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A b stra c t

s Species richness a n d  p a tte rn s  o f a b u n d a n c e  re s u lt fro m  th e  in te r p la y  b e tw e e n  n iche  

d iffe ren ces , re a liz e d  as in tra s p e c ific  d e n s ity -d e p e n d e n c e  ( I D D ) ,  a n d  so -ca lled  n e u tra l  

10 processes t h a t  a rise  w h e n  species fitnesses a re  s im ila r . T h is  p a p e r  p resen ts  a n  e x te n s io n  o f 

n e u tra l m o d e ls  t h a t  in c o rp o ra te s  delays  in  I D D  t h a t  co u ld  re s u lt fro m  re s o u rc e -m e d ia te d  

12 c o m p e tit io n  o r th ro u g h  a  p a th o g e n  p o o l. T h e s e  d e lays  re d u ce  s ta n d in g  spccics richness  

a n d  q u a l ita t iv e ly  ch ange th e  sh ape  o f spccics a b u n d a n c e  d is tr ib u tio n s  a n d  re n d e r th e m  

14 co n s is ten t w i th  th e  h o llo w  c u rv e  sh ape  even  in  th e  p resence o f s tro n g  ID D .

1. In tr o d u ctio n

i6 T h e  n e u tra l th e o ry  o f eco logy cha llenges th e  c o m m o n  p e rc e p tio n  t h a t  h ig h ly  speciose  

c o m m u n itie s  a re  g o verned  b y  d ifferences  b e tw e e n  species (H u b b e ll  2001; A d le r  e t a l. 2 0 0 7 ). 

is In  th is  th e o ry , b o th  in d iv id u a ls  a n d  species a re  tr e a te d  as e q u iv a le n t, a n d  b io d iv e rs ity  

a n d  c o m m u n ity  c o m p o s itio n  re s u lt fro m  ra n d o m  w a lk s  o f species a b u n d a n c e  g e n e ra lize d  

20 to  in c lu d e  d iffe re n t b ir t h  a n d  d e a th  ra te s  a n d  im m ig ra t io n  o r s p e c ia tio n  (C h a v e  2 0 0 4 ).

C o e x is te n c e  d epen d s  on a  b a la n c e  b e tw e e n  spccics in p u t  a n d  spccics e x t in c t io n  (Z il l io  a n d  

22 C o n d it  2 0 0 7 ), a n d  h ig h  levels o f species richness d e p e n d  on these  species h a v in g  re la t iv e ly  

e q u a l fitnesses (C h esson  2000; A d le r  e t a l. 2 0 0 7 )

24 C o e x is te n c e  v ia  n e a r ly  e q u a l fitness c o n tra s ts  w i th  co ex is ten ce  th ro u g h  s ta b iliz in g  

m ech an ism s  (in tra s p e c ific  d e n s ity -d e p e n d e n c e , o r I D D )  w h e re b y  species g a in  an  a d v a n ta g e  

26 b y  b e in g  ra re  (C h esson  2 0 0 0 ). S evera l re v ie w s  h ave  fo u n d  ev id en ce  fo r im p ro v e d  p e rfo rm a n c e  

w h e n  a species is lo c a lly  ra re  (H a rm s  e t a l. 2000 ; P e te rs  2003 ; W il ls  e t a l. 2 0 0 6 ), a lth o u g h  

28 th e  eco lo g ica l m ech an ism s  re m a in  la rg e ly  u n k n o w n . A n  a d v a n ta g e  o f r a r i ty  c o u ld  re s u lt , fo r
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e x a m p le , fro m  s p e c ia lize d  p a th o g e n s  (J a n z e n  1970: C o n n e ll 1 9 7 1 ), or s p e c ia lize d  resource  

30 use (C h esson  2 0 0 0 ).

C o m p a r in g  th e  p re d ic tio n s  o f m o d e ls  d o m in a te d  b y  n e u tra l processes w i th  those  

32 d o m in a te d  b y  s ta b il iz in g  m ech an ism s  re m a in s  c o n te n tio u s  (M c G i l l  e t a l. 2 0 0 6 ). F o r  

e x a m p le , V o lk o v  e t a l. (2 0 0 5 ) d e v e lo p e d  a m o d e l o f ID D  a n d  c la im e d  t h a t  its  p re d ic tio n s  

34 co u ld  n o t b e  d is tin g u is h e d  fro m  th o se  o f d is p e rs a l l im ita t io n , w h ile  a  la te r  an a lys is  fo u n d  

t h a t  d is p e rs a l l im i ta t io n  fits  d a ta  b e t te r  (C h a v e  e t a l. 2 0 0 6 ).

36 M a n y  o th e r  fa c to rs  can  a n d  h ave  b een  a d d e d  to  th is  s to ry . S p a t ia l fa c to rs  addressed  

in c lu d e  lo c a l d is p e rs a l (C h a v e  e t a l. 2002 ; H o ly o a k  a n d  L o re a u  2006; E c o n o m o  a n d  K e i t t  

38 2 0 0 8 ) a n d  its  in te ra c t io n  w ith  lo c a lize d  ID D  (C h a v e  2004; A d le r  a n d  M u lle r -L a n d a u  2 0 0 5 ),  

a lo n g  w ith  d iffe re n t scalcs o f in tra s p e c ific  a n d  in te rs p e c ific  c o m p e tit io n  (M u r r e l l  a n d  L a w  

40 2 0 0 3 ). T e m p o r a l fa c to rs  in c lu d e  e n v iro n m e n ta l s to c h a s tic ity  (A lle n  a n d  S avage 2 0 0 7 ),  

e n v iro n m e n ta l h e te ro g e n e ity  (S n y d e r a n d  C hesson  2 0 0 3 ), a n d  re c ru itm e n t f lu c tu a t io n  (K e lly  

42 a n d  B o w le r  2 0 0 2 ). H e te ro g e n e ity  has b een  s tu d ie d  b o th  w ith in  (C la r k  e t a l. 2 0 0 7 ) a n d  

a m o n g  species (Z h o u  a n d  Z h a n g  2 0 0 8 ). O n e  re c e n t re v ie w  in  th is  a re a  re fe rre d  to  th is  

44 p ro life ra t io n  o f th e o rie s  a n d  th e  absence o f fa ls ify in g  tests  as a  “c o lle c tiv e  s c ien tific  

fa i lu re ” (M c G i l l  e t a l. 2 0 0 7 ).

46 S om e o f th e  c o n te n tio n  re g a rd in g  th e  p re d ic tio n s  o f m o d e ls  re su lts  fro m  a h e a v y  

em p h as is  on th e  shapes o f species a b u n d a n c e  d is tr ib u tio n s  (S A D )  w hose s tru c tu re  m ig h t b e  

48 in s u ffic ie n tly  e la b o ra te  to  d is tin g u is h  a m o n g  th e o rie s . A  th e o ry  is c e r ta in ly  w ro n g  i f  i t  fa ils  

to  p re d ic t  th e  a p p a re n t ly  u n iv e rs a l e m p ir ic a l la w  th a t  th e  S A D  a p p e a rs  to  b e  d ecreas in g  

so a n d  concave u p , w i th  m a n y  ra re  species a n d  fe w  c o m m o n  (M c G i l l  e t a l. 2007). H o w e v e r, 

m u ch  m o re  d e ta il  a b o u t th e  id e n tit ie s  o f species a n d  th e ir  a b u n d a n c e s  over t im e  m ig h t be
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52 w h a t  is n eeded  to  d is tin g u is h  a m o n g  th e  p oss ib le  m a n y  th e o rie s  th a t  pass th is  q u a lita t iv e  

te s t (M c G i l l  e t a l. 2 0 0 7 ).

54 In  th is  s p ir it , o th e r  a u th o rs  h ave  e m p h a s ize d  th e  need  fo r th e o rie s  th a t  syn th es ize  

e x is t in g  th e o re tic a l ap p ro ach es , p a r t ic u la r ly  m o d e ls  th a t  c o m b in e  n e u tra l processes a n d  

56 s ta b il iz in g  m ech an ism s , a n d  d e riv e  b ro a d ly  te s ta b le  p re d ic tio n s  (H o ly o a k  a n d  L o re a u  2 0 0 6 ).

T h is  p a p e r  adds a  n e w  e le m e n t, e x te n d in g  e x is t in g  m o d e ls  o f I D D  w ith in  lo c a l c o m m u n itie s  

58 to  in c lu d e  d e la y e d  ID D .  M a n y  fo rm s  o f c o m p e tit io n  a re  m e d ia te d  th ro u g h  resources, a n d  

th u s  th e  n e g a tiv e  e ffect o f a  species on  its e lf  m ig h t d e p e n d  m o re  on  th e  p as t th a n  on th e  

60 c u rre n t d e n s ity  T h is  w o rk  th u s  seeks to  l in k  e x p e rim e n ts  sh ow in g  th a t  th e  s tre n g th  o f ID D  

is im p o r ta n t  fo r th e  a b u n d a n c e  o f p a r t ic u la r  species (C o m ita  e t a l. 2 0 1 0 ) w i th  th e  delays  

62 t h a t  c h a ra c te r iz e  th e  s tre n g th  o f c o m p e tit io n . T o  m y  k n o w le d g e , d e la y e d  in tra s p e c ific  

d e n s ity -d e p e n d e n c e  has n o t b een  t r e a te d  in  m o d e ls  o f th is  so rt. T h e  p a p e r  e x a m in e s  th e  

64 effects  th a t  d e lays  h ave  on th e  species richness a n d  on th e  q u a lita t iv e  sh ape  o f th e  S A D , a n d  

in tro d u c e s  a  fra m e w o rk  th a t  can  b e  used to  m a tc h  th ese  b ro a d  o b se rv a tio n s  w ith  d e ta ile d  

66 in fo rm a tio n  on th e  s tre n g th  a n d  m ech an ism s  o f d e n s ity -d e p e n d e n c e  in  in d iv id u a l species.

2. M o d e l and  s im u la tio n  

68 M o d e l o f  d e layed  in tra sp ec ific  d e n s ity -d e p e n d e n c e

C o n s id e r th e  ra n d o m  v a r ia b le  N  d e s c rib in g  th e  n u m b e r  o f m e m b e rs  o f a  species in  

70 a  s ing le  p a tc h . In  th e  absence o f de lays , assum e t h a t  th e  n u m b e r  increases b y  1 a t  ra te  

(cf)N +  m ) p ( N )  w h e re  <f> is p e r  c a p ita  fe c u n d ity , m  th e  ra te  o f im m ig ra t io n , a n d  p ( N )  g ives  

72 th e  d e n s ity -d e p e n d e n t p ro b a b il i ty  o f o ffs p rin g  o r im m ig ra n t  s u rv iv a l ( ta b le  1 ). T h e  n u m b e r  

decreases b y  1 a t  ra te  f i N  w h e re  /./, is th e  p e r  c a p ita  d e a th  ra te , w h e re  a ll  ra te s  can  be
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74 th o u g h t o f as b e in g  in  years . T h e  p ro b a b il i ty  qn t h a t  spccics has n  m e m b e rs  fo llow s th e  

m a s te r  e q u a tio n

d,Qn
=  ((f)(n -  1 ) +  r n )p (n  -  l ) q n- i  -  {{(pn +  m ) p ( n )  +  / i n )q n +  / / ( n  +  l ) q n+1

76 fo r n  >  0 (w ith  q_i  =  0 to  av o id  b ir th s  in to  th e  0 c lass). A lth o u g h  m o st o f th e  re s u lts  are  

g e n e ra l fo r a n y  d ecreas in g  fu n c tio n  p ( i ?,), I  d escrib e  I D D  w ith  th e  fo rm

p { n )  =  T T f e l  (1 )

78 w h e re  b g ives th e  s tre n g th  o f ID D .  B ecause th is  fu n c tio n  is m u lt ip lie d  b y  fe c u n d ity , w e can  

set p ( 0 ) =  1  w ith o u t  loss o f g e n e ra lity .

so A t  e q u ilib r iu m , th is  set o f e q u a tio n s  can  b c  so lved s e q u e n tia lly  fo r qn+ i  in  te rm s  o f qn 

fo r n  >  0 as

(</m +  m ) p ( n ) q n =  n ( n  +  l ) q n+ i ■ ( 2 )

82 T h e n  w e can  solve fo r q0 because th ese  p ro b a b ilit ie s  m u s t a d d  u p  to  I .  T h is  is a  sp ec ia l 

case o f a  m o re  g e n e ra l an a lys is  (A llo u c h e  a n d  K a d m o n  2 0 0 9 ), a n d  co u ld  b e  a p p ro x im a te d

84 u s in g  th e  m e th o d s  p re s e n te d  in  A d le r  &  M u lle r -L a n d a u  (2 0 0 5 ) .

T o  m o d e l d e la y e d  I D D ,  re p la c e  th e  c u rre n t a b u n d a n c e  n  in  th e  fu n c tio n  p ( n )  w i th  p ( x )

se w h e re  x  is a n  e ffe c tiv e  p o p u la t io n  size t h a t  decays to w a rd  th e  a c tu a l p o p u la t io n  size w ith  

t im e  c o n s ta n t r  a c c o rd in g  to  th e  d iffe re n tia l e q u a tio n

dx  n  — x  . .

m  =  —  (3)

88 F o r e x a m p le , i f  d e la y e d  I D D  acts  th ro u g h  s p e c ia lize d  p a th o g e n s , r  is th e  averag e  t im e  t h a t  

those  p a th o g e n s  re m a in  v ia b le  in  th e  absence o f hosts. T h e  v a lu e  r  =  0 reduces to  th e  ease

90 with no delay
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T a b ic  1: P a ra m e te rs  used in  th e  m o d e l a n d  s im u la tio n s

S y m b o l D e s c r ip tio n V a lu e s  used in  s im u la tio n s

n * p o p u la t io n  w h e re  b ir th s  b a la n c e  d e a th s 5

A'- p e r  c a p ita  ra te  o f d e a th C h o sen  to  b a la n c e  b ir th s  n e a r i f

T t im e  c o n s ta n t o f d e layed  ID D 0 . 1 , 1 , 1 0 , 1 0 0 , 10 0 0

b s tre n g th  o f ID D 0, 0 .1 , 0 .5 , 1

0 p e r  c a p ita  fe c u n d ity 1

m im m ig ra t io n  ra te 0 .0 0 1 , 0 .0 1

J n u m b e r o f a d u lts  p e r  p a tc h 10 0

ts tep s n u m b e r o f t im e  steps in  s im u la t io n 20 0 0 0
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T h e  m o d e l tra c k s  p ro b a b il i ty  d e n s ity  fu n c tio n s  gn (x)  d e s c rib in g  th e  d is tr ib u t io n  o f 

92 e ffec tive  p o p u la t io n  x  w h e n  th e  species has a c tu a l p o p u la t io n  n.  T h e s e  p ro b a b il i ty  d e n s ity  

fu n c tio n s  o b e y  th e  a d v e c tio n  e q u a tio n

d^_  +  l d ( n  x ) g n =  n  -  l )  +  m ) p ( x ) g n- 1 -  {{(pn +  r r i )p( x)  +  i m ) g n +  /Mn  +  l ) g n+L. (4) 
a t  t  o x

94 A t  e q u ilib r iu m , th is  reduces to  th e  d iffe re n tia l e q u a tio n  

1 d
-  —  ( n - x ) g n (x )  =  ( < j ) ( n - l ) + m ) p ( x ) g n- i ( x )  -  (((fm +  m ) p ( x )  + f i n ) g n (x )  +  n ( n  +  l ) g n+1(x) .  
t  ax

L e t t in g  gn {x )  re p re s e n t th e  s o lu tio n  o f th is  e q u a tio n , th e  u n c o n d it io n a l p ro b a b il i ty  th a t  

96 a  species has n  m e m b e rs  qn is
roo

qn =  I gn ( x ) d x  
J x =o

s u b je c t to  th e  c o n s tra in t th a t

n = 0

M o m en t an a ly sis

I  d e fin e  p n as th e  m e a n  o ffs p rin g  s u rv iv a l w h e n  p o p u la t io n  size is n , g iv e n  b y

=  f 1Z 0 p M g „ ( - i : ) d .T

n  Qn '

In te g r a t in g  e q u a tio n  5 over a ll  x  gives

{(jm +  m ) p nqn =  f i ( n  +  l ) q n+1 (7 )

This requires assuming tha t

lim (n -  x)gn(x) =  ngn{0) =  0.
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102 T h e  firs t te r m  reduces to  zero  u n d e r th e  a s s u m p tio n  th a t  gn (x)  decays s u ffic ie n tly  q u ic k ly  

to  zero , as can  b e  e x p e c te d  w h e n  re p ro d u c t io n  is a  d ecreas in g  fu n c tio n  o f p o p u la t io n  size  

104 a n d  as is observed  in  s im u la tio n s . T h e  second te r m  is e x a c tly  zero  w h e n  n  — 0, a n d  w e  

n ecessarily  h ave  th a t  gn (0 ) =  0 fo r n  >  0 because th e  d e n s ity  a lw ays  flow s a w a y  fro m  x  =  0 

io6 fo r a n y  p o s itiv e  n.  E q u a t io n  7 m a tc h e s  e q u a t io n  2 e x c e p t th a t  o n ly  th e  averag e  s u rv iv o rs h ip  

m a tte rs .

los S im ila r ly , d e fin e  N n as th e  m e a n  e ffe c tiv e  p o p u la t io n  w h e n  a c tu a l p o p u la t io n  size is n.

g iv e n  b y

^  =  f ~ 0 x g „ ( x ) d x ^

Qn

no W it h  s m a ll va lues  o f r ,  w c  e x p e c t N n «  n.

M u lt ip ly in g  b o th  sides o f e q u a t io n  5 b y  x  a n d  in te g ra t in g  gives

N n -  n  f ° °  f ° °
—  qn =  (4>(n — 1 ) +  m )  x p ( x ) g n- i ( x ) d x  — f.m x g n ( x ) d x

T Jx=0 J x=0
poo  / ‘ OO

— ((f>n +  m )  I  x p ( x ) g n ( x ) d x  +  f i ( n  +  1) x gn+ i ( x ) d x .
Jx=0 J x=0

112 A g a in , w e m u s t assum e t h a t  gn (x)  decays s u ffic ie n tly  q u ic k ly  to  zero  fo r la rg e  x.  D e fin in g

An = N n -  n  (9)

a n d  e x p a n d in g  in te g ra ls  a ro u n d  x  — n,  w e  f in d  th a t

A n

T
qn «  (cf)(n -  1) +  m ) p ( n  -  1 ) ( ( n  -  1) +  p ( n  -  l ) A n- 1)q n- 1 -  / i n ( n  +  A n)qn

-  {(fm +  m ) p ( n ) ( n  + p ( n ) A n )qn +  f i ( n  +  1 ) ( n  +  1 +  A n+1)g n+1.

T h is  assum es t h a t  gn (x)  is s tro n g ly  p e a k e d  n e a r x  — n,  a n  a s s u m p tio n  o n ly  a p p ro p r ia te  fo r  

s m a ll va lu es  o f r .  I  used th e  fo rm  o f p { x )  g iv e n  in  e q u a t io n  1 to  s im p lify  th e  d e riv a tiv e s .
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lie S u b s t itu t in g  th e  re c u rs iv e  re la tio n s h ip  b e tw e e n  th e  r/n 's (e q u a tio n  7 ), th is  can  bc  

w r it t e n  e n t ire ly  in  te rm s  o f fa c to rs  o f qn t h a t  can ce l, le a d in g , a fte r  som e a lg e b ra , to

—  «  ((fm +  m ) p ( n )  -  f i n  +  (</m +  m ) p ( n ) ( A n+1 -  A n ) -  f i n ( A n -  A tc_ i ) .  ( 1 0 ) 
r

ns I  p resen t h e re  o n ly  re s u lts  fro m  th e  f irs t o rd e r a p p ro x im a te  values  o f A n o f

A n =  r ( ( ( fm  +  m ) p ( n )  -  / in ) ,  ( I I )

v a lid  w h e n  r  is s m a ll. W i t h  th is  a p p ro x im a tio n ,

N n =  n  +  t ((4>7 i  +  m ) p ( n )  — f in ) .  ( 1 2 )

120 T h is  e q u a tio n  describes a  b a la n c e  b e tw e e n  g ro w th  a n d  d ec lin e , w i th  m e a n  e ffe c tiv e  size  

g re a te r  th a n  a c tu a l size w h e n  n  is s m a ll, a n d  less th a n  a c tu a l size w h e n  n  is re la t iv e ly  la rge .

122 S im u la tio n

T h e  s im u la tio n , im p le m e n te d  in  R  ( R  D e v e lo p m e n t C o re  T e a m  2 0 0 7 ), tra c k s  th e

124 a b u n d a n c e  o f a  s ing le  spccics as a  ra n d o m  w a lk  in  th e  p o p u la t io n  size N .  H o w e v e r, in  th e  

presence o f de lays , th e  ra te  o f tra n s it io n s  d ue  to  b ir th s  changes over t im e . S uppose th e

126 species has ju s t  e n te re d  th e  s ta te  w i th  p o p u la t io n  size n  a n d  e ffec tive  p o p u la t io n  size x 0. I t  

leaves t h a t  p o p u la t io n  a t  ra te

U  ( t )  =  (4>n +  / i n ) p ( x ( t ) )  +  fm .

128 Here x  ( t )  is the solution of equation 3 given by

x ( t )  =  e ~ ^ x 0 +  (1 — e ~ ~ ) n .
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The probability S(t) that no event has occurred obeys the differential equation

^  + i_m)p(x(t)) + fin)S

130 with initial condition S'(O) = 1 and solution

S ( t )  =  e - f£ U {s )d s

The time until the next event can be found by solving for the time t. when S(t) is equal to a 
132 random number r chosen uniformly from [0,1], or equivalently where f^U(s)ds = — log(r). 

With the choice of p(x) given by equation 1, wc can integrate U(s) explicitly to give

(<jm + m)T I t ( b(x0 -  n)e~r + (1 + bn) \ \ , . _ . ,
- T T b T -  [ r  +  log [ A-------- 1  +  faT -------- j  J  + ipn +  m)t = “ log(r)-

134 At the time t when the next event occurs, the population increases with probability 
proportional to (</>n + m)p(x(t)) and decreases with probability proportional to /.m.

136 To keep populations from increasing without bound in eases where the strength b of 
density dependence is low, the probability of increase is multiplied by 1 — j  with J acting 

138 as a maximum population size. The death rate // was chosen so that the birth/immigration 
rate with n = x = n* is equal to /m* for a “target” value n*. This value should be 

140 approximately where Nn = n (equation 12).

The values of qn can be estimated from the simulation by adding up the total time
142 spent with population n. To estimate gn(x), I choose a grid of values of x in the range from

0 to the maximum n observed. At each value, the time spent near x when the population
144 is n is proportional to ,—-—r, and these times are added up over all intervals when the\n — x\

effective population size crossed x with actual population n. To avoid dividing by zero, the 
146 grid of x values avoids the integers.
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Then pn and Nn can be found by integrating over each simulated interval with 
population size n. If the population begins with effective population x r ends at x'- and runs 
for a time Atj, the mean effective population size is

N„ = 5 2  j . O '  X ( t ) d t

5 2  j

iso With x(t) given by equation 3, this reduces to

^  _  E j f e  - x ' ^ r  +  n A t j

" '  E ,  '

Similarly, the estimated average survivorship when at population n. pn. is

-  _ Ej f0Ati p(x(t))dt
Pn~ E3a t,

152 which can be rewritten as
V . W  l+bx[>) +
^-'7 1 -\-bn o v U -bxn )—  -— 'j 1+6n o V l +b x j )  l+ bn /i o\

---------------  (1 3 )

To estimate species abundances, species arc sampled to have abundance from the 
154 estimated distribution of qn (Etienne et al. 2007). Let Nk represent the number of members 

of species k, with Nk = n with probability qn. Define Nk as the probability distribution 
156 restricted to Nk > 0, with probability distribution

Pr (Nk = n) = q”
i  -  go

The total population size T after sampling S species is
s

k=1

158 with expectation
E(T) = E (S)E{N).



UU 
IR 

A
uthor 

M
anuscript 

UU 
IR 

A
uthor 

M
anuscript

L X in ■ : University o f Utah Institutional Repository
Author Manuscript

12 -

Setting E(T) = J, we find that

E(S) = - L -  = J^ ~  Qo\ (14) E(N) E (N) V ;

On average, the number of species sampled before filling a site depends only on the expected 
population size of each species and the probability that a species is present.

162 3. R esults

For small values of r, simulated values of the probability density functions gn(x) arc 
164 centered around x « n, while with large r they become highly skewed and centered around 

??* for 77, > 0 (Figure 1). In this latter case, the effective size is relatively large when 
lee the actual population is small, and relatively small when the actual population is large 

(Figure 2). This creates a flattening of offspring survival as a function of population size 
168 that reduces the advantage of rarity (Figure 3).

In the absence of IDD {b — 0), the duration of the delay r has no effect on the mean 
170 observed spccics richness. At small values of r, positive IDD leads to increased biodiversity 

by creating an advantage of rarity (Figure 4). At large values of r, however, standing 
172 species richness is reduced by IDD. When populations are close to extinction, they tend to 

have a relatively large effective population size (Figure 1), and thus a higher probability of 
174 extinction than in the absence of IDD.

The approximation given by equation 14 accurately predicts diversity (Figure 5), by 
176 using only the simulated mean values of E(AT) and q0. Using instead the simulated values pn 

for the mean offspring survival probabilities, we can compute the values of qn (equation 7), 
178 giving a reasonable, although less accurate approximation.
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Fig. 1.
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Fig. 2.—
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Fig. 5.—
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In the absence of delays, strong IDD (6 = 0.5 or 6=1) creates unrealistic species 
iso abundance distributions that have most species with intermediate abundance (Figure 6).

However, the inclusion of delays alters these shapes to more realistic concave up shapes.
182 The species abundance distribution with strong delayed IDD differs from those in the 

absence of IDD (6 = 0) in having a longer tail that generates the lower species richness.

184 4. Discussion

This paper presents a model for studying the species richness and species abundance 
186 distribution (SAD) in local communities structured by intraspecific density-dependence 

(IDD) described by a function relating current local abundance of a species to survival of its 
188 offspring. In the absence of delays, IDD increases species richness, but only slightly. Strong 

IDD, however, can create an SAD with an unrealistic mode at intermediate population size 
190 (Figure 6).

Delayed IDD leads to a systematic change in the shape of the SAD to have a mode 
192 at the rarest species (Figure 6). If delayed IDD is a general description of both long-lived 

pathogens and of niche differentiation through resource dynamics, the fact that it can 
194 correct the unrealistic deficiency of rare species generated by models with strong IDD 

argues that delays arc worthy of further consideration.

196 The basic equation presented in this paper can be extended to include heterogeneity 
among species through differences in their parameter values, particularly the strength of 

198 IDD or the duration of the delay, although including interspecific competition is much 
more difficult. These models would be appropriate for more detailed fitting to empirical 

200 data (McGill et al. 2006). In the context of discrete patches, the immigration m for each
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spccics could bc adjusted to match its long-term abundance in the metacommunity (Hubbell 
202 2001) or model differences in dispersal among species. The model can also be extended 

to address the tradeoff between competition and mortality (Adler and Mosquera 2000) by 
204 choosing certain species to have higher fecundity and modifying the death rate to differ 

between species.

206 The description of IDD does not include an explicit mechanism, and focuses only 
a single age class. A more mechanistic model that included the effects of heterospecific 

208 competitors (Alonso ct al. 2008) would help in creating a more realistic implementation 
of delayed IDD. For example, specialized predators could play a kcy role in these 

210 dynamics (Levin et al. 1977).

How stochasticity, whether through changes in the environment (Allen and Savage 
212 2007) or in recruitment (Kelly and Bowler 2002), can bc subsumed into this approach is 

unclear. However, the dominant effect of mean survival (equation 7) argues that at least the 
214 first form of environmental noise might be tractable. These extensions might be possible to 

address with the diffusion approximation (Allen and Savage 2007), although those methods 
2i6 would bc challenging to use when species differ.

Understanding the role of space could take several paths (Levin 1974). First, in most 
218 real ecosystems patches are an abstraction. How the parameters of the survival function, 

particularly the parameter b that describes IDD, depend on the choice of patch size could be 
220 derived from the mechanism of interaction. Second, the survival function could bc derived 

from a description of the scalc and type of both dispersal and interaction (Murrell and Law 
222 2003), a step missing from our earlier analysis of the Janzen-Connell hypothesis (Adler and 

Muller-Landau 2005). The intriguing phenomenon of diversity repellers and accumulators,
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224 species that have local neighborhoods with relatively low or high biodiversity (Wiegand 
et al. 2007) might cast light on this problem. Finally, local dispersal among patches in 

226 a spatially realistic metapopulation (Adler and Nuernberger 1994) can have substantial 
effects on diversity (Chave et al. 2002).

228 The focus on pure IDD ignores the fact that density-dependent factors, such as
pathogens, tend not to affect only a single species but spill over to similar or closely-related 

230 species (Gilbert and Webb 2007), although comprehensive data are still lacking (Freckleton 
and Lewis 2006). At least one study has found that a slight majority of species arc affected 

232 equally by all others, and that the rest arc affected most by neighbors of the same species, 
family, or guild (Uriarte et al. 2004). To address this, the models could be extended most 

234 simply by focusing on cases with species assigned to two or more types. Probability of 
survival could be a function of both the number of conspecifics and “contypics.” More 

236 generally, one could imagine a matrix describing the effects different spccics have on 
each other, much like the matrix of distances between patches in a spatially realistic 

238 metapopulation model (Adler and Nuernberger 1994).

The results presented here arc based on the underlying distribution of abundance 
240 rather than samples (Chave 2004). Given that this underlying distribution cannot be 

computed explicitly, deriving the distribution of samples will almost certainly have to 
242 be done numerically. However, estimating the parameters of the underlying model from 

empirical data via maximum likelihood may be possible using hierarchical methods (Clark 
244 2007).

A particular application somewhat removed from those addressed in this literature 
246 provides further motivation for delays. Some viruses, such as the rhinoviruses that cause
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the majority of common colds, have high serotypic diversity (Savolainen et al. 2002), with 
248 an entire new clade having been recently discovered (Lee et al. 2007). Preliminary models 

with the neutral theory (Koppelman and Adler 2005) achieved relatively good fits to classic 
250 data on abundances (Monto et al. 1987), but neglected the kcy way that viruses interact: 

through specific and non-specific immune memory. A dynamical model showed that the 
252 details of immune interactions among viruses can play a kcy role in influenza (Ferguson 

et al. 2003), and data are emerging that describe the immunological interactions between 
254 different viral strains (Gern et al. 1997). Genetic sequencing is making viral diversity highly 

accessible, and challenges us to develop both empirical and theoretical methods to deal with 
256 complex networks of delayed interactions. Furthermore, the more rapid turnover of specics 

or serotypes in viruses could use the temporal changes in abundance of particular types to 
258 estimate the effects of delays.

Delays also play a kcy role in maintaining the diversity of ideas, which arc governed 
260 by a complex balance between positive and negative feedbacks (Durrett and Levin 2005).

New, or seemingly new, ideas have a certain appeal due to the advantage of rarity, while 
262 extensions of older and more established ideas have an appeal derived from their familiarity 

and more rapid acceptance (Ehrlich and Levin 2005). Those rare scholars and teachers who 
264 maintain an effective working memory for past ideas along with a quick appreciation of the 

best new ideas buffer research from extreme conservatism or faddishness, and act to sustain 
266 a healthy and robust community of ideas.
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392 Figure 1: Smoothed densities of simulated g n ( x ) .  the probability density of an effective size 
of x  for a given actual population, with strong IDD b — 1 and two values of r .  The 

394 dashed line shows g 0 ( x ), and the solid lines sequentially show g i ( x )  up through g s { x ) .

Figure 2: Simulated (solid dots) and predicted (solid lines) values of the mean effective 
396 population size Nn compared with the line of equality (dashed diagonal line). The

low order approximation breaks down for values of r > 1 .

398 Figure 3: Simulated (thick line) values of the mean survival probability pn for different 
strengths of IDD b and delays r, compared with the values of the survival function 

400 p(n) that would obtain in the absence of delays (dashed lines).

Figure 4: Species richness as a function of b. the strength of IDD, and the duration of the 
402 delay r. Each value generated by simulation of the system with given parameters for

20,000 steps.

404 Figure 5: Comparison of diversity sampled from simulation with two predictions from 
statistics derived from simulation: based solely on the mean population size and the 

406 probability of extinction (equation 14, solid dots), and based on the values of qn
derived from equation 7 using estimated values of pn (equation 13).

408 Figure 6: Species abundance distributions as a function of the strength of IDD b and the 
duration of the delay r.


