

decisions  could  be  dependent  on  pre-natal  cues  as  mothers  are  not  burdened  by  

early  life  care  and  can  effectively  de-couple  pre  and  post-birth  investment.  

(a)                                                                                                                                      (b)      

  
Figure  2.  Annual  meteorological  data  for  Mweya,  Queen  Elizabeth  National  Park.  (a)  
monthly  rainfall,  means  and  standard  error.  (b)  Daily  maximum  and  minimum  
temperature,  means.  Data  from  1999  to  2012  provided  by  UWA  (from  Sanderson  2012).    

  

Gestation  lasts  for  around  60  days  and  litters  are  cared  for  by  most  adult  group  

members.  Banded  mongooses  exhibit  two  distinct  forms  of  cooperative  care,  

“babysitting”  (figure  3a)  and  “escorting”  (figure  3c).  Litters  remain  underground  for  

their  first  month  or  so  and  are  cared  for  by  babysitters,  who  remain  at  the  burrow  

during  group  foraging  trips  to  guard  against  predators  or  rival  packs.  Following  

emergence  pups  move  with  the  group  and  compete  for  escorts,  with  whom  they  form  

a  ‘one  on  one’  caring  relationship  (Hodge  et  al  2009).  Although  pups  seem  to  initiate  

this  bond  it  is  maintained  by  the  adult  who  will  respond  to  both  experimental  

presentation  of  the  pup  (Gilchrist  et  al  2008)  and  playbacks  of  their  specific  distress  

calls  (Muller  &  Manser  2008).  The  escort  provides  food  to  the  pup  until  nutritional  
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independence  at  around  three  months  (Gilchrist,  2004).  There  can  be  significant  

variation  in  the  care  received  by  each  pup  (Hodge  2007)  and  escorting  provides  

important  benefits,  including  higher  provisioning,  faster  growth,  lower  mortality  and  

earlier  reproductive  maturity  in  females  (Hodge  2005). Most  group  members  over  the  

age  of  6  months  help  with  care,  although  subordinate  males  contribute  more  to  both  

babysitting  (Cant  2003)  and  escorting  (Gilchrist  &  Russell  2007).  This  is  probably  

due  to  sex-specific  care  costs  (Clutton-Brock  et  al  2000)  as  relatedness  does  not  

explain  the  variation  in  helping  behaviour  (Nichols  et  al  2012).  Both  forms  of  care  are  

associated  with  weight  loss  and  females  suffer  relatively  higher  costs  than  males  as  

maternal  weight  is  associated  with  breeding  success  (Hodge  et  al  2009).  

Reproductive  skew  is  more  pronounced  amongst  males  who  have  more  opportunity  

to  regain  weight  between  breeding  attempts.  Male  pups  generally  receive  more  care  

than  female  pups  partly  because  carers  tend  to  assort  with  offspring  by  sex  

(Vitikainen  et  al  2017).  This  sex-specific  care  assortment  may  impact  individual  

development  and  help  explain  the  observed  male-biased  sex  ratios.  As  such,  pre-

birth  social  group  composition  may  inform  mothers  of  the  likelihood  of  pups  receiving  

care  and  allow  them  to  adjust  investment  accordingly.    

  

  
Figure  3;;  Some  examples  of  banded  mongoose  social  behaviour,  a)  an  adult  
babysitting,  b)  competition  between  pups  during  the  escorting  period,  c)  an  adult  
escorting,  d)  a  pack  defensive  response.  
  

a b

c d
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2.4  Data  Collection  
	  

Packs  were  visited  at  least  three  times  a  week,  the  regularity  of  visits  allowed  group  

composition  to  be  constantly  monitored.  During  the  later  stages  of  pregnancy  groups  

were  visited  more  frequently  to  establish  exact  birthdates  for  litters.  The  mongooses  

were  habituated  to  close  observation  and  trained  to  step  onto  portable  electronic  

scales  to  obtain  weight  measurements.  To  identify  specific  individuals  all  mongooses  

were  captured  within  three  weeks  of  emergence  from  the  natal  burrow  and  then  

every  3  –  6  months  until  leaving  the  study  through  death  or  dispersal.  Trapping  

allowed  general  health  checks  and  morphometric  measurements,  and  was  used  to  

assess  pregnancy  in  adult  females.  Captures  were  conducted  using  baited  

tomahawk  traps  (67  x  23  x  23  cm;;  Tomahawk  Live  Trap  Co.,  Tomahawk,  WI,  USA)  

and  following  trapping,  individuals  were  anaesthetised  using  isoflurane  (for  full  

protocols  see  Jordan  et  al  2010,  2011).  The  research  was  conducted  under  licence  

from  the  Uganda  National  Council  for  Science  and  Technology,  and  all  procedures  

were  approved  by  the  Uganda  Wildlife  Authority.  During  an  individual’s  first  capture  a  

2mm  skin  sample  was  taken  for  genetic  analysis  (Nichols  et  al.  2010)  and  the  animal  

was  microchipped  for  identification  purposes.  To  allow  individual  identification  during  

behavioural  observations  pups  were  marked  with  a  unique  combination  of  patches  

using  hair  dye  and  adults  were  marked  with  a  unique  shave  on  their  back.  For  radio-

tracking  purposes  individuals  in  each  pack  were  fitted  with  a  radio  collar  weighing  

26-30g  (Sirtrack  Ltd,  Havelock  North,  New  Zealand).    

2.5  Quantifying  escort  care  

The  amount  of  care  received  by  pups  from  escorts  was  calculated  following  the  

methods  of  Vitikainen  et  al  (2017).  During  the  escorting  period,  groups  were  visited  

on  average  12  times  for  a  minimum  of  20  minutes  (the  duration  of  one  focal  

observation).  Adults  were  scored  as  escorts  if  associated  closely  with  the  focal  pup  

and  were  seen  within  50cm  of  the  same  pup  for  more  than  50%  of  the  observation  

period  (Vitikainen  et  al  2017).  Escorting  effort  received  per  pup  was  calculated  as  the  

proportion  of  days  that  a  pup  was  recorded  with  an  escort  out  of  the  total  number  of  

days  where  escorting  was  recorded  by  any  group  member  (7-21  observation  days  

per  breeding  attempt).  This  gave  a  single  escorting  score  (as  a  proportion)  for  each  
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pup  in  a  litter  which  was  used  to  represent  care  received.  Previous  studies  suggest  

that  this  association  score  is  a  reliable  summary  of  quantitative  nearest-neighbour  

data  (Gilchrist  &  Russell  2007).      

2.6  Genetic  analysis    

Due  to  the  birth  synchrony  in  this  species,  maternity  cannot  be  determined  via  

observations  and  therefore  genetic  analysis  was  used  to  assign  parentage  (Nichols  

et  al  2010,  Sanderson  et  al  2015b).  To  perform  DNA  extraction,  the  skin  samples  

collected  during  capture  (usually  tail-tips)  were  incubated  on  a  rotating  wheel  in  330  

ml  of  lysis  solution  (10  mM  Tris  HCl  (pH  8.0),  1  mM  EDTA,  1%  SDS,  50  mg/  ml  of  

proteinaseK),  first  at  55˚C  for  2  hours  and  then  at  37˚C  overnight.  DNA  was  purified  

from  the  digested  tissue  sample  using  an  equal  phenol:chloroform  purification  

followed  by  an  ethanol  and  ammonium  acetate  DNA  precipitation.  Additional  DNA  

extraction  was  done  using  DNA  extraction  kits  (Qiagen  Tissue  and  Blood  Kit).  

Samples  were  genotyped  at  up  to  43  microsatellite  loci,  isolated  from  a  variety  of  

carnivore  species,  including  the  banded  mongoose.    

Pre  2010  Genotyping  
	  
Details  of  genotyping  procedures  followed  prior  to  2010  are  given  in  Nichols  et  al  

(2010).  Briefly,  genotyping  was  conducted  using  a  panel  of  14  microsatellite  loci,  

isolated  from  a  variety  of  carnivore  species.  PCRs  were  carried  out  in  11  ml  reaction  

volumes,  using  approximately  20  ng  of  genomic  DNA,  0.2  mM  each  of  forward  and  

reverse  primers,  10  mM  Tris,  pH8,  50  mM  KCl,  0.01%  Tween  20,  0.01%  gelatine,  

0.01%  nonidet  P40,  0.025  units  of  Taq  polymerase,  1.5-2.52  mM  magnesium  

chloride  and  0.01  uCi  (a33P)-dCTP.  The  following  PCR  conditions  were  used  with  

each  primer  pair:  an  initial  denaturing  step  of  94˚C  for  4  minutes,  followed  by  35  

cycles  of  94˚C  denaturization  for  45  seconds,  50-60˚C  annealing  for  30  seconds  and  

72˚C  extension  for  30  seconds,  followed  by  a  final  elongation  of  5  minutes  at  72˚C.  

PCR  products  were  resolved  by  electrophoresis  on  standard  6%  polyacrylamide  gels  

and  were  visualized  using  a  phosphorimager.  Bands  were  scored  manually.    
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Post  2010  Genotyping  

After  2010,  genotyping  was  conducted  (Sanderson  et  al  2015b)  using  multiplex  

PCRs  (Qiagen  Multiplex  PCR  Kit,  UK)  with  fluorescent-labelled  forward  primers  and  

was  visualized  through  fragment  size  analysis  on  an  ABI  3730  DNA  Analyzer.  PCR  

conditions  followed  the  Qiagen  Multiplex  PCR  Kit  recommendations  (but  were  

conducted  in  12  μL  reactions),  with  an  annealing  temperature  of  57°C.  Full  details  of  

the  43  microsatellites  used  in  this  study  along-  side  primer  sequences,  multiplex  sets  

and  PCR  conditions  are  given  in  Sanderson  et  al  2015b  (Appendix  S1.1).   

2.7  Parentage  Analysis    

The  extracted  DNA  samples  were  used  to  create  a  pedigree  to  infer  parentage  within  

the  study  population.  The  final  pedigree  used  Masterbayes  2.51  (Hadfield  et  al.  

2006)  and  Colony  2.0.5.7  (Jones  &  Wang  2010)  as  well  as  field  observations  and  

individual  genotypes.  In  brief,  Masterbayes  was  used  to  assign  parents  to  offspring  

(i.e.  individuals  that  were  observed  being  born  into  the  population).  All  females  (aged  

>6  months)  present  in  the  natal  group  at  birth  were  included  as  candidate  mothers,  

and  all  males  (aged  >6  months)  present  in  the  study  population  at  conception  were  

included  as  candidate  fathers  to  allow  for  extra-group  mating  (Nichols  et  al  2015).  

The  following  phenotypic  predictors  of  parentage  were  also  included:  whether  or  not  

a  female  was  recorded  as  giving  birth,  if  a  male  was  in  the  offspring’s  natal  group,  

and  the  age  and  quadratic  age  of  both  males  and  females.  In  addition,  the  number  of  

unsampled  candidate  mothers  and  fathers  was  estimated  in  the  parentage  

assignment  model.  Genotyping  error  rates  were  calculated  manually  from  samples  

genotyped  in  duplicate  following  Hoffman  &  Amos  (2005).  Allele  frequencies  were  

calculated  in  Cervus  3.0.7  (Kalinowski  et  al.  2007)  using  the  full  genotype  data  set.  

Genotyping  error  rates  and  allele  frequencies  were  both  provided  in  the  model  

specification.  The  Markov  chain  Monte  Carlo  estimation  chain  was  run  for  1  500  000  

iterations  with  a  thinning  interval  of  500  and  a  burn-in  of  500  000.  No  further  prior  

distributions  were  specified,  and  default  improper  priors  were  used.  Successive  

samples  from  the  posterior  distribution  had  low  autocorrelation  (r  <  0.01).   

Secondly,  sibships  were  constructed  in  Colony  by  partitioning  all  genotyped  

individuals  (including  offspring,  founders  and  immigrants)  into  full  and  half-sibship  
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groups  with  or  without  parentage  assignments,  using  a  maximum-likelihood  method.  

The  same  candidate  parent  criteria  were  used  as  above  to  generate  candidate  father  

list,  candidate  mother  list,  paternal  exclusion  list  and  maternal  exclusion  list  as  input  

into  Colony.  No  maternal  or  paternal  sibships  were  excluded.  A  weak  sibship  prior  of  

1.5  for  both  maternal  and  paternal  average  sibship  size  was  included  to  limit  false-

positive  sibship  assignments,  and  the  probabilities  that  the  true  mother  and  father  

were  in  the  candidate  lists  were  both  set  as  0.8  (Sanderson  et  al  2015b).  Parentage  

assignment  was  accepted  with  ≥0.8  probability  in  both  Masterbayes  and  Colony.  

Masterbayes  parentage  assignments  were  accepted  first  (note  that  no  ungenotyped  

individuals  were  confidently  assigned  parentage),  and  Colony  parentage  

assignments  were  then  added  where  Masterbayes  had  failed  to  assign  parentage.    

Using  the  same  panel  of  genetic  markers  for  parentage  assignment  and  for  

calculating  levels  of  relatedness  has  been  shown  to  bias  paternity  assignments  

towards  unrelated  fathers  in  some  cases  (Wang  2010).  We  minimized  the  probability  

of  encountering  such  biases  by  using  a  large  panel  of  markers  for  parentage  

analysis  (43  microsatellites)  which  allowed  for  high  confidence  of  parentage  

assignment  in  almost  all  cases  (between  April  2003  and  September  2013  91%  and  

88%  were  assigned  paternity  at  ≥0.8  and  ≥0.95,  respectively).  Furthermore,  where  

possible,  we  verified  our  genetic  data  using  behavioural  observations  of  mate-

guarding  patterns,  which  are  not  subject  to  such  biases.    

2.8  Faecal  sample  collection  and  extraction	  
	  
All  faecal  samples  were  taken  between  May  2010  and  December  2013  and  then  

transported  to  the  UK  for  analysis.  Where  possible,  faecal  samples  were  collected  

during  the  morning  latrine  session  soon  after  emergence  from  the  burrow.  Faecal  

samples  were  collected  by  hand  into  small  plastic  bags  (4”  x  2”),  labelled  with  the  

mongoose  identity,  date  and  time,  and  placed  on  ice  in  a  Thermos  flask.  Samples  

were  then  transferred  to  a  -20  freezer  within  5  hours  of  collection.  Collection  time  

and  time  to  freezer  were  non-significant  predictors  of  faecal  glucocorticoid  metabolite  

(fGC)  concentrate  ions  (Sanderson  2012). Over-marking  of  faeces  is  common  in  
banded  mongooses  (Muller  &  Manser  2008)  and  samples  were  only  collected  where  

certain  that  no  over-marking  occurred.  In  addition,  to  avoid  interference  with  group  

scent  marking  behaviour  only  half  of  each  sample  was  collected.    
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Material  transfer  permits  were  obtained  from  the  Uganda  Wildlife  Authority  (UWA)  

and  the  Uganda  Council  for  Science  and  Technology  (UNCST),  with  UK  import  

permits  being  obtained  from  DEFRA.  Frozen  faecal  samples  were  transported  back  

to  the  UK  on  wet  ice  in  a  cool  box.  Samples  were  transferred  to  Entebbe  airport  by  

road,  flown  back  to  the  UK  as  checked-in  luggage,  and  transported  to  the  University  

of  Exeter  in  Cornwall  by  train.  In  total,  this  journey  lasted  a  maximum  of  36  hours  

and  the  samples  were  still  chilled  when  they  arrived  at  their  final  destination.    

Hormone  extraction  was  carried  out  either  at  Chester  Zoo  Endocrinology  Lab  (CZEL)  

or  at  the  University  of  Exeter  (UofE).  Samples  extracted  at  the  UofE  were  then  

transferred  to  CZEL  on  ice  for  assay.  We  extracted  a  subset  of  samples  (n=20)  at  

both  CZEL  and  UofE  to  ensure  the  location  of  extraction  did  not  affect  the  hormone  

results.  The  glucocorticoid  assays  from  samples  extracted  in  both  CZEL  and  UofE  

were  highly  correlated  (Pearson’s  correlation:  T  =  10.66,  p  <  0.001)  and  there  was  

no  significant  effect  of  extraction  location  on  fGC  measures  (GLMM:  χ2  =  2.72,  

p=0.26),  therefore  results  from  both  locations  were  pooled  in  the  analyses.    

Hormone  extraction  was  done  using  a  wet-weight  shaking  process  adapted  from  

Walker  et  al.  (2002)  following  thawing  and  manual  homogenisation.  In  brief,  0.5  g  of  

faecal  material  was  combined  with  90%  methanol,  shaken  overnight  at  room  

temperature  and  centrifuged  for  20  minutes.  The  methanol  fraction  was  decanted  

and  evaporated  to  dryness.  Faecal  extracts  were  re-suspended  in  1ml  methanol  and  

stored  at  -20°C  until  analysis.     

2.9  Hormonal  Assay;;  Methods  and  Validation    
	  

Faecal  glucocorticoid  metabolite  (fGC)  concentrations  were  analysed  using  modified  

enzyme  immunoassays  (EIA;;  Young  et  al,  2004,  adapted  from  Munro  &  Stabenfeldt,  

1984).  Each  EIA  utilised  an  antibody  (polyclonal  corticosterone  CJM006  supplied  by  

CJ  Munro,  University  of  California,  Davis,  CA),  horseradish  peroxidase  conjugated  

label  (corticosterone;;  prepared  according  to  Munro  &  Stabenfeldt,  1984)  and  

standards  (corticosterone;;  Sigma-Aldrich,  UK).    

The  modified  assay  procedures  for  the  corticosterone  EIA  were  as  follows:  
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•   antiserum  was  diluted  at  1:15,000  in  coating  buffer  (0.05  M  NaHCO3,  pH  

9.6),  loaded  50μl  per  well  on  a  96-well  Nunc-Immuno  Maxisorp  microtiter  

plate  (Thermo-Fisher  Scientific),  and  covered  with  a  plate  sealer  and  left  

overnight  at  4°C.  

•   Plates  were  washed  five  times  (0.15  M  NaCl,  0.05%  Tween  20).    

•   Standards  (corticosterone,  3.9  –  1000  pg  per  well)  or  samples  were  diluted  

1:20  in  EIA  buffer  (0.1  M  NaPO4,  0.149  M  NaCl,  0.1%  bovine  serum  albumin,  

pH  7.0)  and  loaded  50μl  per  well.    

•   The  horseradish  peroxidase  conjugate  was  diluted  in  EIA  buffer  to  1:70,000  

and  added  50μl  per  well.  Following  incubation  in  the  dark  for  2  hours  at  RT,  

plates  were  washed  5  times  and  incubated  with  100μl  per  well  of  RT  

substrate  (0.4  mM  2,2’-azino-di-(3-ethylbenzthiazoline  sulfonic  acid)  

diammonium  salt,  1.6  mM  H2O2,  0.05  M  citrate,  pH  4.0)  and  left  to  develop  

at  RT  in  the  dark  and  measured  at  405  nm  at  optical  density  0.8  to  1.0.    

The  corticosterone  antiserum  CJM006  was  found  to  cross-react  with  Corticosterone  

100%,  Deoxycorticosterone  14.25%,  Progesterone  2.65%,  Tetrahydrocorticosterone  

0.90%,  Testosterone  0.64%,  Cortisol  0.23%,  Prednisolone  0.07%,  11-desoxycortisol  

0.03%,  Prednisone  <  0.01%,  Cortisone  <  0.01%  and  Estradiol  <  0.01%  (Watson  et  

al,  2013).  The  intra  and  inter-assay  coefficients  of  variation  for  the  corticosterone  

assay  were  7.52  and  6.33%  (C1  and  C2)  and  8.66  and  10.47%  (C1  and  C2)  

respectively.    

The  corticosterone  assays  were  validated  for  measuring  corticosterone  metabolites  

in  female  and  male  banded  mongoose  faeces  by  parallelism,  accuracy  check,  and  

ACTH  challenge.  Serial  dilutions  of  male  faecal  extract  yielded  a  displacement  curve  

parallel  to  the  standard  curve  (corticosterone:  sample  %  binding  =  11.713  +  0.651  

(standard  %  binding),  R2  178  =  0.9957,  F1,7  =  1631.26,  p  <  0.001).  There  was  no  

evidence  of  matrix  interference  in  male  corticosterone  assays,  as  addition  of  diluted  

faecal  extract  to  standards  did  not  alter  the  amount  expected  (corticosterone:  

Observed  =  31.074  +  1.522  (Expected),  R2  =  0.997,  F1,7  =  2342,  p  =  0.06).  Serial  

dilutions  of  female  faecal  extract  yielded  a  displacement  curve  parallel  to  the  

standard  curve  (corticosterone:  sample  %  binding  =  11.713  +  0.651  (standard  %  

binding),  R2  178  =  0.969,  F1,7  =  218.64,  p  =  0.683).  There  was  no  evidence  of  
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matrix  interference  in  assays  of  female  corticosterone,  as  addition  of  diluted  faecal  

extract  to  standards  did  not  alter  the  amount  expected  (corticosterone:  Observed  =  

31.074  +  1.522  (Expected),  R2  =  0.9954,  F1,7  =  1512.316,  p  =  0.4329).  The  

physiological  validity  of  using  this  EIA  assay  technique  to  measure  fGC  

concentrations  in  banded  mongoose  samples  was  established  by  demonstrating  a  

cause-and-effect  relationship  between  exogenous  administration  of  corticotrophin  

(ACTH;;  one  intramuscular  injection  of  13μl  of  1mg  /  ml  synthetic  ACTH  

[Tetracosactide;;  Synacthen],  n  =  3  males  and  3  females)  and  the  subsequent  

excretion  of  fGC  metabolites  in  the  faeces.  fGC  levels  were  higher  in  the  two  days  

following  injection  than  the  two  days  prior  to  injection  (Mann-Whitney;;  n  =  26  and  25,  

p  <  0.001)  (one  female  failed  to  show  an  increase  in  fGC  concentration,  though  this  

may  be  due  to  missed  samples).  Peak  fGC  elevation  occurred  6.67  ±  0.21  hours  

(mean  ±  SE,  n  =  5)  after  ACTH  administration.    

Figure  4.  Faecal  glucocorticoid  metabolite  (fGC)  concentrations  from  male  and  female  
banded  mongooses  before  and  after  administration  of  synthetic  ACTH  
(Tetracosactide;;  Synacthen).  Each  solid  line  represents  a  single  individual.  The  
vertical  dashed  line  represents  time  of  ACTH  administration  (from  Sanderson  2012).      

  

2.10  Statistical  Analysis  and  model  selection  
	  

Statistical  analyses  were  performed  in  R  (R  Core  Team  2016).  Linear  and  general  

linear  mixed  models  (LMM’s  and  GLMM’s)  were  fitted  using  the  lme4  package  

(Bates  et  al.  2015).  In  all  analyses,  we  assessed  the  significance  of  each  fixed  effect  
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by  comparing  the  likelihood  ratio  of  the  maximal  model  to  that  of  the  model  without  

the  fixed  effect  (Bates  et  al  2015).  We  present  parameter  estimates  and  SEs  from  

maximal  models,  rather  than  removing  nonsignificant  fixed  effects  due  to  problems  

associated  with  stepwise  model  reduction  (Forstmeier  &  Schielzeth  2011).  We  did,  

however,  remove  non-significant  interactions  to  allow  the  significance  of  the  main  

effects  to  be  tested  (Enquist  2005).  Multivariate  statistics  were  used  to  control  for  

repeated  sampling  of  individuals,  litters  and  social  groups  within  the  population.  

Where  possible  parametric  tests  were  used  and  at  times  logarithmic  transformations  

were  needed  to  achieve  normality  of  error.  All  models  were  checked  using  residuals  

and  were  found  to  meet  the  assumptions  for  parametric  tests.    
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Chapter  3:  Factors  influencing  early  life  stress  in  banded  
mongoose  pups.    

  
Abstract  
	  
Conditions  experienced  during  development  can  profoundly  influence  offspring  

phenotype.  Maternal  effects  may  be  mediated  by  prenatal  hormone  exposure  and  

can  shape  individual  variation  via  non-genetic  inheritance  of  phenotypic  traits.  

Mammalian  laboratory  studies  suggest  that  maternal  stress  can  constrain  the  quality  

of  parental  care  and  trigger  lasting  physiological  changes.  There  is  less  information  

on  how  maternal  effects  influence  development  in  wild  mammals,  particularly  in  

cooperative  breeders  where  offspring  receive  a  large  fraction  of  investment  from  

non-parental  carers.  I  investigated  whether  the  amount  of  cooperative  care  received  

influenced  the  stress  levels  of  banded  mongoose  pups,  and  whether  highly  stressed  

phenotypes  were  associated  with  reduced  pup  survival.  I  found  no  evidence  that  

levels  of  cooperative  care  affected  early  life  glucocorticoid  (GC)  concentrations.  

However,  I  did  find  a  sex-specific  within-individual  effect  of  maternal  age  on  pup  GC.  

The  GC  levels  of  daughters  were  found  to  decline  over  a  mother’s  reproductive  

lifespan,  whereas  that  of  sons  increased.  Elevated  early  life  stress  was  also  

associated  with  lower  immediate,  but  not  delayed,  survival  rates.  Further  

investigation  is  needed  to  establish  the  social,  behavioural  or  demographic  

consequences  of  early  life  stress  in  this  species  and  whether  early  life  GC  levels  can  

have  sex-specific  effects  on  offspring  fitness.  The  results  highlight  how  maternal  age  

and  rank  in  cooperatively  breeding  groups  can  have  major  effects  on  the  stress  

physiology  and  survival  of  developing  offspring,  and  that  these  effects  may  persist  

long  after  maternal  investment  has  ended.  
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Introduction  
	  
Cooperatively  breeding  species,  where  adults  help  raise  offspring  other  than  their  

own,  have  proved  to  be  excellent  models  for  understanding  the  evolution  of  

cooperation  and  conflict  in  social  animals  (Koenig  et  al  2016).  However,  these  

studies  have  also  revealed  unexplained  behavioural  and  physiological  variation,  

even  among  individuals  of  similar  age,  sex,  relatedness  and  dominance  status  

(Solomon  &  French  1997).  A  potential  explanation  for  such  differences  is  maternal  

effects,  by  which  a  mother’s  condition  or  environment  can  influence  offspring  

phenotype  (Bernado  1996,  Wolf  et  al  1998).  The  link  between  maternal  and  offspring  

phenotype  may  be  mediated  by  prenatal  hormone  exposure,  which  can  influence  

physiology  and  behaviour  through  non-genetic  inheritance  of  phenotypic  traits  

(Sapolsky  2005,  Dioniak  et  al  2006).  Maternal  effects  are  predicted  to  exert  a  strong  

influence  in  cooperative  species  (Russell  &  Lummaa  2009),  where  the  quality  of  the  

rearing  environment  depends  on  group  social  structure  and  the  quality  of  care  

provided  by  both  parents  and  non-parental  helpers.    

  
The  maternal  environment  can  profoundly  influence  offspring  development  and  

phenotype  (Mousseau  &  Fox  1998,  Mousseau  2009).  These  effects  can  be  positive  

or  negative  depending  on  ecological  and  social  conditions  (Groothius  et  al  2005,  

Monaghan  2008).  Favourable  early  life  conditions,  known  as  ‘silver  spoon’  effects  

(Grafen  1988),  generally  have  a  positive  influence  on  offspring  fitness  (Wong  &  

Kolliker  2014).  By  contrast  mothers  in  poor  condition  have  fewer  available  resources  

to  invest  in  their  offspring,  who  may  suffer  developmental  constraints  (Gluckman  &  

Hanson  2014).  In  addition,  increased  physiological  stress  may  constrain  maternal  

ability  to  provide  adequate  offspring  care  or  nutrition  (Liu  1997).  Mammalian  lab  

studies  suggest  that  poor  maternal  care  can  alter  the  expression  of  genes  regulating  

behavioural  and  hormonal  stress  responses  with  effects  that  persist  into  adulthood  

(Meaney  2001,  Weaver  et  al  2004).  Elevated  stress  constrains  maternal  ability  to  

provide  care  and  triggers  changes  in  DNA  methylation  patterns  at  the  promoter  

region  of  the  glucocorticoid  (GC)  receptor  gene  (Mueller  &  Bale  2008).  Pups  that  

receive  less  intensive  licking  and  grooming  in  early  life  are  associated  with  

maladaptive  phenotypes  and  an  impaired  ability  to  downregulate  GC’s  and  cope  with  

external  stressors.  These  epigenetic  changes  may  trigger  intergenerational  effects  if  
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mothers  that  receive  less  care  during  early  life  then  show  higher  stress  during  their  

own  pregnancies  and  produce  offspring  with  impaired  stress  physiology  

(Champagne  &  Meaney  2007).  

  
Much  research  into  the  vulnerability  of  biological  systems  to  stress  has  focused  on  

the  HPA  (hypothalamic-pituitary-adrenal)  axis.  This  is  a  major  neuroendocrine  

system  that  helps  organisms  maintain  internal  stability  and  regulate  physiological  

processes.  The  HPA  axis  mediates  organism  response  to  changing  conditions  and  

prompts  endocrine  glands  to  secrete  steroid  hormones,  including  glucocorticoids  

such  as  cortisol  and  corticosterone,  that  control  physiological  stress  response.  GCs  

facilitate  energy  release  in  response  to  demanding  or  dangerous  activities  and  have  

been  proposed  as  a  major  mechanism  mediating  maternal  effects  in  mammals  

(Dantzer  et  al  2013).  In  addition  to  their  role  as  modulators  of  phenotypic  and  

behavioural  variation,  GCs  mediate  day-to-day  homeostasis  and  play  a  key  role  in  

the  body's  response  to  external  stressors  (Sapolsky  2000).  Although  the  secretion  of  

stress  hormones  is  adaptive  in  competitive  or  risky  environments,  over-secretion  of  

GCs  may  inflict  physiological  costs  in  the  long  term.  Chronic  stress  is  associated  with  

severe  physiological  problems  including  impaired  digestion,  growth,  immunity  and  

reproduction  (Wingfield  1998).  Early  life  and  prenatal  conditions  can  modify  baseline  

hormone  levels  and  HPA	  reactivity  with  effects  that  persist  into  adulthood.  Studies  

have  reported  correlation  between  elevated  GC  concentrations  and  poor  body  

condition  (Romero  &  Wikelski  2001,  Love  et  al  2005)  but  there  is  little  consistent  

evidence  that  high  baseline  GC  negatively  affects  fitness  (but  see  Bonier  et  al  2009).    

  
In  contrast  to  the  deleterious  effects  of  chronic  stress,  in  certain  circumstances  

elevated  stress  hormones  may  be  associated  with  fitness  benefits  (Escribano-Avila  

et  al  2013),  especially  in  energy  demanding  life-stages  such  as  growth  (Chin  2009)  

or  reproduction  (Bonier  2011).  When  offspring  are  born  in  adverse  conditions,  

maternal  stress  may  become  adaptive  in  the  short-term  if  acting  to  conservatively  

constrain  development  (Hales  &  Barker  1992).  In  the  longer-term,  maternal  stress  

has  been  posited  to  function  as  a  form  of  predictive  adaptive  response  (PAR)  

(Gluckmann  et  al  2005),  allowing  mothers  and  offspring  to  improve  the  fit  between  

offspring  phenotype  and  the  anticipated  post-natal  environment.  According  to  the  

PAR  hypothesis,  mothers  take  predictive  cues  from  the  environment  during  
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pregnancy  and  adjust  developmental  trajectories  according  to  the  conditions  that  

offspring  are  expected  to  encounter  in  early  life.  Maternal  GC  represents  a  good  

candidate  mechanism  for  mediating  such  cues  (Bateson  et  al  2015),  and  phenotypic  

plasticity  is  predicted  to  occur  via  epigenetic  mechanisms  such  as  methylation  rather  

than  genomic  alterations  to  the  developing  organism  (Tammen  et  al  2013).  For  

example,  in  periods  of  high  density  red  squirrel  (Tamiasciurus  hudsonicus)  mothers  

show  elevated  GC  levels  and  produce  faster  growing  offspring  that  gain  an  

advantage  over  slower  growing  competitors  (Dantzer  et  al  2013).  Thus  maternal  

stress  can  be  adaptive  where  it  promotes  rapid  in-utero  offspring  growth  in  response  

to  reliable  signals  that  offspring  will  face  a  highly  competitive  early  life  environment.  

  
A  powerful  compliment  to  laboratory  studies  is  observation  of  wild  animals  in  their  

natural  environment.  True  developmental  trade-offs  may  only  be  realised  when  

mothers  and  offspring  are  exposed  to  natural  predators,  pathogens  and  

environmentally  mediated  rates  of  resource  availability  and  competition.  Patterns  in  

wild  populations  can  be  used  to  test  whether  the  observed  impacts  of  maternal  

effects  are  as  predicted  by  adaptive  hypotheses.  Studies  of  cooperatively  breeding  

mammals  are  particularly  useful  (Lummaa  &  Russell  2009)  because  these  species  

are  prime  candidates  for  the  evolution  of  PARs  (Inzani  et  al  2016).  Maternal  effects  

are  important  because  competition  between  breeding  females  can  be  intense  as  

their  offspring  will  compete  locally  for  helpers  and  resources.  The  degree  of  early  life  

competition  faced  by  offspring  may  therefore  be  predictable  from  group  structure  

during  pregnancy  and  mothers  may  use  social  cues  to  adaptively  prime  unborn  

offspring  for  their  postnatal  environment  (Dloniak  et  al  2006).    

  
Here  I  investigate  the  influence  of  social  and  ecological  conditions  on  the  hormonal  

mechanisms  regulating  maternal  effects  in  wild  banded  mongooses  (Mungos  

mungo).  Banded  mongooses  are  cooperatively  breeding  mammals  that  live  in  mixed-

sex  groups  of  between  8  and  40  individuals.  Adults  reach  sexual  maturity  at  around  

one  year  of  age  and  most  group  members  are  capable  of  breeding  (Cant  et  al  2013).  

Reproductive  opportunities,  however  are  skewed  towards  older  individuals  (Nichols  

et  al  2010,  2012)  and  females  reproduce  at  a  younger  age  than  males,  although  

males  usually  live  longer  (Vitikainen  et  al  2016).  Groups  may  breed  up  to  four  times  

per  year  and  reproduction  is  highly  synchronized  within,  but  not  between  groups,  
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with  multiple  females  giving  birth  to  a  large  communal  litter,  usually  on  the  same  day  

(Cant  2000,  Hodge  2011).  Pups  remain  underground  for  their  first  month  or  so,  after  

which  they  join  the  group  on  foraging  trips  away  from  the  den.  During  this  period  

pups  compete  intensely  for  particular  adult  helpers,  with  which  they  form  a  one  on  

one  "escorting"  relationship  (Gilchrist  et  al  2008,  Hodge  2009).  The  escorting  period  

lasts  for  around  60  days  until  pups  reach  nutritional  independence  at  3  months  

(Gilchrist  2004,  Gilchrist  &  Russell,  2007).  Being  escorted  provides  clear  benefits  to  

pups,  including  higher  provisioning  rates,  faster  growth,  lower  mortality  and  earlier  

female  reproductive  maturity  (Hodge  2005,  Vitikainen  et  al  2017).  Given  the  

importance  of  the  escorting  relationship,  variation  in  the  level  of  care  received  may  

represent  an  important  source  of  individual  heterogeneity  in  banded  mongoose  pups.   

  
The  evolution  of  synchronous  breeding  results  in  groups  containing  large  cohorts  of  

similarly  aged  individuals  and  intense  intragroup  competition  (Hodge  et  al  2011).  

There  is  no  evidence  that  parents  can  discriminate  their  offspring  from  others  in  the  

communal  litter  (Vitikainen  2017).  This  reduces  the  effectiveness  of  infanticide  as  a  

form  of  reproductive  control  (Clutton-Brock  et  al  2001).  Instead,  to  limit  reproductive  

competition  older  females  violently  evict  younger  females  from  the  group  (Cant  et  al  

2010,  Thompson  et  al  2016).  This  threat  of  violence  may  represent  a  covert  form  of  

stress-related  suppression  as  the  remaining  subordinate  females  show  elevated  

stress  levels  during  pregnancy  and  lower  reproductive  success  (Sanderson  et  al  

2015a).  There  is  evidence  that  mothers  increase  prenatal  investment  by  producing  

larger  foetuses  in  response  to  competitive  early  life  environments,  as  predicted  by  

the  PAR  hypothesis  (Inzani  et  al  2016).  This  response  was  particularly  strong  in  

adverse  ecological  conditions  when  food  availability  is  limited  and  large  size  could  

confer  an  advantage  over  littermates.  As  such,  pre-natal  investment  may  adaptively  

vary  according  to  conditions  to  improve  the  probability  of  offspring  survival.  

  
I  monitored  baseline  cortisol  secretion  in  banded  mongoose  pups  via  non-invasive  

faecal  glucocorticoid  metabolite  measures  in  order  to  address  three  main  questions.  

  

1.     Do  pups  from  lower  ranked  mothers  have  higher  baseline  GC?  
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Maternal  effects  may  influence  offspring  phenotype  through  age-related  changes  to  

maternal  condition  or  investment  strategies  (Williams  1966,  Stearns  1992).  Here,  low  

ranked  mothers  suffer  from  elevated  stress  during  pregnancy  and  lower  reproductive  

success  (Sanderson  et  al  2015a).  Studies  suggest  that  exposure  to  high  levels  of  

maternal  stress  during  development  may  impose  constraints  on  offspring  (Meaney  et  

al  1994).  I  therefore  predict  that  pups  from  mothers  of  low  rank  will  show  higher  

baseline  GC  than  those  from  more  highly  ranked  mothers,  who  are  predicted  to  

show  lower  stress  levels  in  mid  and  late  pregnancy.    

  

2.   Does  the  care  effort  received  by  pups  during  the  escort  period  influence  
early  life  baseline  GC  concentrations?    
  

Being  escorted  provides  clear  benefits  to  pups  (Hodge  2005)  including  higher  

provisioning  rates  and  faster  growth.  Given  the  evidence  linking  poor  quality  

maternal  care  to  gene  modification  and  impaired  HPA  axis  function  (Weaver  2004,  

Liu  1997)  I  ask  if  levels  of  cooperative  care  influence  early  life  stress  physiology.  I  

predict  that  pups  receiving  less  care  will  have  elevated  baseline  GC  as  a  result  of  

reduced  provisioning  and  associated  poor  body  condition.    

  
3.   Does  early  life  GC  influence  mortality  risk?  

  

Elevated  GC  levels  have  been  linked  with  impaired  physical  condition  (Romero  &  

Wikelski  2001,  Love  et  al  2005)  and,  if  chronically  high,  may  be  associated  with  

multiple  long-term  physiological  problems  (Cohen  et  al  2007).  I  predict  that  elevated  

early  life  GC  will  be  associated  with  poor  physical  condition  and  lower  survival  to  

nutritional  independence.  As  elevated  hormone  concentrations  may  increase  

susceptibility  to  disease  and  be  associated  with  long-term  physiological  constraints,  

early  life  stress  may  also  be  associated  with  a  higher  risk  of  mortality  in  the  

subsequent  developmental  stage.  Therefore,  I  also  test  the  effect  of  early  life  GC  

level  on  the  probability  of  survival  between  90  days  and  maturity  at  one  year.      
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Materials  and  methods  
  

Data  Collection  
	  

This  study  was  conducted  on  the  Mweya  Peninsula  in  Queen  Elizabeth  National  

Park,  Uganda  where  the  resident  banded  mongoose  population  is  part  of  a  long-term  

study  (see  Cant  et  al  2016  for  further  details).  Each  of  the  five  sampled  groups  was  

visited  at  least  three  times  a  week  and  are  habituated  to  close  proximity  of  

observation.  Each  visit  lasted  at  least  20  minutes  during  which  presence  or  absence  

of  all  individuals  was  noted.  During  the  later  stages  of  pregnancy  groups  were  visited  

more  frequently  to  establish  exact  birthdates  for  litters.  To  identify  specific  individuals  

all  mongooses  were  captured  within  three  weeks  of  emergence  and  then  regularly  

recaptured  until  leaving  the  study  through  death  or  dispersal  (for  trapping  protocols  

see  Jordan  et  al  2010,  2011).  During  an  individual’s  first  capture  a  skin  sample  was  

taken  for  genetic  analysis  (Nichols  et  al.  2010)  and  the  animal  was  microchipped  for  

identification  purposes.  To  allow  individual  identification  during  behavioural  

observations  pups  were  marked  with  a  unique  combination  of  patches  using  hair  dye  

and  adults  were  marked  with  a  unique  shave  on  their  back.  For  radio-tracking  

purposes  individuals  in  each  pack  were  fitted  with  a  radio  collar  weighing  26-30g  

(Sirtrack  Ltd,  Havelock  North,  New  Zealand).  Weather  data  was  collected  by  the  

Mweya  weather  station,  and  cumulative  rainfall  during  the  30  days  prior  to  either  

sampling  or  birth  was  used  as  a  proxy  of  resource  availability  (Nichols  et  al  2012,  

Marshall  et  al  2016).  

  
We  collected  155  faecal  samples  from  79  mongoose  pups  (aged  less  than  90  days)  

in  five  social  groups  between  May  2010  and  December  2013.  Faecal  samples  are  

predicted  to  estimate  GC  concentrations  over  the  previous  couple  of  days  and  may  

represent  a  mixture  of  baseline  hormone  secretion  and  response  to  acute  stressors.  

Samples  were  then  transported  to  the  UK  for  analysis  using  material  transfer  permits  

obtained  from  the  Uganda  Wildlife  Authority  (UWA)  and  the  Uganda  Council  for  

Science  and  Technology  (UNCST),  with  UK  import  permits  being  obtained  from  

DEFRA.  Where  possible,  faecal  samples  were  collected  during  the  morning  latrine  

session  soon  after  emergence  from  the  burrow.  Faecal  samples  were  collected  by  

hand  into  small  plastic  bags  (10cm  x  5cm),  labelled  with  the  mongoose  identity,  date  
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and  time,  and  placed  on  ice  in  a  Thermos  flask.  Samples  were  then  transferred  to  a  -

20  freezer  within  five  hours  of  collection.  Collection  time  and  time  to  freezer  were  

non-significant  predictors  of  faecal  glucocorticoid  metabolite  (fGC)  concentration  

(Sanderson  2012). Over-marking  of  faeces  is  common  in  banded  mongooses  (Muller  
&  Manser  2008)  and  samples  were  only  collected  where  certain  that  no  over-marking  

occurred.  In  addition,  to  avoid  interference  with  group  scent  marking  behaviour  only  

half  of  each  sample  was  collected.  Hormone  extraction  was  carried  out  at  either  

Chester  Zoo  Endocrinology  Lab  (CZEL)  or  the  University  of  Exeter  in  Cornwall  

(UofE)  and  used  a  wet-weight  shaking  process  (adapted  from  Walker  et  al  2002)  

following  sample  thawing  and  manual  homogenisation.  Faecal  glucocorticoid  

metabolite  (fGC)  concentrations  were  analysed  using  modified  enzyme  

immunoassays  (Young  et  al  2004,  adapted  from  Munro  &  Stabenfeldt  1984).  All  

assays  were  conducted  at  CZEL.    

  

Genetic  and  Parentage  Analysis    
	  

Due  to  the  extreme  birth  synchrony  in  this  species,  maternity  cannot  be  determined  

via  observations  and  therefore  genetic  samples  were  used  to  assign  parentage  

(Nichols  et  al  2010,  Sanderson  et  al  2015b).	  DNA  from  tissue  samples  was  used  to  

construct  a  pedigree  using  43  polymorphic  microsatellite  markers  to  estimate  

relatedness  and  assign  parentage.  The  final  pedigree  used  the  programmes  

Masterbayes  2.51  (Hadfield  et  al  2006)  and  Colony  2.0.5.7  (Jones  &  Wang  2010)  to  

infer  parentage.  Of  the  maternal  assignments  in  this  study  94%  were  made  at  

greater  than  90%  confidence.  For  full  details  of  DNA  extraction,  genotyping,  

parentage  assignment  and  pedigree  construction  see  Sanderson  et  al  2015b.  

  

Measuring  Escort  Effort  received  
  

Banded  mongooses  exhibit  a  unique  form  of  cooperative  care  known  as  escorting.  

Adult  helpers  provide  exclusive  care  for  individual  pups  during  the  developmental  

period  between  emergence  at  around  30  days  and  nutritional  independence  at  

around  90  days,  although  this  time  period  will  vary  with  each  breeding  attempt.  As  I  

am  interested  in  early  life  fGC  concentrations  any  faecal  samples  collected  during  

the  pup’s  first  90  days  of  life  were  used.  Therefore,  in  all  pups  the  escort  period  will  
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lie  completely  within  our  hormone  sampling  period.  All  adult  members  of  a  group  

may  escort  but  subordinate  males  provide  the  majority  of  care.  Escorting  effort  

received  by  pups  was  calculated  following  the  methods  of  Sanderson  (2012)  and  

Vitikainen  et  al  (2017).  Briefly,  during  the  escorting  period,  groups  were  visited  on  

average  12  times  for  a  minimum  of  20  minutes  (the  duration  of  one  focal  

observation).  Adults  were  scored  as  escorts  if  associated  closely  with  the  focal  pup  

and  were  seen  within  50cm  of  the  same  pup  for  more  than  50%  of  the  observation  

period  (Vitikainen  et  al  2017).  Previous  studies  have  shown  that  this  association  

score  is  a  reliable  summary  of  quantitative  nearest-neighbour  data  (Gilchrist  2001,  

Gilchrist  &  Russell  2007).  Escorting  effort  received  per  pup  was  calculated  as  the  

proportion  of  days  that  a  pup  was  recorded  with  an  escort  out  of  the  total  number  of  

days  where  escorting  was  recorded  by  any  group  member  (7-21  observation  days  

per  breeding  attempt).  The  escorting  period  was  deemed  to  have  finished  when  no  

adults  were  recorded  as  escorting.  This  gave  a  single  escorting  score  (as  a  

proportion)  for  each  pup  which  was  used  to  represent  care  received  and  can  provide  

an  accurate  representation  of  the  variability  in  escorting  care  between  individuals.  

  

Statistical  Analysis  and  model  selection  
  

Statistical  analyses  were  performed  in  R  (R  Core  Team  2016).  Linear  and  general  

linear  mixed  models  (LMM’s  and  GLMM’s)  were  fitted  using  the  lme4  package  

(Bates  et  al.  2015).  Significance  of  terms  was  determined  using  likelihood  ratio  tests  

and  non-significant  interactions  were  dropped  from  final  models  to  allow  significance  

testing  of  the  main  terms  (Engqvist  2005).  Multivariate  statistics  were  used  to  control  

for  repeated  sampling  of  individuals  within  groups.  As  reproductive  conflict  intensifies  

with  increasing  number  of  breeding  females  (Cant  et  al  2010)  the  total  number  of  

adult  females  in  the  group  was  fitted  as  a  predictor  variable.  Likewise  the  number  of  

pups  present  in  the  group  at  birth  (emerged  litter  size  plus  any  pups  from  previous  

litters  that  were  under  three  months  at  birth)  was  included  as  a  measure  of  early  life  

competition.  Total  number  of  adult  males  was  also  fitted  because  males  are  the  

primary  providers  of  social  care,  and  group  social  structure  may  influence  early  life  

competition  or  maternal  strategies.  I  did  not  include  total  group  size  as  a  predictor  

variable  due  to  potential  co-linearity.  Rainfall  is  included  as  a  predictor  as  it  provides  
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a  good  proxy  for  food  availability  (see  Marshall  et  al  2016).  Likewise  maternal  weight  

is  included  in  the  model  as  it  provides  a  good  indicator  of  maternal  condition  which  

can  strongly  influence  offspring  phenotype.  All  models  were  checked  using  residuals  

and  were  found  to  meet  the  necessary  assumptions  for  parametric  tests.    

Does  maternal  age  rank  influence  offspring  GC?  
	  

To  test  whether  social  and  environmental  factors  influence  early  life  GC  levels  a  

LMM  with  gausian  error  structure  was  fitted  using  log-transformed  fGC  concentration  

as  the  response  variable  (fGC  followed  a  lognormal  distribution).  Maternal  age  rank  

at  the  time  of  offspring  birth  was  fitted  as  an  explanatory  variables  along  with  total  

rainfall  in  the  month  prior  to  sampling,  the  total  number  of  pups  in  the  group  at  

emergence,  pup  age  at  sample,  pup  sex,  the  total  number  of  adult  males  and  the  

total  number  of  adult  females  in  the  group  at  birth.  Maternal  ID,  pack,  individual  ID  

and  litter  were  included  as  random  effects.  Due  to  the  behavioural  and  demographic  

differences  observed  between  the  sexes  in  this  species  interactions  effects  were  

also  tested  between  all  explanatory  variables  and  offspring  sex.  Interaction  effects  

that  were  not  significant  were  excluded  from  the  final  model  to  allow  for  significance  

testing  of  the  main  terms.  Explanatory  variables  and  interaction  effects  were  

considered  to  be  significant  if  p  =  <  0.05.  

Where  significant  results  are  reported  for  age-related  parameters  such  as  maternal  

rank  or  pup  age  at  sample  I  tested  the  relative  importance  of  within  versus  between-

individual  effects  (Van  de  Pol  &  Wright  (2009)).  This  method  allows  the  effect  sizes  

in  the  fitted  model  to  be  separated  to  account  for  variation  attributable  to  within  (for  

example  individual  phenotypic  plasticity)  versus  between  (fixed  responses  based  on  

individual  or  class)  individuals.  For  pup  age  at  sample  this  involved  calculating  the  

mean  (average  age  when  individual  is  sampled)  and  delta  age  (age  at  sample  –  

mean  age  at  sample)  for  each  sample  recorded  during  the  escort  period.  This  gives  

some  insight  as  to  whether  an  individual’s  fGC  concentration  changes  over  the  

escort  period.  As  maternal  age  rank  is  closely  correlated  with  maternal  age  we  used  

a  similar  method  to  calculate  mean  (the  average  age  at  which  each  mother  gives  

birth  calculated  from  all  her  genotyped  pups)  and  delta  maternal  age  (maternal  age  

at  birth-mean  age  at  which  she  gives  birth  over  her  lifespan).  This  allows  us  to  
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establish  if  fGC  varies  over  a  female’s  reproductive  lifespan.  In  both  cases  mean  age  

provides  the  between  individual  and  delta  age  the  between  individual  effect.    

Does  escorting  effort  received  influence  offspring  GC?  
	  
To  test  whether  the  amount  of  care  that  an  individual  received  during  the  escort  

period  influenced  fGC  concentrations  the  above  model  was  repeated  with  a  smaller  

subset  of  samples  taken  only  from  within  each  groups  recorded  escort  period.  This  

represented  the  period  between  when  escorting  behaviour  was  first  observed  at  the  

group  and  when  no  pups  in  the  group  was  recorded  in  the  presence  of  an  escort.  We  

added  as  an  explanatory  variable  whether  the  sample  was  taken  within  the  recorded  

period  when  that  individual  was  observed  as  being  escorted.        

Do  GC  concentrations  influence  early  life  mortality  risk?	  
	  

To  test  whether  early  life  GC  concentrations  influenced  mortality  risk  two  separate  

GLMM’s  were  fitted  using  binomial  error  structure  and  logit  link  function.  The  

response  variable  was  pup  survival,  firstly  from  birth  to  90  days,  the  end  of  the  care  

period  and  nutritional  independence,  and  secondly  from  90  days  to  one  year,  

approximately  the  age  of  reproductive  maturity.  In  the  second  model  individuals  that  

were  sampled  and  then  died  during  the  escorting  period  were  excluded  from  the  

analysis.  As  each  pup  appeared  only  once  in  this  dataset,  repeat  sampling  was  

replaced  with  a  mean  GC  value  for  each  individual  from  all  their  collected  samples  

during  the  escorting  period.  As  a  result,  our  measure  of  rainfall  was  changed  from  

the  month  pre  sample  to  the  month  pre-birth.  The  log-transformed  mean  fGC  value  

was  fitted  as  an  explanatory  variable  along  with  maternal  rank,  maternal  weight,  pup  

sex,  rainfall,  total  number  of  pups  in  the  group  at  emergence  and  the  number  of  adult  

males  and  females  in  the  group  at  birth.  Maternal  ID,  pack  and  litter  were  included  as  

random  effects.  
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Results  
	  

Does  maternal  age  rank  influence  pup  GC?    
	  
Model  1  revealed  a  significant  interaction  between  maternal  rank  and  pup  sex  (LMM,  

n=155,  β  ±  s.e  =  -0.19  ±  0.07,  χ2  =  9.07,  p  =  0.003)  (model  1  in  table  1  and  fig  1a),  

suggesting  that  the  effect  of  maternal  rank  on  offspring  fGC  depended  on  sex.  

Female  pups  showed  increasing  fGC  concentrations  with  maternal  age  rank  (or  as  

mothers  became  more  subordinate),  whereas  male  offspring  showed  a  decline.  In  

model  2,  where  rank  was  changed  to  within  (delta  maternal  age)  and  between  (mean  

maternal  age)  individual  age  effects  there  was  a  significant  interaction  between  delta  

maternal  age  and  pup  sex  on  pup  fGC  (LMM,  n=150,  β  ±  s.e  =  0.37  ±  0.13,  χ2  =  

6.97,  p  =  0.008)  (model  2  in  table  1  and  fig  1b)  but  no  effect  of  mean  maternal  age  

(LMM,  n=150,  β  ±  s.e  =  0.04  ±  0.06,  χ2  =  0.09,  p  =  0.77).  Again  the  effect  of  delta  

maternal  age  on  pup  fGC  depended  on  sex  with  the  hormone  levels  of  female  pups  

declining  more  strongly  over  maternal  reproductive  lifespan  than  those  of  male  pups.  

	  
	  

In  model  1  offspring  fGC  concentrations  were  found  to  decline  with  pup  age  (LMM,  

n=155,  β  ±  s.e  =  -0.009  ±  0.004,  χ2  =  8.07,  p  =  0.004)  (see  model  1  in  table  1).  In  

model  2  where  pup  age  was  changed  to  within  (delta  age)  and  between  (mean  age)  

individual  effects,  offspring  fGC  concentration  declined  with  mean  age  (LMM,  n=150,  
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β  ±  s.e  =  -0.02  ±  0.006,  χ2  =  14.51,  p  <0.001)  (figure  2a)  but  not  delta  age  (LMM,  

n=150,  β  ±  s.e  =  -0.001  ±  0.005,  χ2  =  0.05,  p  =  0.82)  (figure  2b)  (see  model  2  in  

table  1).  Pups  sampled  at  a  younger  age  tended  to  have  higher  fGC  concentrations  

but  there  was  no  within  individual  decline  in  hormone  levels  during  the  escorting  

period.  This  suggests  that  individuals  with  high  early  life  fGC  may  be  selectively  lost  

from  the  population  during  the  escorting  period.	  

	  	   	       
	  	  

	  
	  	   	   	   	  	  

	  
	  	  

Response	  
Variable	   Fixed	  Effect	   β±  s.e         χ2 P	   	  	  

Model	  1	  	   (log)	  pup	  fGC	  	   Intercept	   4.42	  ±	  1.03	   	    
 

  
Maternal	  Rank	  	  	  	  	  	   0.09	  ±	  0.06	   -‐	   -‐	  

	  
  

Pup	  sex	  	  	  	  	  	  	  	  	  	  	   0.37	  ±	  0.21	   -‐	   -‐	  
	  

  
Rainfall	  	  	  	  	  	   	  0.005	  ±	  0.002	   7.62	   0.006	   **	  

	    
No.	  adult	  females	  	  	  	  	  	  	  	   -‐0.10	  ±	  0.04	   8.19	   0.004	   **	  

	    
Maternal	  weight	   	  -‐0.0005	  ±	  0.0007	   0.15	   0.70	   	  

  
No.	  pups	   -‐0.02	  ±	  0.01	   3.26	   0.07	   .	  

	    
No.	  adult	  males	  	  	  	  	   0.06	  ±	  0.02	   12.27	   0.0005	   ***	  

	    
Pup	  age	  at	  sample	  	  	  	  	  	  	   -‐0.009	  ±	  0.004	   8.07	   0.004	   **	  

	  	   	  	   Maternal	  age	  *	  Pup	  sex	  	  	   -‐0.19	  ±	  0.07	   9.07	   0.003	   **	  

	  	   	  	   Number	  of	  observations	   Samples	  =	  155,	  Individuals	  =	  79,	  Packs	  =	  5	   	  	  

Model	  2	   (log)	  pup	  fGC	  	   Intercept	   5.41	  ±	  1.01	  
	     

  
Maternal	  delta	  age	   -‐0.58	  ±	  0.25	   -‐	   -‐	  

	  
  

Maternal	  mean	  age	   0.04	  ±	  0.06	   0.09	   0.77	  
	  

  
Pup.	  sex	   -‐0.26	  ±	  0.11	   -‐	   -‐	  

	  
  

Rainfall	  	  	  	  	  	   0.004	  ±	  0.002	   5.40	   0.02	   *	  

	    
Maternal	  weight	   	  -‐0.0004	  ±	  0.0006	   1.20	   0.27	  

	  
  

No.	  adult	  females	   -‐0.08	  ±	  0.04	   6.26	   0.01	   *	  

	    
No.	  pups	   -‐0.02	  ±	  0.01	   2.79	   0.09	   .	  

	    
No.	  adult	  males	   0.06	  ±	  0.02	   11.77	   0.0006	   ***	  

	    
Pup	  delta	  age	   -‐0.001	  ±	  0.005	   0.05	   0.82	  

	  
  

Pup	  mean	  age	   -‐0.02	  ±	  0.006	   14.51	   0.0001	   ***	  

	  	   	  	   Maternal	  delta	  age	  *	  Pup	  sex	  	   0.37	  ±	  0.13	   6.97	   0.008	   **	  

	  	   	  	   Number	  of	  observations	   Samples	  =	  150,	  Individuals	  =	  75,	  Packs	  =	  5	   	  	  
  
Table  1.  Output  from  a  2  LMMs  predicting  the  effects  of  social  and  ecological  conditions  on  pup  
faecal  glucocorticoid  (fGC)  concentrations.  Model  1  differs  from  model  2  in  that  both  pup  age  at  
sample  and  maternal  age  rank  were  replaced  with  within  and  between  individual  age  effects.  
Parameter  estimates  (±standard  errors)  are  shown,  along  with  likelihood-ratio  chi-square  statistic  and  
p-values.  Significant  predictors  (p=<0.05)  are  highlighted  in  bold.  
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Both  models  show  that  other  social  and  ecological  factors  can  significantly  influence  

early  life  fGC  concentrations.  The  number  of  females  in  the  group  at  birth  is  

negatively  correlated  with  pup  fGC  (LMM,  n=155,  β  ±  s.e  =  -0.10  ±  0.04,  χ2  =  8.19,  p  

=  0.004)  (fig  3a),  whereas  the  number  of  males  is  positively  correlated  (LMM,  n=155,  

β  ±  s.e  =  0.06  ±  0.02,  χ2  =  12.27,  p  =  <  0.001)  (fig.  3b).  In  addition,  pup  fGC  levels  

are  positively  correlated  with  pre-sample  rainfall  (LMM,  n=155,  β  ±  s.e  =  0.005  ±  

0.002,  χ2  =  7.62,  p  =  0.006)  (fig  3c)  and  there  is  a  non-significant  negative  

correlation  with  the  number  of  pups  in  the  group  at  birth  (LMM,  n=155,  β  ±  s.e  =  -

0.02  ±  0.01,  χ2  =  3.26,  p  =  0.07)  (fig  3d).  

  

Do  levels  of  social  care  influence  pup  GC?  
	  
There  was  no  relationship  between  total  escort  effort  and  fGC  concentration  in  the  

smaller  subset  of  pups  that  were  sampled  whilst  their  group  was  escorting  (LMM,  

n=108,  β  ±  s.e  =  0.49  ±  0.36,  χ2  =  2.05,  p  =  0.15)  (table  2).      

	  
	   	   	   	  

	  	  

	  	   	  	  	   	  	  
	  Response	  Variable	   Fixed	  Effect	   β±  s.e              χ2 P	   	  	  

(log)	  pup	  fGC	  	   Intercept	   4.43	  ±	  1.20	   -‐	   -‐	  
	  

	  
Maternal	  Rank	  	  	  	  	  	   0.11	  ±	  0.08	   -‐	   -‐	  

	  

	  
Pup	  sex	  	  	  	  	  	  	  	  	  	  	   0.75	  ±	  0.44	   -‐	   -‐	  
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Maternal	  weight	   -‐0.0003	  ±	  0.0007	   0.19	   0.66	  

	  

	  
Escorting	  Effort	   0.49	  ±	  0.36	   2.05	   0.15	  

	  

	  
Within	  pup	  esc	  period	   -‐0.19	  ±	  0.20	   0.98	   0.32	  

	  

	  
Rainfall	  	  	  	  	  	   	  0.003	  ±	  0.003	   0.76	   0.38	  

	  

	  
No.	  adult	  females	  	  	  	  	  	  	  	   -‐0.08	  ±	  0.05	   3.58	   0.06	  .	  

	  
No.pups	   -‐0.02	  ±	  0.01	   4.19	   0.04	  *	  

	  
No.	  adult	  males	  	  	  	  	   0.06	  ±	  0.02	   8.49	   0.003	  **	  

	  
Pup	  age	  	  	  	  	  	  	   -‐0.02	  ±	  0.007	   7.18	   0.007	  **	  

	  	   Maternal	  rank	  *	  Pup	  sex	  	  	   -‐0.16	  ±	  0.09	   3.93	   0.048	  *	  

	  	   Number	  of	  observations	   Samples	  =	  108,	  Individuals	  =	  57,	  Packs	  =	  5	   	  	  
    
Table  2.  Output  from  a  LMM  predicting  the  effects  of  levels  of  social  care  on  pup  faecal  glucocorticoid  
(fGC)  concentrations.  Parameter  estimates  (±standard  errors)  are  shown,  along  with  likelihood-ratio  
chi-square  statistic  and  p-values.  Significant  predictors  (p=<0.05)  are  shown  in  bold.  
  

	  
  

Does  pup  GC  influence  early  life  mortality  rate?  
  

Of  the  79  individuals  that  were  sampled  for  fGC  levels  during  the  escort  period  only  

12  (15%)  died  before  reaching  three  months  of  age  (8  males  and  4  females).  My  

analyse  reveals  a  negative  correlation  between  mean  pup  fGC  and  survival  to  90  

days  (GLMM,  n=79,  β  ±  s.e  =  -1.60  ±  0.79,  χ2  =  4.56,  p  =  0.03)  (table  3  and  fig  4a).  

This  suggests  that  pups  with  higher  fGC  levels  are  less  likely  to  survive  to  nutritional  

independence.  In  addition,  there  is  a  non-significant  positive  correlation  between  

rainfall  and  pup  survival  (GLMM,  n=79,  β  ±  s.e  =  0.71  ±  0.40,  χ2  =  3.25,  p  =  0.07).  

a) b) c) d) Figure'3. The)
influence)of)other)
social)and)ecological)
factors)on)pup)fGC
concentrations.)The)
total)number)of)
females)(panel)a),)
males)(panel)b))and)
pups)(panel)d))in)the)
natal)group)at)
offspring)birth)and)
rainfall)in)the)month)
prior)to)fecal)sample)
(panel)c))as)a)
function)of)pup)fGC.)
Lines)represent)
predicted)estimates)
from)LMM’s)and)
shaded)areas)
represent)confidence)
intervals.)Each)data)
point)represents)a)
fecal)sample.
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Response	  Variable	   Fixed	  Effect	   β±  s.e                             χ2   P	   	  	  

Survival	  to	  90	  days	   Intercept	   	  3.67	  ±	  3.57	   	   	   	  

	  
Maternal	  rank	  	  	  	  	  	  	   -‐0.07	  ±	  0.29	   0.06	   0.81	  

	  
	  

Escort	  level	   	  0.69	  ±	  1.54	   0.20	   0.66	  
	  

	  
Pup	  sex	  	  	  	  	  	  	  	  	  	  	   -‐1.05	  ±	  0.79	   1.92	   0.17	  

	  
	  

Rainfall	  (standardised)	  	  	  	  	  	   	  0.71	  ±	  0.40	   3.25	   0.07	  .	  

	  
No.	  adult	  females	  	  	  	  	  	  	  	   0.20	  ±	  0.24	   0.72	   0.40	  

	  
	  

Maternal	  weight	  (standardised)	  	   -‐0.40	  ±	  0.56	   0.52	   0.47	  
	  

	  
No.	  pups	   0.09	  ±	  0.07	   1.74	   0.19	  

	  
	  

No.	  adult	  males	  	  	  	  	   0.11	  ±	  0.13	   0.77	   0.38	  
	  	  	   Mean	  early	  life	  GC	  (log)	  	  	  	  	  	   -‐1.60	  ±	  0.79	   4.56	   0.03	  *	  

	  
Number	  of	  observations	   Individuals	  =	  79,	  Packs	  =	  5	   	  	  	  	  

Table  3.  Output  from  a  GLMM  predicting  the  effect  of  social  and  ecological  conditions  on  pup  survival  
to  nutritional  independence  at  90  days.  Parameter  estimates  (±standard  errors)  are  shown,  along  with  
likelihood-ratio  chi-square  statistic  and  p-values.  Significant  predictors  are  highlighted  in  bold.  
  

  
  
In  contrast,  there  is  no  evidence  that  early  life  fGC  influences  survival  probability  to  

one  year  (GLMM,  n=67,  β  ±  s.e  =  -0.11  ±  0.76,  χ2  =  0.01,  p  =  0.92)  (table  4  and  fig  

4b).  Both  the  number  of  pups  in  the  group  (GLMM,  n=67,  β  ±  s.e  =  0.38  ±  0.17,  χ2  =  

9.36,  p  =  0.002)  and  maternal  weight  (GLMM,  n=67,  β  ±  s.e  =  -1.66  ±  0.79,  χ2  =  

5.83,  p  =  0.02)  are  significant  predictors  of  survival  probability  to  one  year  amongst  

this  sampled  group.  When  there  are  more  pups  in  the  group  or  their  mothers  are  of  
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low  weight  then  individuals  are  less  likely  to  die  between  3  and  12  months  of  age.  In  

total,  37  (47%)  of  the  79  pups  sampled  failed  to  survive  to  one  year,  of  which  19  

were  male  and  18  were  female,  with  25  (32%)  dying  between  3  and  12  months  of  

age.    

	  	  
	       

 
	  	   	  	   	  	   	  	  

Response	  Variable	   Fixed	  Effect	   β±  s.e       χ2     P	   	  	  

Survival	  to	  1	  year	  	   Intercept	   -‐3.82	  ±	  4.12	   	     

 
Maternal	  rank	  	  	  	  	   -‐0.02	  ±	  0.28	   0.001	   0.97	  

	  
 

Escort	  level	   0.76	  ±	  1.86	   0.16	   0.69	  
	  

 
Pup	  sex	  	  	  	  	  	  	  	  	  	  	   0.88	  ±	  0.74	   1.51	   0.22	  

	  
 

Rainfall	  (standardized)	  	  	  	  	  	   	  0.57	  ±	  0.63	   0.88	   0.35	  
	  

 
No.	  adult	  females	  	  	  	  	  	  	  	   -‐0.21	  ±	  0.35	   0.32	   0.57	  

	  
 

No.	  adult	  males	   0.11	  ±	  0.14	   0.63	   0.43	  
	  

 
Maternal	  weight	  (standardised)	   -‐1.66	  ±	  0.79	   5.83	   0.02	   *	  

	  
No.	  pups	   0.38	  ±	  0.17	   9.36	   0.002	   **	  

	  	   Mean	  early	  life	  GC	  (log)	  	  	  	  	  	   -‐0.11	  ±	  0.76	   0.01	   0.92	   	  	  

	  
Number	  of	  observations	   Individuals	  =	  67,	  Packs	  =	  5	  

	    Table  4.  Output  from  a  GLMM  predicting  the  effect  of  social  and  ecological  conditions  on  pup  survival  
to  one  year.  Parameter  estimates  (±standard  errors)  are  shown,  along  with  likelihood-ratio  chi-square  
statistic  and  p-values.  Significant  predictors  are  highlighted  in  bold.	  	  
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Discussion  
	  

Although  poor  early  life  conditions  are  predicted  to  constrain  offspring  development,  

particularly  in  competitive  social  environments,  I  found  no  evidence  that  the  level  of  

escorting  received  affected  pup  GC  concentrations  in  early  life.  This  fails  to  support  

my  prediction  that  lower  levels  of  cooperative  care  would  be  associated  with  higher  

pup  stress.  Maternal  rank  did  influence  offspring  stress  levels,  though  not  as  

predicted.  Rather  than  the  elevated  maternal  stress  reported  for  younger  mothers  

transferring  to  offspring,  there  was  a  sex-specific  effect  of  maternal  rank  on  pup  GC.  

As  maternal  rank  decreases  the  fGC  concentrations  of  female  pups  increases,  

whereas  that  of  males  decreases.  The  analysis  also  shows  that  as  mothers  age  the  

fGC  of  their  pups  decreases  and  again  this  effect  is  sex-specific,  with  the  response  

being  stronger  in  daughters  than  sons.  Although  it  remains  unclear  whether  or  in  

what  context  early  life  GC  levels  are  adaptive,  this  suggest  that  there  may  be  age-

related  changes  in  maternal  allocation  strategies.  However,  such  interactions  may  

not  directly  constitute  maternal  effects,  the  influence  of  which  on  phenotypic  traits  

remain  difficult  to  disentangle  from  the  impact  of  external  conditions,  particularly  

given  the  sex  differences  reported  in  patterns  of  care  (Vitikainen  et  al  2017).  

Interestingly,  both  low  rainfall  and  high  competition  in  early  life  as  associated  with  

relatively  low  fGC  concentrations.  This  is  unexpected  given  that  both  are  predicted  to  

be  associated  with  reduced  food  availability  and  such  stressors  are  often  associated  

with  elevated  glucocorticoids.  It  therefore  seems  likely  that  our  fGC  measurements  

give  an  indication  of  baseline  hormone  levels,  which  might  be  associated  with  energy  

consumption  and  growth,  as  well  as  acute  stressors.  

  

There  was  also  evidence  that  elevated  fGC  levels  during  early  life  correlate  with  

increased  mortality  risk.  This  appears  to  be  supported  by  the  within-individual  

analysis  of  pup  age  which  suggests  that  pups  with  elevated  fGC  are  selectively  lost  

from  the  population.  However,  there  is  no  association  between  fGC  concentrations  

and  mortality  risk  during  the  subsequent  period  between  nutritional  independence  

and  adulthood.  This  suggest  that  elevated  early  life  GC  may  be  associated  with  

immediate  but  not  delayed  survival  costs.  This  is  quite  a  striking  result  given  that  

only  15%  of  our  sampled  pups  died  during  the  escorting  period,  a  far  lower  pup  
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mortality  rate  than  expected  from  Nichols  et  al  2011  where  47%  of  pups  were  found  

to  die  before  three  months.  Our  sample  is  inevitably  already  skewed  towards  pups  

that  lived  long  enough  to  have  a  faecal  sample  collected.  Due  to  this  apparent  

underrepresentation  of  early  life  mortality  it  does  not  seem  prudent  to  discuss  any  of  

the  other  variables  that  were  found  to  predict  either  survival  to  90  days  or  adulthood.  

    

  
My  initial  prediction  that  lower  levels  of  cooperative  care  would  be  associated  with  

high  GC  was  based  on  the  benefits  derived  from  being  escorted  (Hodge  2005).  The  

extent  of  these  benefits  renders  it  likely  that  poor  care  is  accompanied  by  

physiological  costs,  especially  when  pups  compete  with  littermates  that  receive  more  

frequent  provisioning.  If  offspring  do  suffer  costs,  then  my  failure  to  detect  them  may  

have  several  explanations.  First,  cooperative  care  may  help  buffer  against  the  

maladaptive  outcomes  associated  with  poor  maternal  condition.  Indeed,  a  recent  

study  (Marshall  et  al  in  prep)  suggests  that,  under  some  conditions,  escorts  may  

preferentially  target  weaker  or  lighter  pups  for  care,  although  it  is  more  usual  for  

heavier  pups  to  receive  more  attention  (Vitikainen  et  al  2017).  Alternatively,  escorting  

may  occur  too  late  in  development  to  influence  stress  physiology,  with  the  earlier  

babysitting  period  potentially  being  more  critical.  Finally,  the  multi-functional  nature  

of  GCs,  especially  their  role  in  mediating  growth  rates  and  energetic  demand  

(Sapolsky  2000),  makes  any  direct  correlation  with  care  hard  to  detect  in  a  

longitudinal  study.  My  prediction  of  high  stress  in  pups  that  receive  less  care  may  be  

obscured  by  a  similar  increase  in  the  baseline  GC  concentrations  of  well  provisioned  

pups  that  grow  faster.  Therefore,  a  controlled  experimental  approach  may  be  needed  

to  isolate  the  relative  costs  of  variable  care  within  litters.  In  addition,  alternative  

physiological  markers,  like  oxidative  damage,  may  better  indicate  costs  that  only  

appear  in  later  life.  Allocating  resources  towards  traits  that  accelerate  growth  may  

trade-off  with  allocating  resources  to  traits,  like  somatic  repair,  that  enhance  lifespan  

(Kirkwood  1977,  English  &  Uller  2016).  Therefore,  any  effects  of  poor  early  life  care  

may  manifest  themselves  in  adulthood  (Nettle  et  al  2015,  Andrews  et  al  2017),  rather  

than  be  expressed  as  variation  in  early  life  hormone  levels.    

  
Many  of  the  studies  linking  poor  maternal  care  with  developmental  impairment  in  

offspring  have  identified  maternal  stress  as  a  key  mechanism  (Meaney  2001,  Stier  et  
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al  2012).  Post-natal  care  is  energetically  expensive  (Clutton-Brock  et  al  1989)  and  by  

removing  this  burden  exclusively  from  mothers,  cooperative  care  may  limit  the  

maladaptive  effects  of  maternal  stress  on  offspring.  In  communally  breeding  degus  

(Octodon  degus),  maternal  stress  was  found  to  affect  HPA  axis  development  but  

deleterious  effects  were  limited  by  the  presence  of  non-parental  carers  (Bauer  et  al  

2015).  Laboratory  studies  that  associate  stress-induced  maternal  care  quality  with  

epigenetic  changes  to  offspring  stress  physiology  (Weaver  et  al  2004,  2005)  

measure  care  in  the  first  few  weeks  of  life.  Escorting  begins  after  emergence  from  

the  burrow  at  around  four  weeks  and  therefore  may  take  place  too  late  in  

development  to  affect  offspring  stress  physiology.  Similarly,  patterns  of  DNA  

methylation  in  cooperatively  breeding  superb  starling  (Lamprotonis  superbus)  chicks  

did  not  change  between  one  week  of  age  and  adulthood  (Rubenstein  et  al  2016).  

Prior  to  escorting,  and  during  the  period  when  pups  may  be  susceptible  to  gene  

modification,  another  form  of  cooperative  care,  babysitting,  is  exhibited.  Although,  

like  escorting,  babysitting  provides  benefits  to  pups  (Cant  2003)  it  takes  place  within  

the  den  and  therefore  within-litter  variation  is  hard  to  quantify.  The  majority  of  both  

forms  of  care  is  provided  by  non-breeders  (Gilchrist  &  Russell  2007)  and  may  allow  

mothers  to  effectively  uncouple  pre  and  post-natal  investment.  As  such,  females  can  

concentrate  resources  on  the  gestation  period  rather  than  allocating  reserves  of  

energy  for  pup  care.  During  early  life,  allolactation  represents  the  main  source  of  pup  

nutrition  (Gilchrist  2006)  and  may  further  reduce  the  burden  of  post-natal  investment  

on  energetically  constrained  mothers.  This  division  of  reproductive  labour  within  

groups  suggests  that  pre-natal  effects  may  have  a  stronger  influence  on  offspring  

phenotypes  than  post-natal  effects..  In  addition,  it  may  enable  pups  from  younger,  

subordinate  mothers  to  compete  with  littermates  from  dominant  females  despite  the  

constraints  faced  by  younger  breeders  via  reproductive  suppression.  However,  it  

remains  difficult  to  separate  the  significance  of  pre  and  post-natal  effects  with  the  

correlational  data  used  in  this  study.  

  

Elevated  GC  concentrations  are  associated  with  energetically  demanding  activities,  

including  growth  (Dantzer  et  al  2013,  Strange  et  al  2016).  Here,  rather  than  being  a  

physical  indicator  of  poor  condition  (Kitayski  1999,  Love  et  al  2005),  early  life  GC  

levels  may  reflect  the  energy  resources  utilised  for  growth.  GCs  are  predicted  to  

mediate  allostatic  mechanisms  that  ensure  internal  stability  and  match  energy  
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demand  to  food  availability,  and  as  such,  may  be  associated  with  plasticity  in  growth  

or  life-history  trajectories.  In  constrained  environments  developing  organisms  

respond  to  food  supply  by  adjusting  energy  expenditure  and  metabolic  rates  

(Pontzer  2015,  2017).  Metabolic  rate  reflects  the  energetic  cost  of  living  and  is  likely  

to  influence  life-history  traits,  including  age  at  maturity  and  lifespan  (Glazier  2015).  

Faster  metabolic  rates  are  associated  with  increased  energy  acquisition  and  faster  

rates  of  somatic  growth  (Biro  &  Stamps  2010,  Auer  et  al  2018).  However,  

accelerated  growth  rates  may  be  associated  with  biological  processes  that  are  costly  

to  survival  (Finkel  &  Holbrook  2000,  Monaghan  &  Haussmann  2006).  A  key  function  

of  GCs  is  regulation  of  physiological  processes,  including  metabolic  rate  (Haase  

2016,  Sapolsy  2000)  in  response  to  external  stressors.  Here,  pup  baseline  GC  levels  

decline  in  response  to  low  rainfall  and  may  represent  an  adaptive  response  to  

prioritise  survival  over  growth  in  nutritionally  poor  conditions.  That  pups  who  receive  

less  care  do  not  also  show  lower  GC  might  reflect  within-litter  competitive  growth  

(Huchard  et  al  2016),  or  individual  behavioural  changes  such  as  switching  from  

begging  to  independent  foraging  in  response  to  low  care.  Any  early  life  adaptive  

growth  or  behavioural  response,  whether  due  to  competitive  pressure  or  adverse  

conditions,  is  likely  to  be  associated  with  life-history  trade-offs  in  later  life.    

  
This  study  provides  some  evidence  to  support  the  prediction  that  pups  from  lower  

ranked  mothers  would  show  elevated  GC  concentrations.  The  fGC  concentrations  of  

daughters  from  lower  ranked  mothers  was  higher  but  those  of  their  sons  was  not.  In  

considering  this  result  we  need  to  account  for  both  differences  between  the  sexes  

and  the  change  in  pup  fGC  with  maternal  rank.  Sex-specific  fitness  responses  to  

challenging  early  life  conditions  have  been  reported  in  this  (Marshall  et  al  2017)  and  

other  species  (Rubenstein  et  al  2016,  Wilkin  &  Sheldon  2009,  Garrett  et  al  2015).  

Other  studies  have  reported  sex-specific  responses  to  maternal  stress  (St-Cyr  et  al  

2017,  Bronson  &  Bale  2016).  Banded  mongoose  males  that  experience  low  rainfall  

in  their  first  year  live  longer  at  a  cost  of  reduced  fertility  (Marshall  et  al  2017).  Here  

low  food  availability  may  trigger  a  trade-off  between  survival  and  fitness  which  

mirrors  studies  showing  correlation  between  calorific  restriction  and  longevity  

(Colman  2009,  Masaro  2006).  This  effect  was  not  found  in  females,  who  gain  weight  

faster  in  good  conditions  and  individuals  of  low  weight  suffer  increased  mortality  in  

poor  conditions  (Marshall  et  al  2016).  If  female  offspring  are  more  vulnerable  to  
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nutritionally  poor  early  life  conditions,  then  viability  selection  may  ensure  that  only  

the  best  quality  female  offspring  survive.  Therefore,  males  may  show  greater  

plasticity  in  life-history  trajectories  in  response  to  early  life  conditions,  whereas,  

females  may  be  selected  to  adapt  to  the  conditions  experienced  in  adulthood.  As  

such  female  reproductive  competition  may  prevent  strategies  that  increase  longevity  

at  the  expense  of  growth  being  favoured.    

  

That  selection  imposes  different  pressures  on  male  and  female  pups  is  not  surprising  

given  the  marked  demographic  and  behavioural  differences  in  this  species.  Females  

generally  breed  earlier  than  males  and  reproductive  success  is  more  closely  linked  

to  early  life  weight,  whereas  males  tend  to  live  longer  (Vitikainen  el  at  2016).  These  

patterns  may  result  in  stronger  selection  in  females  than  males  for  traits  that  

enhance  competitive  ability.  Where  such  traits  are  associated  with  weight  gain,  

individuals  are  expected  to  have  higher  energetic  expenditure,  which  could  be  

associated  with  elevated  GC  concentrations.  Although  there  is  no  evidence  that  

mothers  can  identify  their  own  offspring  and  direct  attention  towards  them  patterns  of  

care  may  help  explain  our  sex-specific  interaction.  The  escorting  effort  received  by  

pups  shows  marked  variation  between  the  sexes  (Vitikainen  et  al  2017).  Male  pups  

receive  more  care  than  females  as  escorts  associate  with  pups  by  sex  and  adult  

males  provide  more  care  and  usually  outnumber  adult  females  in  packs.  As  mothers  

are  more  likely  to  escort  when  they  have  offspring  in  the  litter  but  care  provision  

declines  in  heavier  older  females  this  may  leave  the  daughters  of  more  dominant  

mothers  with  fewer  available  female  escorts  than  those  of  lower  ranked  mothers.  

Similarly,  lower  ranked  females  may  only  breed  in  more  plentiful  conditions  and  have  

more  resources  available  for  offspring  care.  As  such,  female  pups  might  have  to  

compete  more  intensely  for  early  life  care  then  males.  This  competition  is  likely  to  

favour  larger  pups  and  although  both  male  and  female  pups  that  are  heavier  at  

emergence  receive  more  care  the  response  is  stronger  in  females.  Therefore,  being  

of  heavy  weight  at  emergence  may  provide  greater  benefit  to  female  than  male  pups  

due  to  the  competitive  advantage  that  it  provides  over  littermates.        

  

Other  factors  underlying  the  apparent  change  in  investment  strategies  with  maternal  

age  may  be  more  difficult  to  disentangle.  In  banded  mongooses,  mothers  of  low  rank  

are  more  likely  to  abort  their  litters  (Inzani  2016),  be  evicted  (Cant  et  al  2010),  and  
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have  lower  reproductive  success  (Sanderson  et  al  2015a).  Despite  this  strong  

selection  pressure,  there  is  no  evidence  that  the  surviving  pups  of  younger  females  

suffer  from  developmental  constraints  in  early  life.  If  the  elevated  GC  concentrations  

found  in  daughters  from  subordinate  mothers  is  linked  with  increased  weight  or  

growth  rate,  this  again  may  be  evidence  of  viability  selection.  The  strong  pre-natal  

selection  on  low  ranked  females  resulting  from  suppression  and  competition  may  

insure  that  only  those  in  good  condition  reproduce.  Where  traits  associated  with  

maternal  quality  are  more  closely  linked  to  female  than  male  fitness  then  those  traits  

might  be  expressed  more  in  female  then  male  offspring.  In  this  species  the  higher  

female  mortality  risk  in  sub-optimal  conditions  and  the  possible  increased  

competition  for  escorts  may  result  in  investment  being  directed  towards  daughters  

when  mothers  are  in  good  physical  state.  With  this  in  mind  it  is  strongly  

recommended  that  future  studies  should  consider  the  influence  of  both  offspring  fGC  

concentrations  and  maternal  rank  on  pup  weight  at  emergence  and  growth  rates.    

  

Alternatively,  studies  suggest  that  the  extent  of  maternal  effects  on  offspring  

phenotype  might  be  affected  by  age-related  changes  in  maternal  condition  or  

allocation  (Curio  1983,  Stearns  1992).  The  age-related  deterioration  of  organismal  

function  or  fitness  is  known  as  senescence  and  studies  across  taxa  link  increasing  

maternal  age  with  decreasing  offspring  performance  (Moorad  &  Nussey  2016).  The  

observed  within-individual  decline  in  offspring  GC  levels,  which  is  stronger  in  

daughters  than  sons  could  be  due  to  senescent  decline  of  traits  that  correlate  with  

female  fitness.  Markers  of  oxidative  damage  (a  mechanism  underlying  life-history  

trade-offs  between  survival  and  reproduction  (Blount  et  al  2015))  are  known  to  vary  

with  maternal  age  (Vitikainen  et  al  2017).  High  levels  of  oxidative  damage  are  

associated  with  lower  survival  and  were  consistently  higher  in  females  than  males,  

although  pregnant  females  showed  relatively  low  levels,  suggesting  that  mothers  

may  shield  their  offspring  from  physiological  costs.  This  effect  was  less  marked  in  

older  than  younger  mothers,  suggesting  that  shielding  mechanisms  may  suffer  from  

senescent  decline.  More  damage  during  pregnancy  predicted  lower  reproductive  

success  and  again  this  effect  was  stronger  in  older  breeders.  Similar  effects  are  

reported  in  birds,  where  older  mothers  may  be  limited  in  their  provision  of  

Antioxidants  to  eggs  with  adverse  effects  on  offspring  development  (Beckman  &  

Ames  1998,  Toruk  et  al  2007).  Where  females  suffer  higher  costs  than  males,  and  
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oxidative  damage  reduces  reproductive  success,  maternal  shielding  may  provide  

stronger  fitness  benefits  to  daughters  than  sons.  Similarly,  if  shielding  ability  

diminishes  with  age,  then  daughters  of  younger,  lower  ranked  mothers  may  receive  

greater  benefits.  The  high  GC  levels  observed  in  daughters  from  subordinate  

mothers  may  provide  a  competitive  advantage  in  terms  of  growth  and  fitness,  despite  

the  mortality  risks  of  chronically  elevated  stress.  As  such,  maternal  shielding  may  

enable  the  daughters  of  younger  mothers  to  maintain  fast  growth  (and  associated  

high  GC  concentrations)  without  suffering  the  maladaptive  effects  of  oxidative  

damage  or  chronic  stress.    

  
Pre-natal  social  conditions  may  also  influence  maternal  investment  decisions  and  

offspring  phenotype.  Here  increasing  numbers  of  adult  female  group-mates  

predicted  lower  pup  GC,  with  a  contrasting  trend  for  males  where  increasing  

numbers  predicted  higher  pup  GC.  If  we  infer  that  the  number  of  females  indicates  

levels  of  reproductive  competition  and  the  number  of  males  indicates  care  

availability,  then  low  pup  GC  levels  may  represent  variable  weight  or  growth  rate  in  

different  social  conditions.  Maternally  derived  phenotypic  changes  that  prepare  pups  

for  early  life  environments  and  are  predictable  from  social  cues  may  represent  a  form  

of  adaptive  plasticity  (Bateson  et  al  2015)  known  as  predictive  adaptive  response  

(PAR)  (Gluckmann  et  al  2004).  There  is  evidence  for  PARs  in  this  species  as  

maternal  prenatal  investment  increases  with  the  number  of  potential  breeders  in  the  

group  (Inzani  et  al  2016).  This  response  was  particularly  strong  in  poor  ecological  

conditions.  The  role  of  GCs  in  allostasis  make  them  good  candidate  mechanisms  for  

mediating  plasticity  via  maternal  hormonal  signalling  (Dloniak  et  al  2006).  In  human  

studies,  the  thrifty  phenotype  hypothesis  (Hales  &  Barker  1992)  suggests  that  early-

life  metabolic  adaptations  increase  survival  chances  by  selecting  appropriate  growth  

trajectories  in  response  to  environmental  cues  (Wells  2007).  Recent  studies  suggest  

that  maternal  stress  in  early  pregnancy  may  recalibrate  life-history  trajectories  

towards  faster  growth  and  earlier  reproduction  (Berghanel  et  al  2017).  Here  we  see  

downregulation  of  stress  physiology  in  response  to  adverse  conditions  and  sex-

specific  upregulation  in  response  to  maternal  rank,  suggesting  some  plasticity  in  

investment  strategies,  possibly  prompted  by  pre-natal  cues.  That  the  number  of  

males  predicts  higher  GC  levels  may  also  represent  a  predictive  cue,  perhaps  

triggering  reduced  maternal  investment  in  response  to  increased  care  availability  
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(Savage  et  al  2015).    

  
In  summary,  despite  the  benefits  associated  with  escorting,  levels  of  cooperative  

care  did  not  influence  GC  concentrations  in  early  life.  This  lack  of  effect  may  be  

explained  by  de-coupling  of  pre  and  post-natal  maternal  investment  as  non-parental  

carers  ensure  that  energy  allocation  towards  offspring  is  minimised  post  birth.  

Therefore,  pre-natal  maternal  effects  assume  greater  importance  and  play  a  

significant  role  in  determining  pup  phenotype.  More  research  is  needed  to  establish  

links  between  maternal  stress  during  pregnancy  and  offspring  growth  trajectories,  

and  whether  these  effects  are  sex-specific.  Maternal  age  had  a  sex-specific  effect  on  

pup  GC  and  work  is  needed  to  establish  the  fitness  consequences  of  early  life  

stress,  and  whether  they  differ  between  the  sexes.  Additional  research  should  focus  

on  age-related  maternal  decline  and  whether  senescence  has  a  stronger  selective  

impact  on  daughters  than  sons.  Finally,  we  revealed  that  high  early  life  GC  is  

associated  with  an  immediate,  but  not  a  delayed  increase  in  mortality  risk,  this  might  

reflect  energetic  deficits  associated  with  immediate  causes  of  mortality,  such  as  

disease  or  starvation.      
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Chapter  4:  Sex-specific  maternal  effects  and  offspring  sex  ratio  in  a  
cooperative  mammal.      
	  
Abstract  
	  
Patterns  of  reproductive  investment  strongly  influence  both  offspring  and  maternal  

fitness.  Where  maternal  traits  affect  the  fitness  of  sons  and  daughters  differently,  

mothers  may  strategically  direct  resources  towards  the  sex  with  stronger  fitness  

benefits  or  adaptively  adjust  offspring  sex-ratio.  In  many  species,  maternal  aging  is  

associated  with  declining  offspring  performance  and  mothers  might  be  selected  to  

make  sex-specific  age-related  adjustments  in  resource  allocation.  Currently  little  is  

known  about  how  optimal  investment  strategies  shift  over  maternal  lifespan  or  how  

they  influence  offspring  development  and  fitness.  Banded  mongooses  (Mungos  

mungo)  are  a  cooperatively  breeding  mammal  in  which  demographic  and  

behavioural  traits  differ  widely  between  the  sexes.  Here  I  test  whether  the  effect  of  

maternal  age  on  performance  related  life-history  traits  differs  between  the  sexes  and  

whether  offspring  sex-ratio  is  influenced  by  maternal  age.  I  found  no  evidence  that  

maternal  age  has  sex-specific  effects  on  offspring  survival  or  lifespan.  However,  the  

effect  of  maternal  age  on  lifetime  reproductive  success  did  differ  between  the  sexes,  

with  lifetime  reproductive  success  of  daughters,  but  not  sons,  declining  with  maternal  

age.  Maternal  age  also  affected  offspring  sex-ratio,  with  the  proportion  of  daughters  

produced  declining  with  maternal  age.  This  study  suggests  that  maternal  effects  can  

have  sex-specific  impacts  on  traits  that  are  associated  with  individual  quality.  These  

effects  may  prompt  mothers  to  strategically  allocate  resources  to  the  sex  favoured  by  

selection,  with  the  potential  for  biased  offspring  sex-ratios  to  arise.            
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Introduction  
	  

Life-history  theory  predicts  that  with  advancing  age  reproductive  effort  should  

increase  as  future  reproductive  potential  decreases  (Williams  1966,  Daunt  et  al  

1999).  This  age-related  change  in  resource  allocation  has  been  associated  with  

increasing  litter  size  and  offspring  survival  in  mammals  (Atkins-Regan  2005).  In  

contrast,  many  studies  have  reported  a  decrease  in  offspring  quality  as  mothers  age,  

known  as  maternal  senescence  (Moorad  &  Nussey  2016).  Senescence  is  the  age-

related  decline  of  organism  function  and  fitness  and  is  traditionally  defined  as  a  

weakening  in  the  strength  of  natural  selection  to  preserve  survival  and  reproduction  

with  age  (Hamilton  1966,  Williams  1957).  Most  research  on  ageing  has  considered  

the  impact  on  either  organism  survival  (Charlesworth  2001)  or  fertility  (Nussey  et  al  

2006)  and  has  paid  little  attention  to  the  influence  of  social  or  maternal  effects  (but  

see  Keller  &  Genoud  1997).  Negative  correlations  between  maternal  age  and  the  

health,  lifespan  or  fitness  of  offspring  have  been  reported  across  taxa,  including  in  

humans  (Mahy  2003),  mammals  (Descamps  et  al  2008)  and  birds  (Froy  et  al  2013).  

These  deleterious  effects  on  offspring  quality  are  linked  with  maternal  resource  

allocation,  either  pre-birth,  through  age-linked  physiological  constraints,  or  post-birth,  

through  a  reduced  ability  to  provide  adequate  offspring  care  (Bogdanova  et  al  2006,  

Nussey  et  al  2009,  Beamonte-Barrientos  et  al  2010).    

  

Parents  face  selection  to  adjust  reproductive  investment  according  to  their  available  

resources  (Clutton-Brock  et  al  1981).  If  social  or  environmental  conditions  influence  

the  fitness  of  males  and  females  differently,  parents  may  be  selected  to  vary  

resource  allocation  depending  on  offspring  sex  (West  &  Sheldon  2002,  West  2009).  

Where  optimal  investment  strategies  differ  there  is  potential  for  adaptive  variation  in  

offspring  sex-ratios  (McCleod  &  Clutton-Brock  2013,  Nichols  et  al  2014).  Traditional  

sex  allocation  theory  predicts  that  an  even  sex-ratio  at  breeding  age  should  be  

favoured  by  selection.  Thus  investment  may  be  skewed  towards  the  rarer  sex,  or  

that  suffering  higher  mortality  during  development  (Fisher  1930).  Later  work  

suggests  that,  where  maternal  traits  influence  offspring  fitness,  sex-ratios  may  be  

biased  towards  the  sex  with  higher  reproductive  skew  (Trivers  &  Willard  1973).  In  

many  species,  the  sex  that  invests  less  heavily  in  reproduction,  usually  males,  
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competes  for  breeding  opportunities  and  shows  stronger  secondary  sexual  

characteristics  (Trivers  1972).  Therefore,  favourable  early  life  conditions,  or  silver  

spoon  effects  (Grafen  1988),  should  benefit  the  competitive  sex  more  as  they  obtain  

greater  fitness  benefits  from  being  of  good  quality.  Thus  offspring  sex-ratio  may  vary  

with  maternal  state  as  mothers  in  good  condition  invest  more  resources  in  individuals  

of  the  competitive  sex.  Studies  suggest  that  offspring  sex-ratio  can  be  affected  by  

other  parameters  related  to  maternal  condition  including  age  (Saltz  2001)  and  social  

rank  (Meikle  et  al  1984,  Sheldon  &  West  2004).  In  species  where  maternal  rank  is  

inherited,  like  some  baboons,  rank  correlates  with  breeding  success  and  dominant  

females  produce  an  excess  of  daughters  who  are  themselves  more  successful  

(Altmann  1980,  Silk  1993).  Whereas,  in  polygynous  species  like  red  deer  (Cervus  

elaphus),  high  ranking  females  produce  an  excess  of  sons  as  male  fitness  is  strongly  

linked  with  competitive  ability  (Clutton-Brock  et  al  1981,  1984).    

  

The  Trivers-Willard  theory  has  been  tested  across  taxa,  including  in  birds  (Wiebe  &  

Bortollotti  1992),  mammals  (Sheldon  &  West  2004)  and  humans  (Ruckstuhl  et  al  

2010)  but  has  received  mixed  support  (Hewison  &  Gaillard  1999,  Brown  2001).  In  

some  cases,  empirical  data  does  not  match  theoretical  predictions  and  it  remains  

unclear  whether  mothers  can  physiologically  determine  offspring  sex  (Williams  1979,  

Uller  et  al  2007).  To  account  for  the  effect  of  sex-specific  traits  on  adaptive  offspring  

sex-ratios,  theoretical  work  predicts  that  reproductive  value  (the  fraction  of  the  

population  descended  from  an  individual)  may  represent  a  better  measure  of  fitness  

than  the  number  of  offspring  produced  (Leimar  1996,  Schindler  et  al  2015).  Of  

particular  importance  is  how  reproductive  value  can  change  in  response  to  sex  

differences  in  life-history  traits,  particularly  early  life  mortality  and  growth  or  age-

related  reproductive  output  in  adulthood.  Schindler  (2015)  suggested  that  the  

predicted  sex-ratio  of  a  sexually  dimorphic  species  (Bighorn  sheep  (Ovis  

canadensis))  could  be  altered  by  increasing  early  life  and  size  based  mortality  rates.  

In  this  species  demographic  rates  are  dependent  on  individual  weight  and  age  and  

the  sexes  show  different  mortality  schedules  throughout  life.  Likewise,  in  a  non-

sexually  dimorphic  species  (Columbian  ground  squirrel  Urocitellis  columbianus)  an  

overproduction  of  daughters  was  expected  from  good  quality  mothers  to  maximise  

reproductive  value.  Models  showed  that  the  predicted  sex-ratio  could  be  reversed  by  
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increasing  early  life  male  mortality,  as  this  was  associated  with  an  increase  in  the  

reproductive  value  of  sons  as  males  became  the  rarer  sex.    

  

In  some  cooperative  species  females  face  stronger  reproductive  competition  than  

males  (Clutton-Brock  et  al  2006,  Bennett  &  Faulkes  2000).  Here  traits  that  enhance  

competitive  ability  may  have  a  stronger  effect  on  female  than  male  fitness  returns  

and  thus  mothers  in  good  condition  are  predicted  to  invest  more  resources  in  female  

offspring  and  produce  an  excess  of  daughters.  Interactions  between  relatives  in  

cooperative  groups  may  influence  sex-allocation  decisions  in  other  ways.  The  local  

resource  competition  model  (Clark  1978,  Silk  &  Brown  2008)  predicts  that  females  

may  suffer  fitness  costs  by  producing  daughters  that  act  as  future  competitors  for  

local  resources.  As  such,  offspring  sex-ratios  may  be  biased  towards  the  dispersing  

sex,  although  the  strength  of  any  effect  will  vary  with  maternal  age  or  length  of  

reproductive  tenure.  Older  breeders  may  not  be  selected  to  adjust  sex-ratios  if  they  

are  likely  to  die  before  their  daughters  become  reproductively  mature.  Similarly,  in  

cooperative  species  sex-ratio  adjustment  may  enhance  local  resources  (Emlen  et  al  

1986)  by  producing  an  excess  of  the  more  helpful  (Komdeur  et  al  1997,  Creel  et  al  

1998)  or  cooperative  sex  (West  et  al  2009).  The  adaptive  value  of  this  adjustment  

will  depend  on  the  benefits  provided  by  helpers,  with  species  where  helpers  do  not  

benefit  offspring  fitness  unlikely  to  show  an  observable  bias  (Griffin  et  al  2005).      

  

Where  life-history  traits  differ  between  the  sexes  the  selection  pressures  faced  by  

males  and  females  may  also  differ  (Wilkin  &  Sheldon  2009,  Kruuk  et  al  1998).  

Sexually-antagonistic  selection  can  be  a  mechanism  for  maintaining  individual  

variation  when  males  and  females  show  different  optimal  traits  (Bonduriansky  &  

Chenoweth  2009,  Cox  &  Calsbeek  2009).  In  banded  mongooses,  females  suffer  

higher  mortality  than  males  (Marshall  et  al  2016)  with  individuals  of  low  weight  

particularly  vulnerable,  especially  in  adverse  conditions.  Sex  differences  in  mortality  

rates  may  be  associated  with  sensitivity  to  ecological  conditions  (Conradt  et  al  2000,  

Coulson  et  al  2001)  with  the  larger  sex,  being  more  vulnerable  to  adverse  conditions  

due  to  increased  energetic  demands  (Clutton-Brock  et  al  1985,  Isaac  2005).  Banded  

mongooses  do  not  show  pronounced  sexual  dimorphism  and  it  is  suggested  that  the  

energetic  requirements  of  reproduction  may  account  for  higher  female  mortality  

(Marshall  et  al  2016).  Males  generally  breed  at  an  older  age  than  females  and  their  
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reproductive  success  is  less  closely  associated  with  early  life  weight  (Hodge  2005).  

Therefore,  males  may  show  greater  plasticity  in  life-history  strategies  than  females  

(Marshall  et  al  2017)  as  the  fitness  costs  associated  with  slower  growth  or  later  

reproductive  maturity  are  less.  These  demographic  differences  may  contribute  to  the  

male  dominated  sex-ratios  observed  in  groups  (Cant  et  al  2016)  and  explain  why  

males  generally  provide  a  greater  share  of  energetically  costly  cooperative  care  

(Sanderson  et  al  2014).    

  

Little  is  known  about  how  optimal  investment  strategies  may  shift  over  maternal  

lifespan  or  how  they  influence  offspring  development  and  fitness.  The  demographic  

and  behavioural  sex  differences  seen  in  banded  mongooses  make  them  a  good  

system  to  investigate  such  questions.  Banded  mongooses  are  cooperatively  

breeding  mammals  that  live  in  mixed  sex  groups  of  between  approximately  8  and  40  

individuals.  They  reach  sexual  maturity  at  around  one  year  and  although  all  adults  

are  capable  of  breeding  (Cant  et  al  2013),  reproductive  opportunities  are  skewed  

towards  older  individuals  (Nichols  et  al  2010,  2012).  Packs  have  up  to  four  litters  per  

year  which  are  highly  synchronized  within  (but  not  between)  groups,  with  multiple  

females  giving  birth  to  a  large  communal  litter  on  the  same  day  (Cant  2000,  Hodge  

2011).  The  evolution  of  synchronous  breeding  results  in  large  cohorts  of  similarly  

aged  individuals  and  intense  competition  within  groups  (Hodge  et  al  2011).  To  

control  reproductive  competition  older  females  violently  evict  younger  females  from  

the  group  (Cant  et  al  2010,  Thompson  et  al  2016).  Mothers  increase  pre-natal  

investment  when  their  pups  are  likely  to  face  a  competitive  environment  (Inzani  et  al  

2016),  suggesting  that  resource  allocation  may  adaptively  vary  according  to  social  

and  ecological  conditions.  Previous  studies  show  that  older  females  reproductively  

suppress  younger  females,  particularly  in  adverse  conditions  (Nichols  et  al  2012).  

This  suppression  leads  to  younger  mothers  having  elevated  stress  levels  during  

pregnancy  and  lower  reproductive  success  (Sanderson  et  al  2015a)  but  it  remains  

unclear  whether  their  pups  suffer  fitness  costs.    

  

My  previous  chapter  found  that  maternal  rank,  which  is  closely  correlated  with  

maternal  age,  has  a  sex-specific  effect  on  pup  glucocorticoid  (GC)  concentrations.  

GCs  are  known  as  “stress  hormones”  due  to  their  functional  role  in  energy  

metabolism  and  the  physiological  response  to  external  stressors.  The  baseline  GC  of  
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daughters  decreases  over  a  mother’s  reproductive  lifespan,  whereas  that  of  sons  

increased,  though  the  effect  appears  stronger  in  female  offspring.  Here  I  test  

whether  this  age-related  sex  difference  in  early  life  hormonal  profiles  represents  

evidence  of  a  shift  in  optimal  sex  allocation  strategies  over  maternal  lifespan.  

Although  the  influence  of  early  life  GC  on  fitness  remains  unclear  pup  survival  rates  

were  also  found  to  suffer  a  decline  over  maternal  lifespan.  Therefore,  I  will  use  the  

banded  mongoose  dataset  to  investigate  two  key  questions.    

  

1.   Does  the  effect  of  maternal  age  on  offspring  life-history  traits  differ  
between  the  sexes?  
  

Early  life  conditions  and  their  effect  on  levels  of  parental  investment  can  influence  

offspring  phenotypic  traits  (Lindström  1999,  Metcalfe  &  Monaghan  2003)  and  these  

effects  can  differ  between  the  sexes  (Clutton-Brock  et  al  1985).  I  predict  that  the  

fitness  of  female  pups  will  be  more  strongly  affected  by  maternal  effects  than  that  of  

male  pups.  Therefore,  due  to  age-related  changes  in  maternal  condition,  the  fitness  

of  daughters  will  decline  with  maternal  age,  whereas  that  of  sons  will  not.  To  test  

this,  I  will  measure  whether  the  effect  of  maternal  age  on  the  probability  of  survival,  

lifespan  and  lifetime  reproductive  success  of  banded  mongoose  pups  differs  by  sex.   

  

2.   Does  maternal  age  influence  offspring  sex-ratio?  
  

In  species  where  traits  that  enhance  competitive  ability  benefit  one  sex  more  than  

the  other  mothers  in  good  condition  may  gain  fitness  benefits  from  adjusting  

offspring  sex-ratio  (Trivers  &  Willard  1973).  In  banded  mongooses,  females  have  

higher  mortality  rates,  particularly  when  they  are  of  low  weight  (Marshall  et  al  2016).  

In  my  previous  chapter  I  speculated  that  the  fitness  of  female  pups  may  suffer  

greater  costs  from  constrained  maternal  investment  than  that  of  male  pups.  

Therefore,  if  viability  selection  leads  to  only  high  quality  younger  females  breeding  

they  may  produce  more  daughters  than  older  mothers.  As  such,  I  predict  that  

resource  allocation  may  vary  over  female  reproductive  lifespan  and  the  proportion  of  

daughters  produced  may  decline  with  maternal  age.  
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Materials  and  Methods  
  

Data  Collection  
	  
This  study  was  conducted  on  the  Mweya  Peninsula  in  Queen  Elizabeth  National  

Park,  Uganda  where  the  resident  banded  mongoose  population  is  part  of  a  long-term  

study  (see  Cant  et  al  2016  for  further  details).  The  data  used  for  this  study  was  

collected  between  May  2000  and  December  2013,  with  records  of  mortality  and  

reproductive  success  included  up  until  May  2017.  Each  of  the  sampled  groups  was  

visited  at  least  three  times  a  week  and  were  habituated  to  close  proximity  of  

observation.  Each  visit  lasted  at  least  20  minutes  during  which  presence  or  absence  

of  all  individuals  was  noted.  During  the  later  stages  of  pregnancy  groups  were  visited  

more  frequently  to  establish  exact  birthdates  for  litters.  To  identify  specific  individuals  

all  mongooses  were  captured  within  three  weeks  of  emergence  and  then  recaptured  

regularly  until  leaving  the  study  through  death  or  dispersal  (for  trapping  protocols  see  

Jordan  et  al.  2010,  2011).  During  an  individual’s  first  capture  a  skin  sample  was  

taken  for  genetic  analysis  (Nichols  et  al.  2010)  and  the  animal  was  microchipped  for  

identification  purposes.  To  allow  individual  identification  during  behavioural  

observations  pups  were  marked  with  a  unique  combination  of  patches  using  hair  dye  

and  adults  were  marked  with  a  unique  shave  on  their  back.  For  radio-tracking  

purposes  individuals  in  each  pack  were  fitted  with  a  radio  collar  weighing  26-30g  

(Sirtrack  Ltd,  Havelock  North,  New  Zealand).  Weather  data  was  collected  by  the  

Mweya  weather  station,  and  cumulative  rainfall  during  the  30  days  prior  to  either  

sampling  or  birth  was  used  as  a  proxy  of  resource  availability  (Nichols  et  al  2012,  

Marshall  et  al  2016).  

  

Genetic  and  Parentage  Analysis    
	  

Due  to  the  extreme  birth  synchrony  in  this  species,  maternity  cannot  be  determined  

via  observations  and  therefore  genetic  samples  were  used  to  assign  parentage  

(Nichols  et  al  2010,  Sanderson  et  al  2015b).	  DNA  from  tissue  samples  was  used  to  

construct  a  pedigree  using  43  polymorphic  microsatellite  markers  to  estimate  

relatedness  and  assign  parentage.  The  final  pedigree  used  the  programmes  

Masterbayes  2.51  (Hadfield  et  al  2006)  and  Colony  2.0.5.7  (Jones  &  Wang  2010)  to  
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infer  parentage.  Of  the  maternal  assignments  in  this  study  94%  were  made  at  

greater  than  90%  confidence.  For  full  details  of  DNA  extraction,  genotyping,  

parentage  assignment  and  pedigree  construction  see  Sanderson  et  al  2015b.  

	  

Statistical  Analysis  and  model  selection  
  

Statistical  analyses  were  done  in  R  (R  Core  Team  2015)  with  linear  and  generalised  

linear  mixed  models  (LMMs  and  GLMMs)  fitted  using  the  lme4  package  (Bates  et  al.  

2015).  Significance  of  terms  was  determined  using  likelihood  ratio  tests  and  non-

significant  interactions  were  dropped  from  final  models  to  allow  significance  testing  

of  the  main  terms  (Engqvist  2005).  Multivariate  statistics  were  used  to  control  for  

repeated  sampling  of  individuals  within  groups.  The  explanatory  variables  differ  from  

the  model  in  the  previous  chapter  as  when  investigating  offspring  sex-ratio  I  used  

group  sex  ratio  as  an  indicator  of  maternal  competition  and  total  group  size  as  a  

measure  of  group  competitive  ability.  All  models  were  checked  using  residuals  and  

were  found  to  meet  the  necessary  assumptions  for  parametric  tests.  Variables  were  

reported  as  significant  if  p  <  0.05.  

  

Does  the  effect  of  maternal  age  on  offspring  life-history  traits  differ  between  
the  sexes?  
  

A  dataset  was  compiled  of  all  individuals  for  which  I  had  details  of  maternal  ID  and  

precise  age  at  birth.  To  examine  the  effect  of  maternal  age  on  infant  mortality  a  

similar  approach  was  used  as  in  the  previous  chapter.  A  GLMM  was  fitted  using  a  

binomial  structure  and  logit  link  function  with  pup  survival  to  one  year  as  the  

response  variable.  The  key  explanatory  variable  was  the  interaction  between  

maternal  age  and  offspring  sex  and  was  fitted  along  with  rainfall  in  the  month  pre-

birth,  group  size,  group  sex  ratio  and  the  number  of  pups  in  the  group  at  birth.  

Maternal  ID,  pack  and  litter  ID  were  included  as  random  effects.    

  

To  test  whether  maternal  age  had  a  sex-specific  influence  on  lifespan,  a  LMM  was  

fitted  with  a  gausian  error  structure  with  log-transformed  individual  lifespan  as  the  
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response  variable.  All  individuals  that  died  within  one  year  were  excluded  from  the  

dataset.  I  used  the  same  explanatory  and  random  variables  as  in  the  above  model.    

  

Individual  lifetime  reproductive  success  was  calculated  using  the  banded  mongoose  

project  pedigree.  Here  the  analysis  was  conducted  in  two  stages;;  first  the  factors  

affecting  whether  an  individual  bred  successfully  were  tested  and  for  those  

individuals  that  bred  a  second  model  examined  the  factors  influencing  the  total  

number  of  offspring  produced.  In  both  models  the  interaction  between  maternal  age  

and  sex  was  the  main  explanatory  variable  and  the  other  explanatory  and  random  

variables  are  as  above.  To  test  whether  maternal  age  influenced  the  chance  of  

reproducing  of  males  and  females  differently  a  GLMM  was  fitted  using  a  binomial  

structure  and  logit  link  function  with  whether  an  individual  bred  as  the  response  

variable.  Those  individuals  that  failed  to  breed  were  then  excluded  from  the  dataset  

and  a  GLMM  using  a  poisson  distribution  was  constructed  to  test  whether  maternal  

age  influenced  the  number  of  offspring  produced  differently  depending  on  sex.  As  

the  number  of  offspring  is  expected  to  increase  with  the  number  of  opportunities  to  

breed  we  include  (log)lifespan  as  an  offset  function.    

  

Does  maternal  age  influence  offspring  sex  ratio?  
	  

To  examine  whether  maternal  effects  influenced  offspring  sex  ratio  a  GLMM  with  

binomial  error  structure  and  logit  link  function  was  fitted.  The  response  variable  was  

offspring  sex  and  the  main  explanatory  variable  was  maternal  age.  Adult  sex  ratio,  

group  size,  number  of  pups  at  birth  and  rainfall  were  fitted  as  additional  explanatory  

variables  and  maternal  ID,  litter  and  pack  were  fitted  as  random  variables.      
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Results  
	  

Survival  to  one  year  was  significantly  correlated  with  group  size  (GLMM,  n=901,  β  ±  

s.e  =  -0.04  ±  0.02,  χ2  =  4.24,  p  =  0.04)  (see  table  1  and  figure  1a)  and  rainfall  in  the  

month  pre-birth  (GLMM,  n=901,  β  ±  s.e  =  0.42  ±  0.13,  χ2  =  9.87,  p  =  0.002)  (see  

table  1  and  figure  1b).  The  probability  of  a  pup  surviving  its  first  year  was  higher  

when  pre-birth  rainfall  was  high  and  when  they  were  born  in  smaller  groups.  In  our  

sample,  71%  of  individuals  died  during  their  first  year,  with  females  (74%)  suffering  

higher  mortality  than  males  (67%)  although  sex  was  a  marginally  non-significant  

predictor  of  survival  to  adulthood  (GLMM,  n=901,  β  ±  s.e  =  0.34  ±  0.18,  χ2  =  3.69,  p  

=  0.054)  (see  table  1).  There  was  no  sex-specific  effect  of  maternal  age  on  survival  

to  one  year  (GLMM,  n=901,  β  ±  s.e  =  0.0004  ±  0.09,  χ2  =  0.0007,  p  =  1.00).	  	  

	  
 
 

     	  	   	  	   	  	   	  	   	  	  
Response	  
Variable	   Fixed	  Effect	   β±  s.e               χ2   P	   	  	  

Survival	  to	  1	  year	   Intercept	   0.25	  ±	  0.73	   	     

 
Maternal	  age	  	  	  	  	   0.06	  ±	  0.05	   1.33	   0.25	  

	  
 

Pup	  sex	  	  	  	  	  	  	  	  	  	  	   0.34	  ±	  0.18	   3.71	   0.054	   .	  

	  
Rainfall	  (standardized)	  	  	  	  	  	   	  0.42	  ±	  0.13	   9.87	   0.002	   **	  

	  
Group	  sex	  ratio	  	  	  	  	   -‐1.56	  ±	  0.99	   2.48	   0.12	  

	  
 

Group	  Size	   -‐0.04	  ±	  0.02	   4.24	   0.04	   *	  

Figure'1. Probability*
that*offspring*survived*
to*one*year*as*a*
function*of*a)*group*
size*and*b)*rainfall*in*
the*month*before*
birth.*Both*group*size*
and*rainfall*had*
significant*influences*
on*survival*probability*
Lines*show*the*
predicted*estimate*
and*shaded*areas*
represent*confidence*
intervals.*Each*point*
represents*an*
individual.
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	  	   Number	  of	  pups	   0.01	  ±	  0.02	   0.14	   0.71	  
	  

 
Number	  of	  observations	   Individuals	  =	  901,	  Packs	  =	  13	   	  	   	  	  

Table  1.  Output  from  a  GLMM  predicting  the  effects  of  early  life  social  and  ecological  conditions  on  
offspring  survival  to  one  year.  Parameter  estimates  (±standard  errors)  are  shown,  along  with  
likelihood-ratio  chi-square  statistic  and  p-values.  Significant  predictors  of  early  life  mortality  are  
highlighted  in  bold.	  	  
	  
The  mean  ±  sd  adult  lifespan  was  1236  ±  734  days  (range  =  367-4512  days)  but  

there  was  no  sex-specific  effect  of  maternal  age  on  lifespan  (LMM,  n=265,  β  ±  s.e  =  

0.06  ±  0.03,  χ2  =  2.66,  p  =  0.10).  None  of  the  other  tested  variables  were  found  to  

predict  lifespan  (see  table  2). 
 
	  	   	  	   	  	   	  	   	  	  
Response	  Variable	   Fixed	  Effect	   β±  s.e                       χ2   P	  
Adult	  lifespan	  (log)	   Intercept	   	  1.03	  ±	  0.25	  

	    
 

Maternal	  age	  	  	  	  	  	  	   0.02	  ±	  0.02	   0.86	   035	  

	  
Pup	  sex	  	  	  	  	  	  	  	  	  	  	   -‐0.02	  ±	  0.07	   0.12	   0.73	  

	  
Rainfall	  (standardized)	  	  	  	  	   -‐0.01	  ±	  0.01	   0.02	   0.88	  

	  
Group	  sex	  ratio	  	  	  	  	  	   -‐0.51	  ±	  0.33	   2.29	   0.13	  

	  
Number	  of	  pups	   0.01	  ±	  0.01	   0.13	   0.72	  

	  	   Group	  size	  	   0.01	  ±	  0.01	   0.86	   0.35	  

	  
Number	  of	  observations	   Individuals	  =	  265,	  Packs	  =	  12	  

	  Table  2.  Output  from  a  LMM  predicting  the  effects  of  early  life  social  and  ecological  conditions  on  
lifespan  of  all  adults  that  survive  to  one  year.  Parameter  estimates  (±standard  errors)  are  shown,  
along  with  likelihood-ratio  chi-square  statistic  and  p-values.  Significant  predictors  of  lifespan  are  
highlighted  in  bold.	  	  
	  
Whether  or  not  an  individual  bred  during  their  lifetime  was  strongly  correlated  with  

sex  (GLMM,  n=238,  β  ±  s.e  =  -1.67  ±  0.38,  χ2  =  27.90,  p  <0.001)  but  there  was  no  

sex-specific  effect  of  maternal  age  (GLMM,  n=238,  β  ±  s.e  =  -0.006  ±  0.16,  χ2  =  

0.002,  p  =  0.97)  (figure  2a).  Females  (68%)  were  found  to  be  significantly  more  likely  

to  successfully  breed  than  males  (36%)  if  they  reached  adulthood.      

	  	   	  	   	  	   	  	   	  	  
Response	  Variable	   Fixed	  Effect	   β±	  s.e	   	  	  	  	  	  	  	  	  	  	  	  	  	  χ2	   P	   	  	  

Does	  individual	  breed	   Intercept	   0.03	  ±	  1.09	   	     
 Maternal	  age	  	  	  	   0.12	  ±	  0.09	   1.61	   0.20	  

	  
 

Pup	  sex	  	  	  	  	  	  	  	  	  	  	   -‐1.67	  ±	  0.38	   27.90	   <	  0.001	   ***	  

	  
Rainfall	  (standardized)	  	  	  	  	  	   	  -‐0.001	  ±	  0.17	   0.0001	   0.99	  

	  
 

Group	  sex	  ratio	  	  	  	  	   -‐1.45	  ±	  1.46	   1.04	   0.31	  
	  

 
Group	  Size	   0.05	  ±	  0.03	   2.26	   0.13	  

	  	  	   Number	  of	  pups	   -‐0.02	  ±	  0.03	   0.35	   0.55	  
	  

 
Number	  of	  observations	   Individuals	  =	  238,	  Packs	  =	  10	   	  	  
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Table  3.  Output  from  a  GLMM  predicting  the  effects  of  early  life  social  and  ecological  conditions  on  
whether  an  individual  was  assigned  as  a  parent  during  their  lifetime.  Parameter  estimates  (±standard  
errors)  are  shown,  along  with  likelihood-ratio  chi-square  statistic  and  p-values.  Significant  predictors  
of  whether  an  individual  bred  are  highlighted  in  bold.	  	  
	  

	  
  
The  mean  ±  sd  number  of  pups  produced  per  female  over  their  lifespan  was  5.60  ±  

5.32  (n=117,  range  =  1-30).  There  is  a  significant  sex-specific  effect  of  maternal  age  

on  lifetime  reproductive  success  (GLMM,  n=117,  β  ±  s.e  =  0.110  ±  0.05,  χ2  =  4.44,  p  

=  0.04)  (see  table  4  and  figure  2b).  The  lifetime  reproductive  success  of  female  

offspring  declined  with  maternal  age  whereas  that  of  male  offspring  did  not.    

  

	  	   	  	   	  	   	  	   	  	  

Response	  Variable	   Fixed	  Effect	   β±  s.e               χ2     P	   	  	  

Number	  of	  offspring	   Intercept	   5.445	  ±	  0.42	   	     

 
Maternal	  age	  	  	  	   -‐0.11	  ±	  0.04	   -‐	   -‐	  

	  
 

Pup	  sex	  	  	  	  	  	  	  	  	  	  	   -‐1.05	  ±	  0.24	   -‐	   -‐	  
	  

 
Rainfall	  (standardized)	  	  	  	  	  	   	  -‐0.04	  ±	  0.06	   0.36	   0.55	  

	  
 

Group	  sex	  ratio	  	  	  	  	   -‐0.30	  ±	  0.58	   0.27	   0.61	  
	  

 
Group	  Size	   0.003	  ±	  0.01	   0.07	   0.79	  

	  
 

Number	  of	  pups	   0.01	  ±	  0.01	   0.33	   0.57	  
	  	  	   Maternal	  age	  *	  Pup	  sex	  	  	  	   0.11	  ±	  0.05	   4.44	   0.04	   *	  

	  
Number	  of	  observations	   Individuals	  =	  117,	  Packs	  =	  8	   	  	   	  	  

Table  4.  Output  from  a  GLMM  predicting  the  effects  of  early  life  social  and  ecological  conditions  on  
lifetime  reproductive  success.  Parameter  estimates  (±standard  errors)  are  shown,  along  with  
likelihood-ratio  chi-square  statistic  and  p-values.  Significant  predictors  of  lifetime  reproductive  success  
are  highlighted  in  bold.  
  

a)
Figure'2. The&
probability&of&an&
individual&breeding&
successfully&in&their&
lifetime&(panel&a)&and&
individual&lifetime&
reproductive&success&
(panel&b)&as&a&function&
of&maternal&age.&The&
interaction&between&
maternal&age&and&sex&
is&significant&in&panel&b&
but&not&in&panel&a.&
Lines&represent&
predicted&estimates&
and&shaded&areas&
represent&confidence&
intervals.&Orange&
represents&females&and&
blue&represents&males.&
Each&point&represents&
an&individual.0.5 2.3 4.1 5.9 7.7 9.5

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Maternal age in years

Pr
ob

ab
ilit

y 
of

 in
di

vi
du

al
 b

re
ed

in
g

a)

0.5 2.3 4.1 5.9 7.7 9.5

0
6

12
18

24
30

Maternal age in years

O
ffs

pr
in

g 
life

tim
e 

re
pr

od
uc

tiv
e 

su
cc

es
s

b)



 76 

  
This  suggests  that  although  females  (mean  ±  sd  number  of  offspring  =  5.97  ±  5.89,  

range=1-30,  n  =  68)  appear  to  have  higher  lifetime  reproductive  success  than  males  

(mean  ±  sd  number  of  offspring  =  5.08  ±  4.42,  range=1-18,  n  =  49)  this  effect  

depends  on  maternal  age.    

	   	       

 	  	   	  	   	  	   	  	   	  	  

Response	  Variable	   Fixed	  Effect	   β  ±  s.e   χ2     P	   	  	  

Offspring	  sex	   Intercept	   0.10	  ±	  0.43	   	     
 Maternal	  age	  	  	   0.07	  ±	  0.04	   4.13	   0.04	   *	  

	   Rainfall	  (standardized)	  	  	  	  	   0.08	  ±	  0.07	   1.44	   0.23	   	  

 Group	  sex	  ratio	  	  	  	  	  	   -‐0.23	  ±	  0.57	   0.16	   0.69	   	  

 Number	  of	  pups	   -‐0.001	  ±	  0.01	   0.002	   0.96	   	  

	  	   Group	  Size	  	   -‐0.01	  ±	  0.01	   0.25	   0.62	   	  

 Number	  of	  observations	   Individuals	  =	  901,	  Packs	  =	  13	   	  	   	  	  
Table  5.  Output  from  a  model  predicting  the  effects  of  early  life  social  and  ecological  conditions  on  an  
individual’s  sex.  Parameter  estimates  (±standard  errors)  are  shown,  along  with  likelihood-ratio  chi-
square  statistic  and  p-values.  Significant  predictors  of  individual  sex  are  highlighted  in  bold.  
  

The  sex  ratio  of  our  sample  was  53%  male,  rising  to  59%  male  for  all  individuals  that  

survived  to  one  year.  The  likelihood  of  an  individual  being  female  declined  with  

maternal  age  (GLMM,  n=901,  β  ±  s.e  =  0.07  ±  0.04,  χ2  =  4.13,  p  =  0.04)  (see  table  5  

and  figure  3).  It  should  be  noted  that  sample  size  is  large  and  the  effect  is  marginal  

so  care  must  be  taken  drawing  conclusions  on  the  biological  relevance  of  this  result.  
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Discussion  
	  

My  results  suggest  that  maternal  effects  may  have  sex-specific  impacts  on  offspring  

fitness.  The  lifetime  reproductive  success  of  daughters  declined  with  maternal  age,  

whereas  that  of  sons  did  not.  There  was  no  evidence  of  any  sex-specific  effects  of  

maternal  age  on  survival  to  maturity,  lifespan  or  whether  offspring  successfully  

reproduced.  That  the  daughters  of  younger  mothers  show  higher  lifetime  

reproductive  success  supports  my  initial  prediction  that  the  fitness  of  female  pups  

could  be  more  strongly  influenced  by  maternal  age  than  that  of  males.  This  suggests  

that,  despite  the  reproductive  costs  suffered  by  younger  mothers,  their  daughters  

may  sustain  a  competitive  advantage  over  rivals  produced  by  older  females.    

  

In  banded  mongooses,  pre-natal  maternal  investment  is  higher  in  competitive  

conditions  (Inzani  et  al  2016)  when  the  costs  of  co-breeding  increases  (Nichols  et  al  

2012).  Theoretical  work  suggests  that  a  trade-off  exists  between  the  size  and  

number  of  offspring  produced  by  a  mother  (Lack  1947,  Smith  &  Fretwell  1974).  

Where  maternal  age  correlates  with  decreasing  resource  acquisition,  it  is  predicted  

that  optimal  litter  size  may  vary  over  time  (Begon  &  Parker  1986)  due  to  trade-offs  

between  pup  weight  and  litter  size  (Hayward  et  al  2013,  Berger  et  al  2015).  The  

number  of  foetuses  carried  by  banded  mongooses  during  a  breeding  attempt  

increases  with  maternal  age  (up  to  about  four  years)  before  senescing  in  old  age  

(Inzani  et  al  2016).  Therefore,  younger  mothers  may  have  more  resources  available  

to  the  individual  offspring  within  these  smaller  litters.  There  is  an  association  

between  both  female  mortality  risk  (Marshall  et  al  2016),  and  reproductive  success  

(Hodge  2005)  with  individual  weight.  Pup  weight  is  known  to  correlate  with  maternal  

condition  (Hodge  2009)  so  where  maternal  investment  is  associated  with  traits  that  

favour  weight  gain  it  may  provide  greater  fitness  benefits  to  daughters  than  sons.  

Future  work  should  attempt  to  disentangle  these  effects,  in  particular  to  establish  

whether  pup  weights  decrease  with  maternal  age,  as  seen  in  the  closely  related  

meerkat  (Suricata  suricata)  (Sharp  &  Clutton-Brock  2009).    

  

That  the  daughters  of  younger  females  have  a  competitive  advantage  does  not  

necessarily  support  the  conclusion  that  optimal  allocation  strategies  change  with  
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maternal  age  or  that  female  pups  suffer  greater  fitness  costs  from  weak  maternal  

investment  than  males.  The  costs  suffered  by  younger  mothers  in  the  form  of  

reproductive  suppression  and  competition  may  impose  selection  pressures  that  

appear  to  increase  the  fitness  of  their  daughters.  For  example,  it  might  be  that  only  

good  quality  mothers  are  able  to  breed  at  a  young  age  and  their  offspring  are  

inherently  fitter  through  heritability  of  female  reproductive  traits.  Similarly,  due  to  

younger  mothers  having  higher  rates  of  abortion  (Inzani  2016)  and  being  less  likely  

to  breed  in  adverse  conditions  (Nichols  et  al  2012)  only  good  quality  offspring  might  

survive  to  reproductive  age.  Viability  selection  can  lead  to  sex-specific  improvements  

in  performance  despite  poor  early  life  conditions  (Wilkin  &  Sheldon  2009,  Garratt  et  

al  2015).  Similarly,  studies  on  both  mammals  (Weladjii  et  al  2008),  and  birds  

(McCleery  et  al  2008)  suggest  that  an  earlier  age  at  first  breeding  event  is  

associated  with  improved  performance.  Where  traits  that  improve  female  

reproductive  success  are  heritable,  the  offspring  of  higher  quality  females  should  

also  show  improved  individual  performance.    

  

Females  have  high  risk  of  both  mortality  and  eviction  during  their  reproductive  

lifespan  so  may  benefit  from  investing  heavily  in  early  breeding  attempts  if  conditions  

are  good.  Therefore,  if  traits  that  benefit  female  fitness  undergo  senescent  decline,  

optimal  allocation  strategies  might  favour  stronger  investment  in  daughters  early  in  

maternal  reproductive  lifespan.  Alternatively,  younger  and  older  breeders  may  be  

following  different  life-history  trajectories  which  are  triggered  by  early  life  conditions.  

Individuals  born  in  poor  conditions  may  breed  early  to  compensate  for  shortened  

lifespan  (Cartwright  et  al  2014,  Hammers  et  al  2013)  and  thus  achieve  similar  

reproductive  tenure  length  to  those  born  in  relative  abundance.  Maternal  stress  

during  pregnancy  is  predicted  to  provide  a  mechanism  for  plasticity  in  life-history  

trajectories  (Berghanel  et  al  2017).  Despite  the  constraints  imposed  by  high  stress  

levels  during  late  pregnancy,  elevated  GC  concentrations  in  early  pregnancy  may  be  

linked  to  accelerated  offspring  growth  and  earlier  reproduction  at  a  cost  of  reduced  

lifespan  (Dmitriew  2011,  Schopper  et  al  2012).  Such  developmental  plasticity  seems  

unlikely  here  as  no  significant  effect  of  maternal  age  rank  on  GC  levels  was  found  

prior  to  or  in  early  pregnancy  (Sanderson  et  al  2015a).  In  banded  mongooses,  there  

may  be  more  scope  for  plasticity  in  life-history  strategies  in  males  than  females  due  

to  energetic  costs  associated  with  female  reproduction  (Marshall  et  al  2017).    
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This  study  provides  no  evidence  that  maternal  age  has  sex-specific  effects  on  

offspring  lifespan.  This  is  perhaps  unsurprising  as  longevity  is  predicted  to  have  

significant  heritability  (Finch  &  Kirkwood  2000)  and  be  affected  by  stochastic  events  

such  as  predation.  In  banded  mongooses,  males  generally  live  longer  than  females  

(Vitikainen  et  al  2016)  which  contrasts  with  many  species,  where  males  have  shorter  

lifespans  (Mealey  2000)  and  higher  mortality  rates  (Clutton-Brock  &  Isvaren  2007).  

Here,  males  but  not  females,  that  experience  adverse  early  life  conditions  live  longer  

at  the  cost  of  reduced  fertility  but  not  overall  reproductive  success  (Marshall  et  al  

2017).  This  suggests  that  males  may  show  greater  plasticity  in  life-history  strategies  

than  females,  and  that  any  associated  trade-offs  are  mediated  by  early  life  

conditions.  Female  reproductive  competition  might  ensure  that  maternal  traits  that  

enhance  competitive  ability  benefit  daughters  more  than  sons.  Traits  that  enhance  

competitive  ability  are  predicted  to  trade-off  against  those  that  increase  survival  

(Clutton-Brock  &  Isvaran  2007),  but  here  we  see  no  sex-specific  effect  of  maternal  

age  on  lifespan.  Future  work  should  consider  the  effect  of  paternal  age  on  offspring  

quality  to  quantify  how  traits  that  enhance  male  fitness  may  differ  from  those  that  

enhance  female  fitness.  In  banded  mongooses  a  small  number  of  older  males  

generally  monopolises  paternity  within  groups  (Nichols  et  al  2010)  and  longevity  may  

represent  a  key  predictor  of  male  reproductive  success.  As  such,  sons  sired  by  older  

males  may  receive  direct  genetic  traits  that  improve  longevity  from  their  fathers.  In  

contrast,  some  studies  suggest  that  sperm  quality  declines  with  age  (Pizzari  et  al  

2007,  Durrant  et  al  2001)  so  the  effect  of  male  reproductive  senescence  on  offspring  

performance  also  merits  investigation  in  this  species.    

  

My  results  provide  no  evidence  of  a  sex-specific  effect  of  maternal  age  on  offspring  

survival  to  maturity,  which  increased  with  pre-birth  rainfall,  and  decreased  with  

increasing  group  size.  That  low  rainfall  during  pregnancy  correlates  with  low  pup  

survival  is  consistent  with  the  developmental  constraints  hypothesis  (Monaghan  

2008,  Lea  et  al  2015).    As  rainfall  is  strongly  correlated  with  food  availability,  mothers  

may  be  energetically  constrained  by  nutritional  stress  and  respond  by  reducing  

offspring  investment  (Bowen  2009,  Wells  et  al  2016),  which  has  been  linked  with  

non-adaptive  growth  plasticity  (Berghanel  et  al  2017).  The  resulting  low  birth  weight  

or  postnatal  body  size  are  strong  predictors  of  reduced  early  life  survival  (Lummaa  &  
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Clutton-Brock  2002,  Metcalfe  &  Monaghan  2003).  That  large  group  size  correlates  

with  higher  early  life  mortality  is  perhaps  more  surprising.  In  cooperative  species  

large  group  size  is  often  associated  with  augmentation  benefits  (Clutton-Brock  

2002),  including  an  improved  ability  to  obtain  food  resources  (Creel  &  Creel  2002)  

and  raise  offspring  successfully  (Clutton-Brock  et  al  2001).  In  banded  mongooses,  

there  is  a  strong  negative  effect  of  group  size  on  weight  and  weight  gain,  which  may  

be  linked  to  a  reduction  in  the  size  of  individual  foraging  niche  (Sheppard  et  al  2018).  

In  addition,  the  amount  of  cooperative  care  provided  by  helpers  declines  with  

increasing  group  size  so  pups  in  large  groups  receive  less  overall  care  (Vitikainen  et  

al  2017).  The  reasons  why  helpers  adjust  care  patterns  with  group  size  remains  

unclear,  recruitment  may  benefit  individual  carers  more  in  small  groups  due  to  

potential  allee  effects  (Courchamp  et  al  1999)  and  therefore  helpers  increase  

investment.  In  addition,  larger  packs  contain  higher  levels  of  intragroup  competition  

so  helpers  may  reduce  care  to  preserve  resources  for  potential  dispersal,  eviction  or  

reproduction.  In  banded  mongooses,  the  period  between  nutritional  independence  

and  maturity  may  be  associated  with  high  mortality  due  to  selection  pressures  

associated  with  competition  for  resources  and  independent  foraging.  Such  pressures  

may  increase  mortality  in  individuals  of  relatively  low  weight,  which  is  associated  with  

reduced  competitive  ability  and  increased  mortality,  especially  in  females  (Hodge  

2005,  Marshall  et  al  2016).          

  

My  results  suggest  that  maternal  effects  can  influence  offspring  sex-ratio,  as  the  

proportion  of  females  produced  declined  with  maternal  age.  It  is  predicted  that  

mothers  in  good  condition  will  produce  a  higher  proportion  of  the  sex  with  higher  

early  life  mortality  or  a  stronger  association  between  competitive  ability  and  fitness  

(Schindler  et  al  2015,  West  2009).  The  biased  sex-ratios  here  appear  to  be  driven  by  

the  higher  relative  fitness  of  daughters  from  young  mothers  rather  than  as  a  

response  to  local  resource  competition  (Clark  1978)  or  enhancement  (Komdeur  et  al  

1997).  In  banded  mongooses,  sex-ratio  at  birth  is  roughly  even  (51%,  see  Cant  et  al  

2016),  so  there  is  no  evidence  for  any  pre-birth  adjustment  of  sex-ratio  towards  

males  as  either  the  more  helpful  sex,  or  to  minimise  local  resource  competition  

between  mothers  daughters.  A  point  of  interest  here  is  to  what  extent  the  skewing  of  

adult  sex-ratios  towards  males  might  be  influenced  by  patterns  of  cooperative  care  

and  how  they  affect  infant  mortality.  The  use  of  maternal  “condition”  in  the  Trivers-
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Willard  hypothesis  may  refer  to  the  resources  available  to  provide  adequate  offspring  

care  (Carranza  2002).  In  banded  mongooses,  males  generally  contribute  more  to  

pup  care  but  females  provide  more  escorting  when  they  have  mothered  pups  in  the  

litter  and  allocate  care  to  female  pups  when  there  are  fewer  adult  females  in  the  

group  (Vitikainen  et  al  2017).  Thus  sex-biased  care  patterns  may  mean  that  female  

pups  receive  less  care,  and  suffer  higher  mortality,  when  local  resource  competition  

is  high.  Although  there  is  no  evidence  that  mothers  can  recognise  their  own  pups,  

these  patterns  of  care  suggest  that  they  may  provide  more  care  to  their  daughters  

than  sons.  Therefore,  additional  care  costs  may  make  daughters  more  expensive  to  

raise  than  sons  and  older  mothers  that  lack  the  resources  to  provide  care  may  

produce  sons  that  are  more  likely  to  be  cared  for  by  other  group  members.    

  

It  remains  unclear  whether  variation  in  offspring  sex-ratios  with  age  is  an  adaptive  

maternal  strategy,  or  the  processes  by  which  adjustment  can  occur  (Williams  1979).  

Recently  proposed  hormonally-mediated  mechanisms  of  maternal  sex-determination  

may  explain  why  young  mothers  produce  an  excess  of  daughters  (Helle  et  al  2012,  

Douhard  2017).  Maternal  testosterone  levels  may  influence  the  developing  oocyte  

and  increase  its  propensity  to  be  male  (Grant  &  Charnley  2010).  In  social  species  

with  defined  rank  hierarchies,  dominance  may  be  associated  with  higher  

testosterone  levels.  Evidence  however  is  mixed,  with  some  studies  reporting  that  

mothers  with  high  testosterone  produce  male-biased  sex-ratios  (Grant  &  Irwin  2005,  

Helle  et  al  2008),  but  others  reporting  no  such  association  (Diez  et  al  2009,  Garcia-

Herreros  et  al  2010).  Banded  mongooses  form  age-based  hierarchies  within  groups  

but  it  is  unclear  whether  testosterone  levels  increase  with  maternal  age.  A  more  

likely  mechanism  for  offspring  sex-determination  is  sex-biased  embryonic  mortality  

and  abortion  in  response  to  maternal  GC  levels  (Krackow  1995).  Male  offspring  are  

generally  more  susceptible  to  oxidative  stress  in-utero  than  females  (Navara  2010,  

Love  et  al  2005)  and  maternal  stress  has  been  associated  with  female-biased  sex-

ratios  (Linklater  2007,  Ideta  et  al  2009).  In  banded  mongooses,  younger  mothers  are  

more  stressed  during  pregnancy  (Sanderson  et  al  2015a)  and  more  likely  to  abort  

their  litters  (Inzani  2016).  Elevated  GC  levels  are  associated  with  a  higher  risk  of  

abortion  in  meerkats  (Young  et  al  2006)  and  here  younger  mothers  may  lose  litters  in  

response  to  low  rainfall  to  reduce  the  threat  of  eviction  from  the  group.  Future  

research  should  investigate  the  possible  association  between  maternal  stress  and  
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offspring  sex  ratios.  If  found,  this  would  help  underpin  the  observed  effects  of  

maternal  age  on  offspring  sex  ratios  with  a  fuller  mechanistic  understanding.    

  

In  summary,  I  show  that  the  effect  of  maternal  age  on  offspring  fitness  can  differ  

depending  on  sex.  The  lifetime  reproductive  success  of  female  offspring  declined  

with  maternal  age,  whereas  that  of  males  did  not.  There  were  no  sex-specific  effects  

of  maternal  age  on  survival  to  maturity,  lifespan  or  whether  offspring  reproduced  

successfully  in  their  lifetime.  My  results  also  suggest  that  sex-specific  maternal  

effects  may  be  associated  with  age-related  offspring  sex-ratio  adjustment.  The  

proportion  of  daughters  produced  decreased  with  maternal  age  which  may  represent  

a  reverse  Trivers-Willard  effect  if  maternal  condition  declines  with  age  and  younger  

mothers  allocate  more  resources  to  female  offspring.  This  sex-ratio  adjustment  may  

be  adaptive  if  daughters  receive  greater  fitness  benefits  from  maternal  investment  

than  sons.  In  this  species,  female  mortality  and  reproductive  success  are  more  

closely  associated  with  individual  weight  than  that  of  males  and  therefore  increasing  

resources  to  daughters  may  benefit  maternal  fitness.  However,  this  study  provides  

little  evidence  that  this  sex-ratio  adjustment  is  adaptive  and  it  may  simply  represent  a  

mechanistic  by-product  of  the  elevated  stress  experienced  by  younger  mothers  

during  pregnancy.                      
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Chapter  5:  Conclusion  
	  

This  study  investigated  how  conditions  during  development  influenced  early  life  

stress  hormone  levels  in  banded  mongoose  pups.  The  wider  contextual  aim  was  to  

consider  how  maternal  effects  might  generate  individual  level  variation  of  phenotypic  

traits  in  cooperatively  breeding  species.  I  examined  how  maternal  dominance  rank,  

and  the  amount  of  alloparental  care  received,  affected  offspring  glucocorticoid  (GC)  

concentrations.  I  predicted  that,  as  escorting  increases  both  provisioning  and  growth  

rates  (Hodge  2005),  pups  that  received  less  care  would  have  higher  GC  levels.  

Given  that  low  ranked  mothers  show  higher  stress  during  pregnancy  and  lower  

reproductive  success  due  to  suppression  by  older  females  (Sanderson  et  al  2015a),  I  

also  predicted  that  pups  from  low  ranked  mothers  would  have  elevated  GC  levels.  

Finally,  I  tested  whether  early  life  GC  concentrations  influence  offspring  survival,  

both  until  nutritional  independence  at  90  days,  and  maturity  at  one  year  of  age.      

  

I  found  no  association  between  the  amount  of  cooperative  care  and  pup  GC  levels,  

therefore  no  evidence  is  provided  to  support  my  prediction  that  receiving  less  care  

would  correlate  with  higher  offspring  stress.  Despite  this  it  remains  a  valid  prediction  

that  lower  care  levels  and  the  associated  nutritional  stress  constitute  an  acute  

stressor  capable  of  upregulating  pup  stress  response.  The  lack  of  effect  may  be  due  

to  the  difficulty  in  disentangling  the  effects  of  post-natal  cooperative  care  with  those  

of  maternal  effects,  particularly  in  systems  where  care  levels  depend  in  part  on  pre-

natal  maternal  allocation.  The  evolution  of  cooperative  care  has  allowed  for  mothers  

to  effectively  decouple  their  pre  and  post-natal  investment,  which  may  buffer  against  

any  developmental  constraints  linked  to  maternal  stress.  In  systems  where  additional  

carers  relieve  parents  of  the  burden  of  exclusive  care  the  presence  of  helpers  may  

mitigate  the  transfer  of  stress  from  mothers  in  poor  condition  to  offspring.  The  “load-

lightening”  properties  of  cooperative  care  have  been  widely  reported  (Crick  1992,  

Hatchwell  1999),  and  allow  for  faster  recovery  of  maternal  body  condition  after  

reproductive  events.  An  ability  to  minimise  reproductive  costs  may  explain  why  

cooperative  breeding  has  evolved  in  many  species  that  inhabit  challenging  

environments  (Lukas  &  Clutton-Brock  2017,  Guindre-Parker  &  Rubenstein  2018).  
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Similarly,  in  systems  where  maternal  care  is  augmented  by  helpers,  groups  may  be  

able  to  recruit  members  more  rapidly  and  prosper  in  competitive  environments.    

  

In  our  system,  cooperative  care  may  buffer  against  maternal  stress  derived  from  the  

social  environment,  which  will  vary  depending  on  rank  and  intragroup  competition.  

The  synchronous  breeding  system  limits  the  effectiveness  of  infanticide  as  a  means  

of  suppression  (Cant  2000).  Instead,  reproductive  competition  is  controlled  by  a  

combination  of  occasional  violent  evictions  (Thompson  et  al  2016)  and  a  more  covert  

form  of  stress-induced  suppression  (Sanderson  et  al  2015a),  both  inflicted  by  older  

females.  Lower  ranked  females  show  higher  GC  levels  during  late  pregnancy  and  

may  suffer  greater  energetically  costs  due  to  their  lower  body  weight  and  potentially  

shorter  gestation  periods  (Cant  et  al  2014).  However,  if  the  pups  of  these  stressed  

mothers  are  successful  at  accessing  escorts  then  any  maternal  constraints  may  be  

mitigated.  Here,  rather  than  these  pups  showing  developmental  constraints  we  see  

sex-specific  elevated  GC  concentrations.  Although,  with  the  exception  of  short  term  

pup  mortality,  the  fitness  costs  or  benefits  of  early  life  GC  remain  unclear,  I  argue  

that  this  reflects  viability  selection  resulting  from  the  suppression  of  lower  ranked  

females.  In  effect  only  pups  from  good  quality  low  ranking  females  can  survive  and  

their  daughters  tend  to  have  higher  GC,  which  if  associated  with  heavier  weight  at  

emergence,  may  correlate  with  higher  escorting  effort  received.  Although  chapter  

four  suggests  that  the  daughters  of  young  mothers  have  higher  reproductive  

success,  further  investigation  is  needed.  In  particular,  future  studies  should  look  for  

links  between  early  life  GC  levels  and  adult  fitness  traits  such  as  longevity  or  

reproductive  success,  and  whether  such  effects  differ  between  males  and  females.      

  

Evidence  from  lab  studies  suggests  that  functionality  of  the  stress  response  in  adults  

is  linked  to  the  quality  of  care  received  in  early  life  via  gene  modification  at  

glucocorticoid  receptors.  Here  I  find  no  evidence  of  any  association  between  pup  GC  

concentrations  and  early  life  care.  This  is  perhaps  unsurprising  given  that  growth  

rates  represent  a  major  allocation  of  energy  in  early  life  and  are  expected  to  

influence  GC  levels.  In  this  case,  care  is  associated  with  provisioning  and  growth,  

which  may  increase  rather  than  decrease  GC  concentrations  and  therefore,  any  

costs  linked  to  poor  care  will  not  reflect  hormone  levels.  Faecal  GC  measures  may  

not  be  a  useful  indicator  of  offspring  HPA  axis  function  as  they  represent  a  
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combination  of  baseline  hormone  concentrations  and  response  to  acute  stressors.  

As  such,  future  work  should  look  for  associations  between  response  to  acute  

stressors  (Rich  &  Romero  2005)  and  levels  of  cooperative  care  rather  then  consider  

faecal  GC  concentrations  in  pups.  This  could  provide  clearer  mechanistic  

understanding  of  whether  development  of  the  neuroendocrine  stress  response  is  

linked  to  alloparental  care  quality  in  cooperatively  breeding  species.    

  

Maternal  age  was  found  to  have  a  within-individual  sex-specific  effect  on  pup  stress  

levels,  as  mothers  grow  older  the  GC  concentrations  of  daughters  declines  more  

strongly  than  in  sons.  This  supports  the  assertion  that  female  hormone  levels  are  

more  sensitive  to  maternally  derived  effects  than  males,  and  thus  pup  GC  levels  may  

have  sex-specific  fitness  consequences.  Although  this  within-individual  decline  might  

question  the  link  between  viability  selection  and  the  sex-specific  effect  of  maternal  

rank  on  offspring  GC,  it  may  also  reflect  that  subordinate  females  only  breed  in  more  

nutritionally  optimal  conditions.  Conversely  this  could  represent  age-related  changes  

to  maternal  condition  which  influence  optimal  maternal  investment  strategies.  Due  to  

mortality  and  reproductive  output  being  more  closely  linked  to  weight  in  females  than  

in  males,  maternal  condition  may  more  strongly  effect  the  fitness  of  daughters  than  

sons.  These  effects  may  be  compounded  by  patterns  of  escort  care  if  females  have  

to  compete  more  intensely  for  carers  as  the  care  they  receive  is  more  strongly  linked  

to  weight  at  emergence  than  males.  As  such,  any  age-related  senescence  in  traits  

linked  to  offspring  weight  may  impact  the  competitive  ability  of  female  pups  and  we  

might  expect  younger  mothers  to  direct  investment  towards  their  daughters.    

  

Elevated  early  life  GC  concentrations  were  associated  with  an  immediate  but  not  

delayed  risk  of  mortality.  The  probability  of  dying  prior  to  90  days  was  correlated  with  

high  GC  levels,  but  the  probability  of  not  surviving  to  maturity  was  not  correlated  with  

GC  in  the  first  90  days.  This  supports  the  analysis  of  the  effect  of  pup  age  on  GC  

levels  suggesting  that  highly  stressed  pups  are  selectively  lost  from  the  population  

during  the  first  90  days.  Any  physiological  problems  associated  with  early  life  stress  

did  not  appear  to  increase  the  risk  of  death  between  nutritional  independence  and  

maturity.  Rather  than  suggesting  that  chronically  elevated  stress  is  damaging  to  

pups,  high  GC  levels  may  be  a  symptom  of  morbidity,  particularly  if  the  cause  of  

death  is  disease  or  starvation.    
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Early  life  GC  concentrations  are  strongly  influenced  by  both  pre-natal  social  

conditions  and  post-natal  food  supply.  Low  rainfall  in  early  life  correlates  with  low  

pup  GC  levels,  this  appear  counter-intuitive  as  low  food  availability  should  represent  

an  acute  stressor  that  would  increase  GC  concentrations.  Similarly,  an  increasing  

number  of  adult  females  in  the  group  correlates  with  low  pup  GC.  As  the  number  of  

breeding  females  increases  competition  within  litters  should  increase,  which  again  

may  be  associated  with  lower  food  availability  or  increased  competition  for  helpers.  

Alternatively,  mothers  may  take  predictive  cues  about  the  early  life  environment  from  

pre-natal  social  effects  and  adjust  offspring  phenotype.  Adaptive  plasticity  in  

response  to  stress  may  allow  mothers  to  prioritise  offspring  survival  by  reducing  

energy  expenditure  in  periods  of  low  food  availability.  Further  investigation  here  

could  use  within-litter  provisioning  studies  to  establish  whether  GC  concentrations  

reflect  food  availability  or  represent  a  predictive  maternal  effect.  Likewise,  examining  

how  patterns  of  pre-natal  competition  influence  offspring  weight  and  growth  rate  

could  highlight  in  what  contexts  such  effects  may  become  adaptive.    

  

Following  the  sex-specific  effect  of  maternal  rank  on  pup  GC  levels,  I  asked  how  

maternal  investment  strategies  shift  with  a  mother’s  age  and  influence  offspring  

development  and  fitness.  I  tested  whether  maternal  age  had  sex-specific  effects  on  

offspring  survival,  lifespan  and  reproductive  success.  I  predicted  that,  if  maternal  

condition  conferred  stronger  fitness  benefits  to  one  sex,  resource  allocation  might  

vary  with  age  and  skew  offspring  sex-ratio  towards  the  sex  whose  fitness  was  

condition-dependent.  My  results  suggest  that  the  effect  of  maternal  age  on  offspring  

fitness  can  differ  depending  on  sex.  The  lifetime  reproductive  success  of  female  

pups  declined  with  maternal  age,  whereas  that  of  males  did  not.  There  were  no  sex-

specific  effects  of  maternal  age  on  survival,  lifespan  or  whether  offspring  bred  

successfully  in  their  lifetime.  Although  this  suggests  that  daughters  of  younger  

females  might  enjoy  an  advantage  over  competitors  from  older  mothers  it  remains  

difficult  to  ascertain  whether  this  is  represents  adaptive  maternal  investment.  Future  

work  should  attempt  to  link  the  age-related  decline  in  reproductive  success  with  the  

sex-specific  effect  of  maternal  age  on  offspring  GC.  Investigation  of  pup  weights  and  

growth  rates  might  more  accurately  quantify  how  optimal  resource  allocation  

changes  with  maternal  age.            
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My  results  also  suggests  that  maternal  effects  may  be  associated  with  age-related  

offspring  sex-ratio  adjustment.  The  likelihood  of  an  individual  being  female  declined  

with  maternal  age,  which  may  represent  a  reverse  Trivers-Willard  effect  if  younger  

mothers  allocate  resources  to  female  offspring  in  response  to  traits  that  benefit  

female  fitness  undergoing  senescent  decline.  As  such,  this  sex-ratio  adjustment  may  

be  adaptive  if  daughters  receive  greater  fitness  benefits  from  maternal  investment  

than  sons.  Here,  female  mortality  and  reproductive  success  are  more  closely  linked  

with  individual  weight  than  in  males  and  therefore  increasing  investment  to  

daughters  should  improve  maternal  fitness.  However,  there  is  little  evidence  that  the  

sex-ratio  adjustment  is  adaptive  and  it  may  simply  represent  a  mechanistic  by-

product  of  the  elevated  stress  experienced  by  younger  mothers  during  pregnancy.    

  

Some  plasticity  in  optimal  maternal  investment  strategies  is  expected  in  cooperative  

breeders  due  to  the  complex  social  system  and  may  be  mediated  by  GC  

concentrations.  Female  reproductive  opportunities  may  depend  on  maternal  age  or  

rank  as  well  as  ecological  and  social  conditions.  For  example,  intense  intergroup  

competition  means  that  smaller  groups  are  vulnerable  to  extinction.  Therefore,  

individuals  in  small  groups  benefit  from  rapid  recruitment  and  younger  females  may  

be  selected  to  breed  when  intragroup  competition  is  relatively  low.  Subsequently,  as  

group  size  gets  larger,  local  resource  competition  increases  and  reproductive  

suppression  by  older  females  may  select  against  younger  females  reproducing  to  

avoid  the  threat  of  eviction.  Similarly,  as  both  sexes  are  largely  philopatric,  

individuals  may  remain  in  the  natal  group  for  their  entire  reproductive  lifespan  and  

thus  be  subject  to  local  resource  competition  from  any  offspring  that  they  produce.      

  

It  remains  difficult  to  establish  evidence  for  the  evolution  of  maternal  effects  in  

cooperative  breeders  using  purely  correlational  data.  Particularly  when  seeking  to  

draw  conclusions  about  the  impacts  of  early  life  conditions  on  long  term  fitness  by  

measuring  multifunctional  biological  markers.  In  terms  of  maternal  effects,  we  would  

expect  factors  like  low  maternal  rank  or  adverse  ecological  conditions  to  be  linked  

with  developmental  constraints  and  elevated  GC  concentrations.  However,  our  

results  suggest  that  viability  selection  can  associate  such  factors  with  improved  

fitness  or  beneficial  phenotypic  traits  and  is  likely  to  account  for  positive  results  in  

correlational  studies.  In  contrast,  maternal  effects  such  as  physical  condition  are  less  
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likely  to  be  subject  to  viability  selection  and  appear  more  likely  to  be  associated  with  

fitness  or  developmental  costs.  In  this  study,  despite  there  being  no  direct  effect  of  

early  life  care  on  offspring  GC  concentrations  the  interaction  between  care  

availability  and  maternal  effects  may  prove  crucial  in  estimating  how  the  early  life  

environment  may  influence  offspring  fitness.  As  such,  future  research  should  

address  these  questions  by  stress  hormone  levels  with  a  phenotypic  trait,  such  as  

weight  at  emergence  or  growth  rate,  which  provides  a  more  tangible  link  to  offspring  

fitness.      
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