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ABSTRACT 

URBAN, D. L., H. H. SHUGAKT, Jr., D. L. DeANGELIS, and 
K. V. O'NEILL. 1988. F o r e s t  B i r d  Demography i n  a 
landscape mosaic. ORNL/TM-10332. Oak Ridge N a t i o n a l  
Labora to ry ,  Oak Ridge, Tennessee. 226 pp. 

A tandem approach o f  f i e l d  s t u d i e s  and s i m u l a t i o n  model ing was 

used t o  examine a v i a n  demography i n  a landscape mosaic o f  h a b i t a t  

patches. 

d e c l i n e  i n  abundance o f  a subset  o f  b i r d  spec ies  s e n s i t i v e  t o  f o r e s t  

f ragmen ta t i on .  Species abundance p a t t e r n s  i n  f o r e s t  patches were 

framed as t h e  consequence o f  i n d i v i d u a l  b i r d s '  demographics, 

c o n s t r a i n e d  by  t h e i r  landscape c o n t e x t ;  t h i s  c o n t e x t  was p a r t i t i o n e d  

t o  emphasize h a b i t a t  a v a i l a b i l i t y  ( o r  area),  a c c e s s i b i l i t y  ( o r  

i s o l a t i o n ) ,  and l o c a l i z e d  f a c t o r s  a f f e c t i n g  r e p r o d u c t i v e  success ( n e s t  

A p a r t i c u l a r  goa l  was t o  a t tempt  t o  account f o r  t h e  r e g i o n a l  

p r e d a t i o n  and brood p a r a s i t i s m ) .  

examined i n  t u r n ,  t o  assess t h e i r  r e l a t i v e  c o n t r i b u t i o n  t o  spec ies  

abundance p a t t e r n s  observed i n  landscape mosaics. 

Each o f  t hese  c o n s t r a i n t s  was 

A f o r e s t  s i m u l a t i o n  model was used t o  develop a t h e o r e t i c a l  b a s i s  

f o r  t h e  impor tance o f  m i c r o h a b i t a t  p a t t e r n  i n  f o r e s t  b i r d  

communit ies. S imulated p a t t e r n s  i n  m i c r o h a b i t a t  a v a i l a b i l i t y  could 

p r o v i d e  f o r  success ional  t r e n d s  i n  b i r d  species d i v e r s i t y ,  a r e l a t i o n  

between n i c h e  p o s i t i o n  and spec ies  abundance, t h e  occurrence o f  more 

r a r e  species t h a n  common ones, and a spec ies /a rea  e f f e c t .  Hypotheses 

about m i c r o h a b i t a t  v a r i e t y  and b i r d  spec ies  d i s t r i b u t i o n  i n  landscapes 

were n o t  suppor ted b y  d a t a  f r o m  woodlots  i n  Cadiz Township, southern 

Wisconsin. B u t  a m e c h a n i s t i c  unders tand ing  o f  t h e  agents a f f e c t i n g  
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m i c r o h a b i t a t  p a t t e r n  suggested scenar ios  under which e m p i r i c a l  

es t i i i i a tes  o f  m i c r o h a b i t d t  d i v e r s i t y  m igh t  c o n t r i b u t e  s u b s t a n t i a l l y  t o  

p r e d i c t i o n s  o f  b i r d s  species abundance p a t t e r n s .  

H a b i t a t  a c c e s s i b i l i t y  d i d  n o t  seem t o  be an e f f e c t i v e  c o n s t r a i n t  

on species d i s t r i b u t i o n  i n  t h e  Cadiz mosaic. N e i t h e r  p a t t e r n s  o f  

s p a t i a l  d i s p e r s i o n  o f  common species, n o r  spec ies  t a l l i e s  p e r  woodlot  

o f f e r e d  compe l l i ng  ev idence t h a t  any woodlots  were so i s o l a t e d  as t o  

a f f e c t  av ian  vag i  1 i t y ,  

i s o l a t i o t i  becomes i n c r e a s i n g l y  impor tan t  as t h e  mean d i s t a n c e  between 

patches increases,  u n t i l  t h i s  d i s t a n c e  i s  s i m i l a r  t o  t h e  d i s p e r s a l  

range o f  t h e  b i r d  species; i n  mosaics w i t h  s t i l l  g r e a t e r  d i s tances  

between patches, i s o l a t i o n  decreases i n  impor tance as an exp lana to ry  

v a r i a b l e .  

S i m u l a t i o n  exper iments suggested t h a t  pa tch  

S e n s i t i v i t y  a n a l y s i s  o f  n a t a l i t y  terms i n  t h e  s i m u l a t i o n  model 

i m p l i c a t e d  f a c t o r s  a f f e c t i n g  r e p r o d u c t i v e  success as p o t e n t i a l l y  

power fu l  c o n s t r a i n t s  on t h e  d i s t r i b u t i o n  o f  spec ies s u s c e p t i b l e  t o  

n e s t  p r e d a t i o n  and brood pa ras i t i sm.  A n a l y s i s  o f  model u n c e r t a i n t y  

suggested t h a t  p r e d i c t i o n s  o f  p o p u l a t i o n  t rends  a t  t h e  landscape s c a l e  

cannot  r e l y  on d e t a i l e d  demographic mechanisms, b u t  should proceed 

i n s t e a d  t o  d e r i v e  c o a r s e r - r e s o l u t i o n  rriodels t h a t  m igh t  be implemented 

a t  t h e  landscape scale.  The h i e r a r c h i c a l  conceptual  model developed 

i n  t h i s  s tudy  rep resen ts  a s y n t h e t i c  genera l  model, a framework t h a t  

can be s i m p l i f i e d  under s p e c i f i e d  scenar ios  t o  p r o v i d e  p r e d i c t i o n s  

about b i r d  species abundance p a t t e r n s  i n  landscape mosaics. 
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CHAPTER 1 

A V I A N  DEMOGRAPHY I N  MOSAIC LANDSCAPES 

I n t r o d u c t i o n  

A t e r r e s t r i a l  landscape i s  a mosaic o f  heterogeneous landforms, 

v e g e t a t i o n  types, and hurilan l a n d  uses. 

c u r r e n t l y  emerging as a new d i s c i p l i n e  i n  eco logy  (Forman 1981, 1983; 

Forman and Godron 1981, 1986; Naveh and Lieberman 1984). One concern 

o f  landscape eco logy  i s  t o  account f o r  spec ies  abundance pa t te rs ls  i n  

t h e  mosaic o f  h a b i t a t s  t h a t  landscapes p r o v i d e  ( K i s s e r  e t  a l .  1984). 

The s tudy  o f  landscapes i s  

Many s t u d i e s  i n  landscape eco logy  have t h e i r  r o o t s  i n  i s l a n d  

b iogeograph ic  t h e o r y  (MacArthur and Wi lson 1967). 

s t u d i e s  pursued t h e  r e l a t i o n s h i p  between h a b i t a t  ( i s l a n d )  area and 

spec ies  r i chness .  

b i r d s  i n  woodlots  (e.g., Ambuel and Temple 1983, Forman e t  a l .  1976, 

G a l l i  e t  a l ,  1976, Moore and Hooper 1975, MacCl in tock e t  a l .  1977). 

I n  f a c t ,  t h e  spec ies /area  r e l a t i o n s h i p  was a r a t h e r  u n i n t e r e s t i n g  

r e s u l t .  Larger  woodlots  suppor t  more species.  A more i n t e r e s t i n g  

r e s u l t  was t h e  i d e n t i f i c a t i o n  o f  a subset o f  spec ies  t h a t  a re  

symptomat ica l l y  r a r e  i n  smal l  and/or i s o l a t e d  woodlots  ( F i g u r e  1 . l )  

(Whitcomb e t  a l .  1981; see a l s o  Forman e t  a l .  1976, Lynch and Whigham 

1984, Lynch and Whitcomb 1978, Robbins 1979, Whitcomb e t  a l .  1976). 

Fo r  s tudy  s i t e s  w i t h  s u f f i c i e n t  h i s t o r i c a l  d a t a  t o  r e c o r d  a t rend ,  

these "a rea -sens i t i ve "  species have shown a gradua l  b u t  s teady d e c l i n e  

i n  abundance over  t h e  pas t  seve ra l  decades ( F i g u r e  1.2). 

I n  p a r t i c u l a r ,  many 

A number o f  these s t u d i e s  have focused on f o r e s t  

To t h e  
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1 

F i g u r e  1.1. 
species in surveys of forest tracts ranging 1-100 ha i n  area (redrawn 
from Whitcomb et al. 1981). 

Incidence of generalist, edge, and forest interior bird 
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Figure 1 .2 .  Incidence o f  neotropical migrants in  censuses of Trelease 
Woods, an isolated 22-ha t r a c t  i n  central  I l l i n o i s  (redrawn frcim Lynch 
and Whitcomb 1978). 

extent t h a t  t h i s  same general trend could be witnessed over much o f  

the  eastern deciduous f o r e s t ,  t h i s  decline has achieved the s t a t u s  of 

a phenomenon. 

A Hierarchical Perspective 

A useful perspective on a var ie ty  o f  natural  phenomena derives 

from hierarchy theory (Allen and S t a r r  1982; O'Neill e t  a l .  1986; 

Pat tee  1973; Whyte e t  a l .  1969). Hierarchy theory a s se r t s  t h a t  a 

natural  event witnessed as  a phenomenon i s  the consequence of 

mechanisms acting in a constraining context. 

potent ia l  o f  the mechanisms i s  r e s t r i c t ed  by the i r  environmental 

That i s ,  the f u l l  
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c o n t e x t  so  t h a t  t h e i r  r e a l i z e d  behav io r  i s  d i f f e r e n t  f r o m  t h e i r  

p o t e n t i a l .  H ie ra rchy  e x p l i c i t l y  invokes t h r e e  l e v e l s  o f  r e f e r e n c e  i n  

model ing a phenomenon: l o w e r - l e v e l  mechanisns, t h e  event  i t s e l f ,  and 

h i g h e r - l e v e l  c o n t e x t .  

F o r  b i r d  spec ies  abundance p a t t e r n s  i n  a h a b i t a t  mosaic, t h e  

mechanisms of concern a r e  t h e  demographics o f  i n d i v i d u a l  b i r d s :  t h e i r  

n a t a l i t y ,  d i s p e r s a l ,  and m o r t a l i t y .  The c o n t e x t  i s  p rav ided  by  t h e  

landscape i t s e l f :  t h e  v a r i e t y  and r e l a t i v e  abundance o f  h a b i t a t s ,  and 

t h e i r  s p a t i a l  c o n f i g u r a t i o n .  Because t h e  mosaic metapopulat ion ( t h e  

sum o f  t h e  p o p u l a t i o n s  o f  a species i n  a l l  t h e  pa tches)  can p r o v i d e  

f o r  q u a l i t a t i v e l y  d i f f e r e n t  p o p u l a t i o n  dynamics i n  patches f o r  l a r g e  

versus sma l l  metapopulat ions,  i t  i s  a p p r o p r i a t e  t o  c o n s i d e r  t h e  

me tapopu la t i on  as c o n t e x t  as well ( F i g u r e  1.3). 

ORNL-DWG 84.-13263 

DEMOG R AP H IC €3 E H AV IO R 0 F I N D I V I  DUALS 

Figure  1.3. 
patches as t h e  consequence o f  i n d i v i d u a l s '  demographics i n  a 
c o n s t r a i n i n g  con-text .  

Conceptual model of av ian  p o p u l a t i o n  dynamics i n  f o r e s t  
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Mechanisms of Avian Demography 

Avian ecologists have gone a long way toward explaining species' 

sensitivity to forest fragmentation by focusing on suites o f  

life-history tactics (Lynch and Whitcomb 1978, Kobbins 1979, Whitcomb 

et al. 1981). Clearly certain life-history tactics are disadvalntageous 

in a fragmented-forest mosaic (Figure 1.4) (Whitcomb et al. 1981). 

The Ovenbird (cornmun names follow AOU 1982; see Appendix), an 

archetypal area-sensitive species, i s  a neotropical migrant warbler 

with rigid habitat preferences for mature, interior forest, where it 

builds an open nest on the ground. 

subject to high rates of brood parasitism and nest depredation in small 

woodlots, it may be restricted by its rigid requirements for preferred 

microhabitat, and may have difficulty locating available but spatially 

isolated patches of breeding habitat. 

of a bad strategy on being a bird in a fragmented-forest landscape. 

Consequently, the Ovenbird may be 

The Ovenbird is a good example 

The Landscape Context 

Consider the three conditions a bird population must meet t o  

persist regionally: 

(it must exist); (2) habitats must be accessible to the birds; and 

( 3 )  net recruitment, on average, must be nonnegative. Potential 

breeding habitat is defined relative to the habitat selection criteria 

o f  particular bird species, but habitat availability i s  not a function 

o f  bird biology. Rather, habitat availability depends on the dynamic 

interplay between disturbances (including forest management) and 

(1) potential breeding habitat mist be available 



6 
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Figure 1 . 4 .  
fragmentation (modified f r o m  Whitcornb e t  a l .  1981) .  

Summary of avian l i fe -h is tory  t a c t i c s  sens i t ive  t o  f o r e s t  
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succession. Habitat accessibility and net recruitment, however, are 

functions of bird biology. 

abilities of bird species. 

mortality, hence reflects factors affecting these. For birds in 

forest fragments, two very important factors are brood parasitism 

(Brittingham and Temple 1983) and nest depredation (Gates and Gysel 

1978, Wilcove 1985). Both of these are primarily edge effects. 

Accessibility depends on the dispersal 

Net recruitment is simply natality minus 

Now consider the changes in these three conditions attendant with 

forest fragmentation over the past several decades. As forests were 

cleared f o r  human land uses, the total amount of forest decreased 

dramatically; forest management has likely influenced microhabitat 

diversity within remnant forests as well. As fragmentation proceeded, 

the distance between remnant patches increased, rescaling habitat 

accessibility relative to birds' dispersal abilities. Finally, as 

patch size decreased, the proportion of edge habitat per unit area 

increased, locally intensifying edge effects on net reproduction. 

These three conditions are thus interrelated, and have changed 

dramatically over the past several decades (Figure 1.5). 

Rationale and Overview 

It is instructive to reconsider avian life-history tactics 

relative to the landscape-scale constraint system: each o f  the 

sensitive tactics reflects species response to habitat availability, 

accessibility, or net recruitment. As the bird species pool for the 

eastern deciduous forest has remained essentially unchanged over the 

past century while the constraints on bird demography have changed 
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F i g u r e  1.5.. T r a j e c t o r y  o f  change i n  t o t a l  f o r e s t  area, edge area, and 
mean d i s t a n c e  between patches i n  Cadiz Township, sou the rn  Wisconsin 
( redrawn f r o m  Sharpe e t  a l .  1981). 
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I 

dramatically, it seems plausible to adopt the working hypothesis that 

the phenomenological decline in abundance o f  area-sensitive species 

can be attributed to the altered constraint system. 

chapters attend each of these constraints in turn. 

The focus i n  this dissertation i s  on bird demography during the 

Subsequent 

breeding season. For neotropical migrants, this focus ignores the 

likelihood that events on the wintering grounds may have an important 

effect on breeding bird populations (e.g., Keast and Morton 1980). 

The distribution o f  permanent residents may likewise be constrained by 

the rigors of overwintering, e.g., by limiting food resources. 

some aspects o f  these are clearly related to the three constraints 

considered here (especially habitat availability), an in-depth 

treatment o f  them is beyond the scope of this dissertation. 

While 

Note that because the three constraints are interrelated (just as 

birds life-history tactics are intercorrelated), the goal i s  not so 

much to determine whether an effect exists, but rather, to gauge the 

relative magnitude of the effect of each constraint on bird 

demography. 

simulation modeling provides a means o f  partitioning the effects of 

several contributing factors. 

southern Wisconsin; the simulation model is developed in the following 

chapter. The model, an implementation of the "mechanism in context'' 

conceptualization, makes predictions that are tested against data from 

southern Wisconsin woodlots. Reciprocally, the Wisconsin data suggest 

further model explorations. The model is also useful i n  extrapolating 

To this end, a tandem approach of field studies and 

Chapter 2 introduces the study area in 
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Wisconsin-based conc lus ions  t o  mosaic landscapes o f  o t h e r  s p a t i a l  

c o n f i g u r a t i o n s .  

The f i n a l  chap te r  a t tempts  t o  syn thes i ze  a genera l  model o f  av ian  

demography i n  mosaic landscapes. The model d e r i v e s  from t h e  

h i e r a r c h i c a l  c o n c e p t u a l i z a t i o n  o u t l i n e d  i n  t h i s  chap te r  ( F i g u r e  1 . 3 ) ,  

b u t  i s  tempered by “Cwo f u r t h e r  cons ide ra t i ons .  F i r s t ,  i n  s i t u a t i o n s  

where one o r  more o f  t h e  c o n s t r a i n t s  i s  n o t  an e f f e c t i v e  c o n t r o l  on 

demographics, a p p r o p r i a t e  s i m p l i f i c a t i o n s  can be made i n  t h e  model. 

Secondly, where a c t u a l  mechanisms of importance cannot be reso lved  

e m p i r i c a l l y  f o r  l o g i s t i c a l  reasons, t h e  model suggests t h e  p roper  

sur rogate ,  t h e  h i g h e r - l e v e l  i n t e g r a t i o n  o f  t h e  mechanisms. Because 

t h e  mode1 i s  genera l  i t  can e x p l a i n  a v a r i e t y  o f  demographic 

phenomena; because i t  i s  h i e r a r c h i c a l ,  i t  p rov ides  f o r  s i m p l i f i c a t i o n  

i n  i t s  own terms. As such, t h e  genera l  h i e r a r c h i c a l  model p rov ides  a 

power fu l  franiework w i t h  which t o  e x p l a i n  and p r e d i c t  b i r d  species 

abundance p a t t e r n s  i n  mosaic landscapes. 
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CHAPTER 2 

CADIZ TOWNSHIP, R E V I S I T E D  

I n t r o d u c t i o n  

I n  1904 S h r i n e r  and Copeland in t roduced  Cadiz Township t o  an 

e c o l o g i c a l  audience, documenting t h e  e x t e n t  o f  f o r e s t  f ragmen ta t i on  i n  

t h i s  southern  Wisconsin townsh ip  and s p e c u l a t i n g  about consequent so i l  

e r o s i o n  and degrada t ion  o f  water  q u a l i t y  i n  fa rmland streams. 

(1956) h i g h l i g h t e d  Cadiz Township i n  a c l a s s i c  paper on t h e  e f f e c t s  o f  

f o r e s t  f ragmen ta t i on  on t r e e  spec ies  abundance p a t t e r n s  i n  woodlots  

( F i g u r e  2.1). 

C u r t i s  

Southern Wisconsin has hos ted  a number o f  c l a s s i c  s t u d i e s  i n  

ecology. The genera l  a rea  c o n t r i b u t e d  s tudy  s i t e s  t o  t h e  monumental 

"Vege ta t i on  o f  Wisconsin" ( C u r t i s  1959), as w e l l  as t o  Bond's c l a s s i c  

s tudy  o f  b i r d  spec ies  abundance p a t t e r n s  i n  woodlots  (3ond 1957). 

Bond's  monograph was among t h e  f i r s t  e x t e n s i v e  s t u d i e s  of b i r d  spec ies  

abundance p a t t e r n s  i n  woodlots  o f  t h e  e a s t e r n  deciduous f o r e s t .  

documented d i f f e r e n t i a l  b i r d  spec ies  response t o  f o r e s t  a rea  as w e l l  

as t o  a s y n t h e t i c  f o r e s t  m o i s t u r e  g r a d i e n t  ( t h e  cont inuum index ) .  

More r e c e n t  s t u d i e s  i n  southern  Wisconsin have taken  advantage of t h e  

a r e a ' s  we1 1 docurriented h i s t o r y .  Ambuel and Temple (1982) compared 

c u r r e n t  b i r d  p o p u l a t i o n s  i n  southern  Wisconsin woodlots  t o  d a t a  f r o m  

Bond (7957), and found t h a t  seve ra l  b i r d  spec ies  c o n t i n u e  t o  d e c l i n e  

i n  l o c a l  abundance. Temple and coworkers con t inue  t o  s tudy  f a c t o r s  

e f f e c t i n g  b i r d  spec ies  d i s t r i b u t i o n  i n  s o u t h c e n t r a l  Wisconsin 

He 
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Figure 2.1. 
southern Wisconsin, as area remaining i n  forest at settlement, 1882, 
1902, and 1950 ( f r o m  Curtis 1956). 

I-listory of forest fragmentation in Cadiz Township, 



1 3  

c 

woodlots (Brittingham and Temple 1983, Ambuel and Temple 1983, Temple 

1986). 

A new Cadiz project was initiated in 1983, funded by the National 

Science Foundation and directed by F. Stearns (University of 

Wisconsin-Milwaukee) and D. Sharpe (Southern Illinois University- 

Carbondale). 

characterize forest patches in the township so that plant species 

distributions could be related to patterns o f  land use and other site 

factors. 

that is perhaps unique: the data are simultaneously detailed 

(represented by samples o f  ground cover, shrub, and tree strata), 

extensive (all of Cadiz Township plus part of adjoining Clarno 

Township), exhaustive (essentially every upland woodlot larger than 

1 ha in area), and spatially explicit. Because a concern to account 

for bird species distribution on a landscape requires habitat data o f  

similar scope and resolution (Allen et al. 1984), fieldwork for this 

dissertation was conducted in collaboration with the Sharpe-Stearns 

Cadi z project. 

One goal of this Cadiz project has been to extensively 

This goal motivated the collection of a vegetation data base 

The remainder of this chapter summarizes the Cadiz Township 

landscape, the vegetation data base, and bird census data collected i n  

woodlots in this study area. This data base will be referenced 

repeatedly but selectively in subsequent chapters, so it i s  appropriate 

t o  begin with a general overview of the forest patches and avifauna. 

Because some conclusions will ultimately be generalized to landscape 

mosaics o f  different spatial configurations, it will a l so  be helpful 
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t o  c h a r a c t e r i z e  t h e  Cadiz landscape r e l a t i v e  t o  o t h e r  documented 

landscapes i n  t h e  eas te rn  Un i ted  S ta tes .  

The Cadiz Landscape 

Cadiz Township l i e s  on t h e  I l l i n o i s  border  i n  Green County, 

s o u t h c e n t r a l  Wisconsin (89"54' W .  , 43"30' N.). The township i n c l u d e s  

two phys iog raph ic  landforms. West o f  t h e  Pecatonica R i v e r  and n o r t h  

o f  U.S. Highway 11 l i e s  t h e  d r i f t l e s s  area, a r e g i o n  n o t  over run  by 

t h e  Wisconsin g l a c i a t i o n .  

suppor ted p r a i r i e - o a k  savannah unaer a regime o f  f r e q u e n t  f i r e s  

( F i g u r e  2.2). 

t h i s  area now suppor ts  c losed  canopy f o r e s t  dominated by  oaks 

( e s p e c i a l l y  _-.-__II Quercus macrocarpa -_--I and -_I_ Q. a lba )  (Sharpe e t  a l . ,  i n  

p ress) .  The n o r t h e r n  r e g i o n  o f  t h e  township, eas t  o f  t h e  r i v e r ,  was 

apparen t l y  spared t h e  f r e q u e n t  f i r e s  t h a t  occur red  t o  t h e  west; t h i s  

a rea  now suppor ts  oak Sores t  dominated by - Q. ~- alba.  

t h e  d r i f t l e s s  area t h e  landscape i s  more g e n t l y  r o l l i n g ;  t h i s  area 

c u r r e n t l y  suppor ts  more mesic f o r e s t  dominated by sugar rnaple (Acer  - 
saccharum) and o t h e r  n o r t h e r n  hardwoods. On the eas t ,  i n  a broad band 

ex tend ing  f rom t h e  no r theas t  t o  t h e  s o u t h c e n t r a l  border  o f  t he  

township, was a sward o f  p r a i r i e .  T h i s  area i s  s t i l l  e s s e n t i a l l y  

devo id  o f  f o r e s t .  Thus, topography and n a t i v e  v e g e t a t i o n  d e l i n e a t e  a 

n a t u r a l ,  i n t e r n a l l y  c o n s i s t e n t  landscape u n i t  i n  t h e  southeas tern  and 

s o u t h c e n t r a l  p a r t  o f  t h e  township (Sharpe e t  a l . ,  i n  p ress ) .  T h i s  

area, approx imate ly  50 km , was se lec ted  as a s tudy  area. 

- lhe  r e g i o n  west o f  t h e  r i v e r  h i s t o r i c a l l y  

S ince f i r e s  were suppressed a f  Ler European se t t l emen t ,  

South and eas t  o f  

2 
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CADIZ TOWNSHIP 

R 6 E  

1-3 PRAIRIE 

SEDGE MEADOW, MARSH, ETC. 
C-j SAVANNA (Quercus macrocarpa, Q. alba, Q. rubra) 
m q  XERIC FOREST (Q. alba, Q. rubra, Q. velutina, 

Q. macrocarpa) 
DRY-MESIC FOREST (Q. alba, Q. rubra, hllmus spp., 
Tilia americana, Q. velutina, Acer saccharum, Fraxinus spp.) 

Figure 2.2. 
Wisconsin (from map by Finley 1976). 

Presettlement vegetation in Cadiz  Township, southern 
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Field Methods 

Vegetation Sampling 

In 1983 Cadiz Township was gridded, on U.S.G,S. topographic 

quadrangles (map scale 1:24000), to a resolution of 100 m. 

grid cells coincide conveniently with conventional survey measures. 

Upland woodlots at least 1 ha in area were selected for study; smaller 

patches and wooded corridors less than 100 m wide were not included. 

In each woodlot, trees, shrubs, and ground cover were sampled using 

nested quadrats. For present purposes, further attention is 

restricted to the tree stratum. 

contained 2 10x100-m transects (at 30- and 70-111 positions in the 

cell); each transect comprised 4 10x25-m quadrats (Figure 2.3). An 

effort was made to sample all cells that were entirely forested, but 

this was not always feasible. Fractional cells (less than 50% wooded) 

were not sampled if they were vegetationally sirni lar t o  adjacent 

sampled cells. In large woodlots where it was impractical t o  sample 

every cell, sampled cells were stratified throughout the woodlot. In 

some cases a single transect per cell was used so that more cells in a 

given woodlot could be represented. The total sample analyzed within 

the study area included 691) quadrats in 201 cells i n  45 woodlots 

(Figure 2.4). 

The l-ha 

In general, each wooded grid cell 

Bird Censuses 

Breeding bird censuses were conducted in 42 woodlots from 

25 May-7 July 1984 and in 45 woodlots from 2 June-3 July 1985. In 
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GRID CELLS IN WOODLOTS 

\ -. 
TRAN&TS IN GRID CELLS 

0 

/- 

QUADRATS IN TRANSECTS 
/ 

Figure 2.3. 
gr id  c e l l s ,  used t o  sample woodlots i n  Cadiz Township. 

Scheme o f  nested 0.025-ha quadrats in t ransec ts  i n  1-ha 
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1 I 1 I I----l-- 
THE CADIZ MOSAIC 

30 40 50 60 70 80 90 100 

F i g u r e  2.4. The Cadiz Township s tudy  a rea  o f  45 woodlots,  o v e r l a i n  by 
201 l - h a  g r i d  cells ( g r i d  coo rd ina tes  o r i g i n a t e  i n  southwest c o r n e r  o f  
t h e  township) .  
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each year, a subset of  woodlots was monitored dai ly  d u r i n g  spring 

migration, and breeding censuses were deferred unt i l  t he  incidence of 

nonresident migrants had decreased t o  a level such tha t  censused birds 

could  be safely assumed t o  be breeding residents.  The ending date in 

July was a rb i t ra ry ,  b u t  a f t e r  these dates the increasing incidence of 

fledged juveniles in censuses, decreased vocalization by breeders, and 

relaxed t e r r i t o r i a l i t y  combined t o  degrade censuses. 

woodlots a f t e r  ear ly  July were used t o  verify e a r l i e r  census records 

b u t  were n o t  used f o r  density estimates o r  t e r r i t o r y  maps. 

Visi ts  t o  

Birds were censused using a lagged-cruise census t h a t  was 

developed during preliminary censuses i n  May 1984. T h i s  method i s  a 

hybrid of conventional c ru ise  censuses and the point-survey method 

described by Whitcomb e t  a l .  (1981).  Woodlots were cruised along 

t ransects  aligned a t  midpoints o f  grid c e l l s  ( i . e . ,  a t  100-m 

in t e rva l s ) ;  15-minute lags (point surveys) were added a t  the beginning 

and end of each t ransect ,  as well as  a t  any additional points t h a t  

were d i f f i c u l t  t o  census due t o  topography o r  s t ructural  heterogeneity. 

A minimum of 60 minutes was spent in each census, w i t h  additional 

e f f o r t  proportional t o  woodlot area and/or  heterogeneity. I n  

censuses, a l l  birds were recorded except nocturnal species, s t r i c t l y  

nonforest species, and  raptors.  Woodlots were vis i ted between from 

0530-1030 h r  in f a i r  weather. 

The lagged-cruise method represents yet  another nonstandard 

census technique, b u t  offered the advantage t h a t  census records were 

e s sen t i a l ly  complete a f t e r  one v i s i t .  In  ver i f icat ion t e s t s ,  

subsequent v i s i t s  d i d  n o t  subs tan t ia l ly  improve censuses; nonetheless 
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each woodlot  was v i s i t e d  a t  l e a s t  tw ice .  Moreover, t h e  combina t ion  o f  

p o i n t  surveys w i t h  s t r a t i f i e d  c r u i s e s  p rov ided  reasonable es t ima tes  

n o t  o n l y  of b i r d  abundances b u t  a l s o  t h e i r  s p a t i a l  l o c a t i o n s  w i t h i n  

t h e  woodlot  ( g e n e r a l l y  recorded t o  t h e  neares t  q u a r t e r - c e l l ) .  

One p r e d i c t i o n  o f  t h e  conceptual  model o f  av ian  demography i n  a 

h a b i t a t  mosaic i s  t h a t  spec ies  abundance p a t t e r n s  should va ry  somewhat 

f ro i i i  yea r  t o  year, e s p e c i a l l y  f o r  uncommon species. Species t u r n o v e r  

r a t e s  i n  woodlots  suppor t  t h i s  p r e d i c t i o n  (Lynch and Whitcomb 1978). 

Consequently, i t  seemed a p p r o p r i a t e  t o  cons ide r  each y e a r ’ s  census 

r e s u l t s  independent ly .  Because 1985 censuses represented  more 

woodlots  and were recorded w i t h  b e t t e r  s p a t i a l  r e s o l u t i o n  than  i n  

1984, t h i s  d i s s e r t a t . i o n  focuses  on 1985 census data,  

F o r e s t  H a b i t a t s  i n  Cadiz Woodlots 

The s tudy  area  i n c l u d e s  approx imate ly  171 ha o f  up land f o r e s t  i n  

t h e  45 s tudy  woodlots  ( r e c a l l  t h a t  t h i s  exc ludes r i p a r i a n  c o r r i d o r s  

and numerous v e r y  small patches) .  The median woodlot i s  3.0 ha i n  

s i ze ,  w i t h  s i z e s  s t r o n g l y  skewed toward sma l le r  woodlots  

( F i g u r e  2.5). 

c o n f i g u r a t i o n  tends t o  r e f l e c t  o r i g i n a l  l a n d  survey boundar ies.  The 

o r i g i n a l  p a r c e l i n g  o f  l and  (ca.  1830, C u r t i s  1956) mandated t h a t  each 

p a r c e l  r e t a i n  and preserve  a p r o p o r t i o n a t e  area i n  f o r e s t  ( t o  p r o v i d e  

fue lwood and fence p o s t s ) .  Consequently, remnant f o r e s t  patches a r e  

smal l  b u t  abundant, and t h e i r  s p a t i a l  d i s t r i b u t i o n  aver  t h e  landscape 

i s  l a r g e l y  i r r e s p e c t i v e  o f  topography o r  s o i l  t ype  (Sharpe e t  al. ,  i n  

p ress ) .  

Woodlots tend  t o  be r e c t a n g u l a r  and t h e i r  s p a t i a l  

R e l a t i v e  t o  o t h e r  landscapes t h a t  have been t h e  focus  o f  b i r d  
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The Cadiz Mosaic 

Number of Woodlots: 45 

Area in Upland Forest Patches: Total Core Edge 

Area (ha): 
Percent of Total: 

170.8 31.5 139.3 
18.5 81.6 

Patch Sire Distribution: 
Area: 1-2 ha 2-4 ha 4-8ha 8-16ha 164- ha 
N =  12 18 9 5 1 
Median Patch Size: 3.0 ha 

Mean Nearest-Neighbor Distance Between Patches: 307 m 

Figure 2.5. Spat ia l  configuration of the Cadiz mosaic. 

s tud ies  (Wisconsin: Ambuel and Temple 1983, Bond 1957, Brittingham 

and Temple 1983); New Jersey: Galli e t  a l .  1976; Maryland: Lynch and 

Whigham 1984, Whitcomb e t  a l .  1981), woodlots in Cadiz Township a re  

smaller,  more numerous, and c loser  together. Especially, the la rges t  

woodlot i n  the study area i s  only 16 ha, while most previous s tud ies  

have included very large f o r e s t  remnants (>lo0 ha) .  

Microhabitat Pat tern 

Major sources o f  microhabitat var ia t ion i n  the study area were 

ident i f ied  by performing principal components analysis  on 3 da ta  sets  

co l la ted  t o  the quadrat level (.025-ha samples). 

consisted o f  s t ruc tura l  var iables ,  as  stem t a l l i e s  i n  5 diameter 

c l a s ses  (2.5-10, 10-20, 20-30, 30-60, and >60 cm). T h e  second s e t  

consisted of species importance values f o r  21 major tree species, with 

The f i r s t  data  set  
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impor tance de f ined as t h e  average of r e l a t i v e  basa l  area and r e l a t i v e  

d e n s i t y  f o r  a l l  stems l a r g e r  than  10 cm. The t h i r d  s e t  i nc luded  t h e  

s t r u c t u r a l  as w e l l  as t h e  cornposi t ional  v a r i a b l e s .  

Most o f  t h e  sys temat ic  v a r i a t i o n  i n  m i c r o h a b i t a t s  a t  t h e  quadra t  

s c a l e  was s t r u c t u r a l .  P r i n c i p a l  components o f  f o r e s t  s t r u c t u r e  were 

r e a d i l y  i n t e r p r e t a b l e  i n  terms o f  t h e  r e l a t i v e  d e n s i t y  o f  subcanopy, 

o v e r s t o r y ,  and unders to ry  t r e e s ;  these 3 components accounted f o r  71% 

o f  t h e  t o t a l  va r iance  i n  f o r e s t  s t r u c t u r e .  In  comparison, spec ies  

compos i t ion  showed no major  p a t t e r n s  a t  t h i s  sca le .  Composi t ional  

components corresponded t o  each o f  t h e  dominant t r e e  species i n  t h e  

study area, b u t  t h e  f i r s t  principal component accounted f o r  l e s s  than  

10% o f  t h e  t o t a l  compos i t i ona l  var iance,  and i t  r e q u i r e d  18 components 

t o  account f o r  90% o f  t h e  t o t a l  compos i t i ona l  var iance.  When 

s t r u c t u r a l  as w e l l  as compos i t i ona l  v a r i a b l e s  were i nc luded  i n  t h e  

a n a l y s i s  (and s tandard ized t o  we igh t  t h e  d i f f e r e n t  v a r i a b l e s  

e q u i t a b l y ) ,  t h e  s t r u c t u r a l  v a r i a b l e s  loaded h e a v i l y  on each o f  t h e  

f i r s t  5 p r i n c i p a l  components. 

The importance o f  m i c r o h a b i t a t  s t r u c t u r e  i n  these samples, of 

course, stems f rom t h e  c r i t e r i o n  o f  spec ies-compos i t iona l  homogeneity 

i n h e r e n t  i n  t h e  d e l i n e a t i o n  o f  t he  s tudy  area. T h i s  s e l e c t i o n  

c r i t e r i o n  has the  f u r t h e r  consequence o f  f o c u s i n g  subsequent analyses 

on f o r e s t  s t r u c t u r e ,  which i s  an impor tan t  b a s i s  of m i c r o h a b i t a t  

s e l e c t i o n  by  f o r e s t  b i r d s  ( H i l d e n  1965; James 1971; see Chapter 4 ) .  
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Bird Species Abundance Patterns 

Censuses recorded 31 species that maintained residency in 

woodlots during the breeding season (Table 2.1). 

reference, this table also includes other forest species in the local 

species pool that were not recorded in woodlot censuses. 

determination of the pool i s  rather subjective, as southern Wisconsin 

represents the edge of the geographical range of some species (e.g., 

Veery). Species composition was strongly biased toward edge species 

and habitat generalists (14 species o f  each). 

interior species were especially rare: 3 species (Table 2.2). In 

particular, edge species accounted for 55% of total censused 

individuals, and generalists, 40%. Only 4% of total censused 

individuals were interior species. The scarcity o f  interior species 

is hardly surprising: 

50 m from a forest edge, only 31.5 ha (18% of total forest area) 

qualifies as interior; f interior is defined as being more than 100 m 

from an edge, only 4 ha qualify. 

is more than 200 m from an edge. 

recorded in Cadiz woodlots (Hairy Woodpecker, White-breasted Nuthatch, 

and Scarlet Tanager) are species that are relatively insensitive to 

forest fragmentation (Whitcomb e t  al. 1981). These species seem to 

prefer interior-like microhabitats, but these habitats need not be 

inside a very large forest tract. 

For future 

This 

Reciprocally, forest 

i f  "interior" is defined as being more than 

No forest habitat in the study area 

Importantly, the interior species 

Neotropical m i g r a n t s  comprised 9 of the species recorded i n  the 

These totals study area, versus 1 1  permanent residents (Table 2.2). 
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Tab le  2.1. 
sou the rn  Wisconsin,  i n  1985, and t h e  r e g i o n a l  spec ies  p o o l .  

B i r d  spec ies  censused i n  45 wood lo ts  i n  Cadiz Township, 

.. . . . . . . . . . . .. . . . . . -I . .. ._ 

B I R D  S P E C I E S  H A B I T A T  M I G R A T O R Y  NUMEER OF 
AFFINITY? STRATEGY3 WOODLOTS- CODE AUU Common Name 1 

__ 

YBCU 
RWWp 
KBWp 
DWP 
HWP 
F l i k  
PWp 
Pewe 
AF l y  
CFly  
t3Jay 
B C C  
TTrn 
WBN 
BGG 
Veer 
AoTh 
GCat 
Y T V i  
gEVi 
CerW 
B&WW 
AKed 
Oven 
C Y t  
S c i a  
Card 
R BG 
K S T  
Wren 
BrTh 
YelW 
Bunt 
F Sp 
SSP 
Nor i 
Dove 
Kobn 
S t a r  

Grak 
BHC 

csp  

Y e l l o w - b i l l e d  Cuckoo 
Red-headed Woodpecker 
R e d - b e l l i e d  WQQdpecker 
Downy kloodpecker 
H a i r y  Woodpecker 
N o r t h e r n  F 1  i c k e r  
P i l e a t e d  Woodpecker 
E as t e r n W oo d - Pewee 
Acadian F l y c a t c h e r  
Great  Cres ted  F l y c a t c h e r  
B l u e  Jay  
t i lack-capped Chickadee 
T u f t e d  1-i tmouse 
Whi te -breas ted  Nu tha tch  
B lue -g ray  Gnatca tcher  
Veery 
Wood Thrush 
Gray C a t b i r d  
Y e l l o w - t h r o a t e d  V i r e o  
Red-eyed V i r e o  
Ceru lean Warb le r  
B lack  and Whi te  N a r b l e r  
American R e d s t a r t  
Ovenb i rd  
Common Ye1 l o w t h r o a t  
S c a r l e t  Tanager 
N o r t h e r n  C a r d i n a l  
Rose-Breasted Grosbeak 
Ku fous -s ided  Towhee 
House Nren 
Brown Thrasher  
Ye1 low Warb le r  
I n d i g o  B u n t i n g  
F i e l d  Sparrow 
Song Sparrow 
N o r t h e r n  O r i o l e  
Mourn ing  Dove 
American Rob in  
European S t a r l i n g  
Ch ipp ing  Sparrow 
Common Grac k 1 e 
Brown-headed Cowbird 

G NTM 
G PR 
G PR 
G PR 
I PK 
E SDM 
I PR 
G NTM 
I NTM 
G N TM 
G PR 
G PK 
G PR 
I PR 
G N TM 
I NTM 
G NTM 
G SDM 
G NTM 
G N TM 
I NTM 
I NTM 
I NTM 
I NTM 
E S DM 
I N TM 
G PR 
G NTM 
G SDM 
E SDM 
E SUM 
E NTM 
E NTM 
E S DM 
E SDM 
E NTM 
E SDM 
E PR 
E PK 
E SDM 
E SDM 
E S DM 

KECORDED 
P A I R S  

2 
34 
11 
30 
8 

O 
44 
0 

31 
54  
31 
0 

37 
0 
0 

17 
87 

1 
45 
0 
0 
0 
0 
9 
7 

56  
42 

1 
178 
24 

0 
75 

2 
29 
19  
29 
90 

114 
1 
9 

51 

..........l..llll 

38 

3: 
10 
25 

7 
31 
0 

36 
0 

29 
40 
27 
0 

33 
0 
0 

10 
32 

1 
21 
0 
0 
0 
0 
9 
7 

37 
28 

1 
39 
18 
0 

36 
1 

20 
19 
20 
35 
32 

1 
7 

38 

lCommon names acco rd ing  t o  AOU (1982);  s c i e n t i f i c  names i n  

211abitat a f f i n i t i e s  a r e  g e n e r a l i s t  (G), edge ( E ) ,  o r  i n t e r i o r  ( I ) .  
3 N e o t r o p i c a l  m i g r a n t  (NTM), s h o r t - d i s t a n c e  m i g r a n t  (SDM), or  

appendix 

permanent r e s i d e n t  ( P R )  . 



25 

Table 2.2. Bird species abundances in Cad-iz woodlots, 1985, 
sorted according to habitat affinity and migratory strategy. 

CATEGORY SPECIES INDIVIDUALS 
POOL CADIZ NUMBER PERCENT - 

HABITAT AFFINITY 

Habitat Generalist 17 14 486 40.3 
Forest Interior 10 3 52 4.3 
Forest Edge 15 14 668 55.4 

MIGRATORY STRATEGY 

Permanent Resident 13 1 1  503 41.7 

Neot rop i c a1 Migrant 18 9 283 23.5 
Short-distance Migrant 11 11 420 34.8 

represent 50% o f  the local pool of migrants, versus 85% o f  the 

permanent residents. Note that migratory strategy and habitat 

affinities are not independent. Seven neotropical migrants are also 

interior species; o f  these, only the Scarlet Tanager was recorded i n  

Cadiz woodlots. Nine of the 11 short-distance migrants recorded in 

censuses are edge species. The other short-distance migrants (Gray 

Catbird and Kufous-sided Towhee) are classified as generalists but 

prefer edge-like conditions (e.g., canopy gaps) within forests. 

O f  those species marked as sensitive to forest fragmentation 

(Ambuel and Temple 1983, Forman et al. 1976, Whitcomb et al. 1981), 

which include 10 species in the southern Wisconsin species pool, only 

3 species, comprising 1% of total individuals, were recorded. 
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Restructuring of the Regional Avifauna 

Relative to the avifauna of other mosaic landscapes, Cadiz 

probably represents an extreme exaniple of the effects o f  forest 

fragmentation on a regional avifauna. A simple exercise will serve to 

illustrdte the power of t he  constraints o f  habitat availability, 

accessibility, and factors affecting net reproduction t o  restructure 

the avifauna o f  a severely fragmented forest iiiosaic. 

Consider three levels o f  response for each of the three 

constraints: positive, neutral, and negative. For habitat 

availability, these levels correspond to edge species, generalists, 

and interior habitat specialists. For habitat accessibility, 

far-ranging permanent residents, species o f  intermediate dispersal 

potential, and small neotropical migrants form three convenient 

response categories. Similarly, three crude categories of 

reproductive potential can be defined according to total reproductive 

effort and vulnerability t o  nest predation and parasitism (after 

Whiteonrb et; a l .  1981). 

comprise 27 functional types o f  species, 20 of which are represented 

by a t  least one species in the pool o f  species inhabiting eastern 

deciduous forests. 

These three responses t u  the three constraints 

The number of species and individuals were tallied for each of 

these types as censused in the Cadiz woodlots.  For comparison, 

similar tallies were compiled and averaged over six extensive forest 

tracts throughout the eastern deciduous forest (census data compi led 

by Whitcomb et al. 1981). T h i s  composite served as a crude estimate 
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of the species composition o f  presettlement forest. 

distributions of species and individuals were arrayed t o  emphasize the 

change in species composition attendant with forest fragmentation: 

area-sensitive species at one extreme, edge species and disturbed-site 

species at the other extreme. The change from presettlement forest to 

the Cadiz landscape i s  quite striking (figure 2.6). 

The frequency 

Beyond being a rather telling illustration of the potential o f  

the landscape context to act as shaping force on a regional avifauna, 

this figure suggests an important caveat for this study. 

emerge that the Cadiz avifauna is so degraded by the combined effects 

of forest fragmentation that the particular effects of the three 

constraints may not be detectable. In such cases, it would be helpful 

to have a means by which these effects could be assessed in landscapes 

intermediate in configuration to either the Cadiz or extensive forest 

landscapes. Simulation modeling provides a means to this end, as i s  

developed in the following chapter. 

It may 
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Figure 2.6. 
fragmentation e 

Restructuring of the Cadiz avifauna via forest 

Categories are defined according to species response t o  habitat 
availability, accessibility, and net reproduction constraints (see 
text), arrayed from insensitive to sensi%ive (left to right). Top: 
extensive eastern deciduous forests, a composite from census data 
conipiled by Whitcomb et al. (1981). Bottom: tile Cadiz avifauna as 
censused in 1985. 
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CHAPTER 3 

DEVELOPMENT OF AN A V I A N  DEMOGRAPHY SIMIJLATOR 

I nt ruduc  t: i on 

I n  t h i s  chaptei- t h e  conceptual  model o f  av ian  demography becoiiies 

a work ing hypothes is  i n  t h e  dynamical sense at^ t h e  term: a 

computer ized s i m u l a t o r .  Use o f  t h e  s i m u l a t i o n  model i s  mo t i va ted  b y  

seve ra l  troublesome aspects  o f  e m p i r i c a l  approaches tu landscape 

ecology. To account f o r  spec ies  abundance p a t t e r n s  i n  a h a b i t a t  

mosaic r e q u i r e s  da ta  t h a t  a re  s imu l taneous ly  d e t a i l e d  (censuses t a l l y  

i n d i v i d u a l  b i r d s )  ; ex tens i ve  ( f o r  b i r d s ,  " landscapes" a re  measured a t  

l e a s t  i n  km); and, i f  s p a t i a l  p a t t e r n  i s  t o  be considered,  exhaus t i ve  

( w i t h o u t  gaps i n  t h e  d a t a  base). 

i n t e r e s t ,  t h e  d a t a  reco rds  must be long-kerrn. Obvious ly ,  such d a t a  

a re  l o g i s t i c a l l y  d i f f i c u l t  t o  c o l l e c t ,  Models o f f e r  a means o f  

ex tend ing  o r  e x t r a p o l a t i n g  beyond a da ta  base. 

Fu r the r ,  i f  tempora l  t rends  a re  o f  

Even g i ven  an ex tens i ve  and d e t a i l e d  d a t a  base, d a t a  f rom a 

p a r t i c u l a r  landscape a re  by d e f i n i t i o n  a r t i f a c t u a l :  each landscape 

has i t s  own geographic p e c u l i a r i t i e s  and h i s t o r y .  Th i s  makes i t  

d i f f i c u l t  t o  compare d f f e r e n t  landscapes because s tudy  areas o f  

d i f f e r e n t  s p a t i a l  con f  g u r a t i o n  should, i n  f a c t ,  support d i f f e r e n t  

b i r d  species abundance p a t t e r n s .  The ques t i on  i s ,  how d i f f e r e n t ?  I f  

a l l  av ian  e c o l o g i s t s  c o l l e c t e d  d a t a  t h a t  were s t r i c t l y  comparable 

(e.g., us ing  the  same census techn iques  and sampling des ign) ,  

g e n e r a l i z a t i o n s  would be easier--but the  s i t u a t i o n  i s  n o t  so i d y l l i c ,  
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A simulation model can generate census data that, while not real, 

resemble real data and are strictly comparable for different 

landscapes or different bird species. 

Ideally, the importance of particular factors i n  determining bird 

species abundance patterns could be evaluated experimentally b y  

manipulating the factor of interest while holding other potentially 

confounding factors constant. Unfortunately, direct manipulations 

either o f  birds' life-history tactics or o f  a landscape's spatial 

configuration are not really feasible. 

as to gather experimental evidence directly, or clever enough to 

control confounding factors indirectly ( M i  lcove 1985), the resultant 

data would still be subject to the first limitation: 

represent just one case. 

to create new species as experimentally controlled combinations o f  

life-history tactics. 

landscapes of any desired configuration. Thus, model experiments can 

be structured and replicated to satisfy the conditions of valid 

statistical inference. Again, the model-generated data may not be 

strictly realistic, but the degree o f  control and standardization o f  

such data make the simulation approach appealingly useful. 

Even if one were so fortunate 

they would 

With the simulation approach it is possible 

It is also possible to define experimental 

It would be remiss not t o  acknowledge the myriad other approaches 

to modeling populations in patchy environments (see Levin 1976, Okubo 

1980). 

the frequency o f  patches occupied by species (e .g . ,  Cohen 1970, Levins 

and Culver 1971, Slatkin l974), as compared to those that model 

population numbers explicitly (Levin 1974, DeAngelis et al. 1986), 

These models can be partitioned into formulations that model 
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w i t h  t h e  l a t t e r  t y p i c a l l y  f e a t u r i n g  d i f f u s i o n - r e a c t i o n  equa t ions  

(Okubo 1980; Skel 1 urn 1951, 1973). 

e s p e c i a l l y  w i t h  t h e  r o l e  o f  pa tch iness  i n  s t a b i l i z i n g  p reda to r -p rey  

systems (e.g., Caswelll 1978, Hast ings  1977, H i l b o r n  1975, Z e i g l e r  

1977) o r  c o m p e t i t o r  systems (e.g., Cohen 1970, Horn and MacArthur 

1972, L e v i n  1974, Lev ins  and Cu lver  1971). DeAngellis e t  a l .  (1979) 

l i k e n e d  a s i n g l e  spec ies  i n  a mosaic of h a b i t a t  patches t o  a s e t  o f  

mutual  i s t i c  p o p u l a t i o n s  (because t h e  patches a s s i s t  one another  th rough 

d i s p e r s a l ) ,  and used M-matr ix  analyses t o  d e r i v e  c r i t e r i a  f o r  

p e r s i s t e n c e  and s t a b i l i t y  f o r  popu la t i ons  i n  h a b i t a t  mosaics (see a l s o  

DeAngelis e t  a l .  1986). F a h r i g  e t  a l .  (1983; see a l s o  L e f k o v i t c h  and 

F a h r i g  1985) used t r a n s i t i o n  m a t r i c e s  t o  model w i t h i n -  and among-patch 

dynamics f o r  mouse p o p u l a t i o n s  i n  c o n s t e l l a t i o n s  o f  woodlots ,  The 

av ian  demographics s i m u l a t o r  descr ibed i n  t h i s  chapter  i s  l o o s e l y  

based on F a h r i g ' s  model. 

These approaches have been concerned 

Any model i s  a s i m p l i f i c a t i o n  o f  r e a l i t y ,  and t h e  s i m p l i f y i n g  

assumptions e x p l i c i t  i n  t h e  model s p e c i f y  i t s  domain o f  a p p l i c a b i l i t y .  

There i s ,  o f  course, no s i n g l e  b e s t  model ing approach f o r  t h e  genera l  

problem o f  p o p u l a t i o n  dynamics i n  a pa tchy  environinent. 

demographics s i m u l a t o r  descr ibed here was developed t o  s t r i c t l y  

p a r a l l e l  t h e  conceptua l  model i l l u s t r a t e d  i n  F i g u r e  1.3 (page 4 ) .  

Because o f  i t s  h i e r a r c h i c a l  s t r u c t u r e ,  t h e  model can be a p p l i e d  t o  a 

wide v a r i e t y  o f  s i t u a t i o n s  w i t h o u t  a l t e r i n g  i t s  b a s i c  assumptions o r  

f o r m u l a t i o n s .  

The a v i a n  

The av ian  demographics s i m u l a t o r  was developed t o  meet a number 

o f  o b j e c t i v e s .  Immediate research  g o a l s  s p e c i f i e d  two e s s e n t i a l  
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features of the model: 

combinations o f  life-history tactics under the same set of landscape- 

scale constraints, as well as (2) the same set of life-history tactics 

under different constraints. Attendant with the former need i s  the 

further consideration that a given life-history tactic could be 

implemented independently of other tactics, so that the confounding 

intercorrelations among avian traits (Whitcomb et al. 1981) might be 

partitioned. I t  was especially desirable to implement life-history 

tactics via parameters that could be easily estimated with comparable 

accuracy for a large number of species. 

it must provide a means to assess (1) different 

The second essential feature of the model, that different 

landscapes provide for potentially different model behaviors, follows 

directly from the "mechanism in context'' conceptualization illustrated 

in the first chapter. Because life-history tactics are implemented in 

the model as maximum potential behaviors (e.g., potential fecundity, 

potential dispersal 1, and then constrained (reduced) according to their 

spatial context, landscapes of different configuration can provide 

different constraints and thus elicit different demographic phenomena. 

The salient feature o f  the model i s  that patch-level population 

dynamics can be investigated with the model by specifying various 

mechanisms (life-history parameters) or various contexts ( landscape 

configurations), and that these factors can be manipulated 

experimentally. 

and implementation of the simulator, and illustrates typical model 

behaviors for a variety of bird species and landscape configurations. 

The remainder of this chapter details the development 
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The model is used to explore specific hypotheses in the following 

chapters. 

Model Devel opinent 

The computerized simulator is a rather detailed implementation 

that perhaps can be envisioned most appropriately as the translation 

of figures 1.3 (page 4) and 1.4 (page 6) into FORTRAN. Fortunately, 

the details of implementation are not strictly necessary to appreciate 

the uses o f  the model presented here. lnlhat f o l l o w s  is an overview of  

the salient features o f  the simulator; the niodel is more completely 

documented in the appendices. 

Model Structure 

The model simulates annual natality, mortality, and dispersal for 

each individual bird, o f  each species, in each patch o f  a habitat 

mosaic. The essential biology simulated by the model is contained i n  

t h ree  demographics subroutines; the bulk o f  the yr-ograrn perform 

bookkeeping tasks and generates summary statistics (Figure 3.1). 

A bird species is defined by a suite o f  life-history parameters 

that reflect its habitat use, natality, dispersal, and mortality 

(Table 3.1). 

simulation. Parameter estimates for 42 b rd species found in forests 

in the study area were collated primarily from Whitcorrib e t  a l .  (1981) 

(Table 3.2). 

(1983), Klimkiewicz et al. (1983), and M. K. Klimkiewicz (personal 

communication o f  Bird Banding Laboratory records). 

These parameters define the demographic mechanisms for a 

Longevity records were updated according to Clapp et a). 

No attempt i s  made 
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Table 3.1. D e f i n i t i o n  o f  b i r d  l i f e - h i s t o r y  parameters. 

P AR AME TE R 

ti H a b i t a t  A f f i n i t y  

TS T e r r i t o r y  S i z e  

IvlBU Breeding Densi t y  

X C S  Mean C l u t c h  S ize  

N D  Number o f  Broods 

P P reda t ion  

BP Brood P a r a s i t i s m  

AGE Longev i t y  

R Dispersa l  Range 

i"l M o b i l i t y  

D E F I N I T I O N  

4 if h a b i t a t  g e n e r a l i s t ,  =1 i f  
f o r e s t  i n t e r i o r ,  =2 i f  f o r e s t  edge, 
= 3  i f  f i e l d  edge 

Defended breed ing  t e r r i t o r y ,  t o  
neares t  l a r g e r  0.5 ha 

maximum d e n s i t y  i n  i n t a c t  f o r e s t ,  
i n  males per 100 ha 

Eggs per  c l u t c h ;  i n  implementat ion,  
net, c l u t c h  i s  .5 male x X success fu l  

Mean number o f  broods per  season 

S e n s i t i v i t y  'to n e s t  depredat ion ;  
=Q i f  c a n o p y l c a v i t y  nes ter ,  = I  i f  
canopylopen n e s t e r  o r  l o w l c a v i t y  
nes ter ,  =2 i f  unders to ry lopen,  
-3 i f  ground/open n e s t e r  

=O i f  n o t  a cowbi rd  host ,  = I  i f  
an occas iona l  hos t ,  = 2  i f  common 
host ,  = 3  i f  p r e f e r r e d  h o s t  

Maximum age (yea rs )  recorded f o r  w i l d  
b i r d s  ( e x c l u d i n g  excep t iona l  cases 

D is tance (m) a b i r d  w i l l  d i spe rse  
i n  a s i n g l e  move; inc reases  w i t h  
body s i z e  

Number o f  d i s p e r s a l  ep isodes be fo re  
b reed ing  begins;  v a r i e s  accord ing  t o  
m i g r a t o r y  s t r a t e g y  ('3 i f  n e o t r o p i c a l  
m igran t ,  =S i f  s h o r t - d i s t a n c e  
migran t ,  =9 i f  permanent r e s i d e n t )  
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Table 3.2. L i f e - h i s t o r y  parameters as est imated f o r  42  
b i r d  species found i n  southern Wisconsin f o r e s t s .  

SPECIES’ ___.-_-I __ H TS MBD XCS NB P u AGE R M 

_-_I_̂ ---._ _IIII___ILI 

Y BCu 
KHWp 
IRBWp 
UWP 
HWp 
F 1  i k  
PWP 
Pewe 
H F  l y  
CFly 
BJay 
BCC 
T Tm 
W B N  
E G G  
Veer 
Woth 
GCat 
Y T V i  
K E V i  
Ce rW 
B&WW 
ARed 
Oven 
CYT 
ScTa 
Card 
R 8 G  
R ST 
Wren 
BrTh 
YelW 
Bunt 
FSP s sp 
Nor i 
Dove 
Kobn 
S t a r  
CSP 
Grak 
BHC 

0 2.0 17 
0 1.5 56 
0 1.5 29  
0 1.5 21 
1 2.0 10 
2 1.5 27  
1 4.0 1 
0 1.5 24 
1 1.0 68 
0 2.0 1 7  
0 1.0 40 
0 1.0 39 
0 1.0 56 
1 1.5 20 
0 1.5 28 
1 1.0 42 
0 0.5 125 
0 0.5 1913 
0 1.5 25 
0 0.5 138 
1 0.5 83 
1 1.5 27 
1 1.0 71 
1 0.5 114 
2 0.5 111 
1 1.5 27 
0 0.5 96 
0 1.0 75 
0 1.0 68 
2 0.5 100 
2 1.5 34 
2 1.0 63 
2 1.0 52 

2 0.5 109 
2 1.5 10 
3 1.5 20 
3 0.5 122 
3 0.5 200 
3 0.5 90 
3 1.5 10 
3 1.0 42 

2 0.5 a0 

2.55 1.0 1 0 
4.50 1.0 0 0 
4.50 1.0 0 0 
4.06 1.0 0 0 
4.08 1.0 0 0 
6.30 1.0 0 0 
2.00 1.0 0 0 
2 . 7 5  1.0 1 2 
3.33 1.0 2 2 
4.80 1.0 1 0 
4.55 1.0 0 0 
5.95 1.0 1 0 
5.10 1.0 0 0 
6.22 1.0 0 0 
4.75 1.5 1 1 
3.33 1.0 3 2 
3.80 2.0 2 2 
3.80 2.5 2 0 
3.12 1.5 1 3 
3.25 2.0 2 3 
3.33 1.0 1 1 
6.17 1.0 3 1 
3.56 1.0 1 3 
4.67 1.0 3 3 
3.75 2.0 3 3 
3.12 1.5 1 2 
3.30 3.0 2 1 
4.00 1.0 2 1 
3.75 2.0 3 3 
5.59 2.0 1 0 
3.88 2.0 3 0 
4.00 1.0 2 3 
3.23 2.0 3 3 
3.67 3.0 3 2 
4.32 3.0 3 3 
4.59 1.0 0 0 
2.00 3.5 2 0 
3.80 2.5 2 0 
5.30 2.5 0 0 
3.06 2.0 2 3 
4.45 1.0 0 0 
3.68 1.5 2 0 

10 
9 
9 
9 

10 
7 

15 
11 
10 
12 

9 
6 
7 
7 
7 
9 
7 
6 
8 

9 
10 
9 
8 
9 

10 
8 
9 
8 
5 

9 
9 
5 
6 
8 
8 
7 
7 
7 

10 
8 

a 

a 

5000 3 
7500 9 
7500 9 
2500 9 
7500 9 

10000 9 
15000 9 
5000 3 
2500 3 
5000 3 
7500 9 
2500 9 
2500 9 
2500 9 
2500 3 
5000 3 
5000 3 
5000 6 
2500 3 
2500 3 
2500 3 
2500 3 
2500 3 
2500 3 
2500 6 
5000 3 
5000 9 
5000 3 
5000 6 
2500 6 
7500 6 
2500 3 
2500 3 
2500 6 
2500 6 
5000 3 

10000 6 
7500 9 
7500 9 
2500 6 

10000 6 
5000 6 

1See species codes i n  Table 2.1,  page 24; 
parameter codes i n  Table 3.1, page 36 .  
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t o  j u s t i f y  these es t ima tes  as be ing  d e f i n i t i v e  va lues  f o r  these 

species.  Indeed, g i ven  t h e  n a t u r a l  v a r i a b i l i t y  i n  these t r a i t s  

( g e o g r a p h i c a l l y  as w e l l  as among l o c a l  i n d i v i d u a l s ) ,  t h e r e  pr-ohably 

can be no d e f i n i t i v e  va lues  f o r  these parameters. 

t h i s  d i s s e r t a t i o n ,  i t  i s  s u f f i c i e n t  t h a t  t h e  parameters assume 

b i o l o g i c a l l y  reasonable values. 

For purposes o f  

A landscape mosaic i s  s p e c i f i e d  as  an a r r a y  o f  h a b i t a t  patches, 

each descr ibed by  i t s  t o t a l  area, edge area ( a  50-m pe r ime te r ) ,  and 

c o r e  ( i n t e r i o r )  area. 

i n t e r - p a t c h  d i s tances .  

t h e  c o n s t r a i n i n g  c o n t e x t  f o r  t h e  s i m u l a t i o n .  

Patch l o c a t i o n s  a re  p rov ided  as an a r r a y  o f  

S p e c i f y i n g  these s e t s  o f  parameters d e f i n e s  

For  each species,  each pa tch  has a c a r r y i n g  c a p a c i t y  determined 

by i t s  h a b i t a t  area and t he  average t e r r i t o r y  s i z e  o f  t h e  species.  

I o t a 1  pa tch  area  may be s p e c i f i e d  as usab le  h a b i t a t ,  O p t i o n a l l y ,  

( 1 )  spec ies may be des ignated  g e n e r a l i s t s  ( u s i n g  t o t a l  pa tch  area)  o r  

edge spec ies  ( u s i n g  o n l y  a 50-m wide pe r ime te r  a rea) ;  ( 2 )  spec ies may 

be de f ined as g e n e r a l i s t s ,  edge species, o r  i n t e r i o r  spec ies ( u s i n g  

o n l y  co re  h a b i t a t  a t  l e a s t  50-m f rom an edge); o r  ( 3 )  area of p o t e n t i a l  

b reed ing  h a b i t a t  p e r  spec ies pe r  pa tch  may be prov ided  as i n p u t  data, 

I 

such 

e t  a 

d e f e  

as m igh t  be generated b y  a h a b i t a t  s i m u l a t i o n  model (e .g . ,  Smith 

e 1981). T h i s  l a s t  o p t i o n  i s  n0.t used i n  t h i s  s tudy.  

Two t e r r i t o r y  s i z e s  a re  used f o r  each species:  ( I )  minimum 

ded t e r r i t o r y  and ( 2 )  t e r r i t o r y  s i z e  es t imated  f rom maximum 

r e p o r t e d  d e n s i t i e s  i n  i n t a c t  f o r e s t .  Defended t e r r i t o r y  s i z e  d e f i n e s  

t h e  minimum patch  s i z e  t h a t  a species can occupy9 which i s  p r o p o r t i o n a l  

t o  but, s m a l l e r  t han  the  area that. maximum b reed ing  d e n s i t i e s  would 
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suggest (e.g., Morse 1977). In the model, the smaller territory size 

allows a species to use small patches, while the larger territory size 

prevents the species from packing large woodlots at extraordinary 

densities. Birds are territorial "breeders" until carrying capacity 

is reached. Birds in excess o f  carrying capacity are nonterritsrial 

nonbreeders ("floaters"). The model tracks males only (nested pairs), 

which i s  compatible with conventional census data records of 

territorial males. The state variables in the model are the numbers 

of breeders and floaters of each species, in each patch, as updated 

for each simulation year. 

Model Demographics 

In the course o f  a simulation year, (1) natality is computed for 

each breeder, ( 2 )  birds suffer "overwinter" niortality, and 

( 3 )  survivors disperse in search of available territories. After 

dispersal, breeding and floating subpopulations are redefined, and the 

cycle repeats. 

Potential fecundity i s  based on the average clutch size for a 

species and the average number o f  broods produced per breeding 

season. It i s  assumed that, as a rule, 60% o f  a typical clutch is 

successfully fledged by an open-nesting bird; this i s  a conventional 

estimate of the best an open-nester could do in the absence of undue 

nest depredation or brood parasitism (after Hann 1937). 

success is set at 66% for hole-nesting birds (Nice 1957). 

further assumed that half o f  a clutch is male, so base fledging 

success i s  30% or 33% o f  a typical clutch for open- and hole-nesting 

Fledging 

It i s  



species, respectively. 

the nesting habits o f  each species. Species that are hosts to brood 

parasitism may suffer reduced fledging success in edge habitats, and 

species subject to nest depredation (especially low, open-nesting 

species) may suffer total nest failures. 

predation are implemented stochastically on a per-nest, per-bird basis 

(Figure 3.2a). Ambient intensities of brood parasitism and nest 

depredation are specified as model parameters. 

Breeding siiccess may also vary according t o  

Both brood parasitism and 

Annual mortality i s  based on the assumptions that mortality is 

age-independent after the first year and that only 1% o f  the 

individuals o f  a species live to reach the maximuin age for the species. 

The assumptions specify the annual survivorship expected on average 

f o r  the species, and each bird lives or dies each year according t o  

this probability (Figure 3.2b). 

set at 50% of the adult rate (Kicklefs 1969, 1972). Floaters may be 

subject to a proportionately higher rate of mortality, t o  reflect 

their displacement t o  "marginal habitat" (nonterritories). The 

relative survivorship of floaters as compared t a  breeders is specified 

as a model parameter, and as a default value i s  set a t  50%. 

First-year (juvenile) survivorship is 

Dispersal i s  stochastic, with the probability o f  dispersal 

between two patches defined by the distance between the patches 

relative to the maximum range of the species, and by the site fidelity 

of the subpopulation. Breeders have high site fidelity; floaters, low 

fidelity (Greenwood 1980, Greenwood and Harvey 1982). Thus, breeders 

tend to return t o  the same patch year after year, while juveniles (and 

other floaters) disperse away from their natal patch, within a radius 
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Figure 3.2. 
dispersal routines in t h e  avian demographics simulator. 

Flow diagrams for (a) natality, ( b )  mortality, and ( c )  
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defined hy the range o f  the species. 

reoccupy their natal patch first, which is successful only if there 

are territories avai 1 ab1 e. 

dispersal for large patches (which frequently have available 

territories), but forces between-patch dispersal for small patches 

(which typically have available territories only if a parent dies). 

Birds disperse according to two life-history parameters: range and 

mobility. Range indexes the maximum distance a bird i s  likely to fly 

in a single move, and generally increases with body size. 

defines the number o f  discrete inoves a bird may rnake, and varies w i t h  

migratory strategy (permanent residents have greater mobi 1 i ty). 

dispersal is modeled as a series of stochastic moves, as across 

stepping stones (Figure 3.2~). 

Each year, juveniles attempt to 

Th i s effect i ve ly perin i t s  with i n-patch 

Mobility 

Thus, 

Implementation 

The simulator is written to be as general and versatile possible, 

so that a variety of hypotheses can be explored without making major 

changes in the model. To this end, the model includes a block of 

control parameters that collectively configure the simulator for 

s p e c i f i c  applications. In its simplest structure the model i s  

equivalent to a first-order difference equation in which base natality, 

mortality, and carrying capacity of the mosaic determine bird 

abundance. In mare elaborate cases, the spatial complexity of the 

mosaic, edge effects, and other mechanistic detni 1s (specified as 

options) can provide for much more complex model configurations. Most 

o f  these optional details are automatically invoked by certain species 
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parameters (e.g., o n l y  cowb i rd  h o s t s  a r e  s u b j e c t  t o  brood p a r a s i t i s m ) .  

Other  c o n t r o l  parameters a r e  use r  d e f i n e d  (e.g., ambient i n t e n s i t y  o f  

brood p a r a s i t i s m ) .  

c o n f i g u r a t i o n  ( comb ina t ion  o f  o p t i o n s )  t h a t  w i l l  address a s p e c i f i c  

hypothes is .  

A p p l i c a t i o n s  use t h e  s i m p l e s t  p o s s i b l e  model 

There a r e  two separate v e r s i o n s  o f  t h e  s i m u l a t o r :  a " f o c a l  

spec ies"  and a " m u l t i - s p e c i e s "  v e r s i o n .  

t o  t a k e  advantage o f  t h e  r i c h n e s s  o f  n a t u r a l  h i s t o r y  d a t a  a v a i l a b l e  

f o r  some species,  and generates g r e a t e r  d e t a i l  i n  model ou tpu t .  The 

m u l t i - s p e c i e s  v e r s i o n  s a c r i f i c e s  d e t a i l  f o r  g e n e r a l i t y ;  t h i s  v e r s i o n  

c u r r e n t l y  s imu la tes  t h e  demographics o f  a 42-species poo l .  

The fo rmer  p r o v i d e s  a v e h i c l e  

S i m u l a t i o n  Landscapes 

A v a r i e t y  o f  a r t i f i c i a l  h a b i t a t  mosaics were generated f o r  use 

w i t h  t h e  s i m u l a t o r .  

patches i n  a 10-km square landscape. 

n o r m a l l y  between 15 and 65 (mean=40). 

s i z e s  on a d o u b l i n g  sca le :  1, 2, 4, 8, 16, 32, 64, and 128 ha. The 

d i s c r e t e  s i z e s  made i t  e a s i e r  t o  analyze model r e s u l t s  c a t e g o r i c a l l y  

by  s i z e .  

so t h a t  most patches were smal l  (1 -8  ha),  w h i l e  v e r y  l a r g e  patches 

were r a r e  (some mosaics d i d  n o t  i n c l u d e  any v e r y  l a r g e  pa tches ) .  

Patch l o c a t i o n s  were determined by  u n i f o r m l y  random g r i d  coo rd ina tes .  

A t o t a l  of 33 h a b i t a t  mosaics were generated. 

Each mosaic comprised a random number o f  c i r c u l a r  

The number o f  patches v a r i e d  

Patches were o f  8 d i s c r e t e  

The s i r e  d i s t r i b u t i o n  was s u b j e c t i v e l y  skewed ( l o g - n o r m a l l y )  

A h a b i t a t  mosaic can be c h a r a c t e r i z e d  by  a number o f  measwres 

t h a t  summarize i t s  s p a t i a l  c o n f i g u r a t i o n .  Here, mosaics were indexed 
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accord ing  t o  t h e  number of patches, t o t a l  h a b i t a t  area, t h e  pe rcen t  o f  

t h i s  area i n  edge h a b i t a t ,  t h e  pe rcen t  i n  l a r g e  r e f u g i a  (pa tches  

l a r g e r  than  40 ha) ,  and the  mean neares t -ne ighbor  d i s t a n c e  between 

patches. Msst o f  t h e  s i m u l a t i o n s  Focused on a subset  o f  t h e  a v a i l a b l e  

mosaics t h a t  represented  t h e  range of v a r i a t i o n  i n  these cha rac te rs  

(Tab le  3.3). 

s tudy  area  ( c h a r a c t e r i z e d  i n  F i g u r e  2.5, page 21) .  

Some s i m u l a t i o n s  were a l s o  based on t h e  Cadiz Township 

Table 3.3. S p a t i a l  can f  i g u r a t i o n  o f  a r t i f i c i a l  landscape mosaics 
generated f o r  use w i t h  t h e  demographics s i m u l a t o r .  

MOSAIC PATCHES AREA' (ha)  s', EOGE' '% REFUGE3 NND ( m I 4  

ML W4 20 374 32.8 51.3 977 
ML # 7  25 149 59.7 0.0 95 6 
ML #9 30 379 38.8 33.8 741 
ML #19 44 469 41.7 40.9 52 2 
Mb X26 51 379 55.3 0.0 567 

' T o t d l  area o f  h a b i t a t  patches 
zBased on 50-m wide pe r ime te r  
3Area i n  patches l a r g e r  than 48 ha 
4Mean neares t -ne ighbor  d i s t a n c e  

Simu 1 a t  i on s 

Because the  model i s  s t o c h a s t i c ,  each s i m u l a t i o n  r e a l i z e s  a 

poss ib le ,  b u t  n o t  n e c e s s a r i l y  an average r e s u l t .  To assess average 

iriadel behav io r  under a s p e c i f i e d  scenar io ,  10 r e p l i c a t e s  were r u n  for 

each scenar io .  The f i r s t  r e p l i c a t e  was saved as a r e p r e s e n t a t i v e  

r e s u l t  ( h e r e a f t e r ,  "exernpIar"). Averages o f  10 runs  were used t o  
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descrioe general trends. Each replicate simulated 30 years, which was 

sufficient time for any population trends to be clearly established. 

Simulations were initiated with populations at 50% of the total 

carrying capacity of the mosaic. These initials were located randomly 

within available habitat patches, with only breeders n the population 

(no  floaters). New initial populations were used for each replicate 

simulation. 

Illustrative Simulatian Results 

The simulator i s  applied to specific hypotheses about avian 

demography in subsequent chapters, but it w i l l  be helpful to first 

demonstrate the range of behaviors that can be simulated by the model. 

These simulations are not meant to be inferential about any particular 

hypotheses. The first examples are focal-species simulations, and 

depict ( 1 )  consequent population dynamics for different species i n  the 

same landscape context, (2) dynamics for the same species in different 

landscape contexts, and ( 3 )  population dynamics as witnessed at the 

scale of the habitat patch and at the scale o f  the entire mosaic (the 

rnetapopulation). 

In multi-species applications the simulator generates "censuses" 

of breeding birds, per species, per habitat patch, per simulation 

year. This represents a potentially overwhelming volume o f  

model-generated data, which generally must be subsampled or otherwise 

edited before analysis. 

model-generated data are filtered according to the criterion in 

question. Here, summary examples illustrate two trends in 

Where specific hypotheses are evaluated, 
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n i u l t i - s p e c i e s  assemblages: 

n e o t r o p i c a l  migrants ,  and ( 5 )  t he  r e l a t i o n s h i p  between pa tch  area  and 

t h e  number o f  r e s i d e n t  b i r d  spec ies .  

( 4 )  t r e n d s  i n  t h e  r e l a t i v e  abundance o f  

D i f f e r e n t  Species i n  t h e  Same Context  

Each b i r d  spec ies  i s  s p e c i f i e d  by a un ique s e t  o f  l i f e - h i s t o r y  

parameters, which d e f i n e  i t s  mechan is t i c  demographics i n  t h e  model. 

Because each spec ies  responds i n d i v i d u a l l y  t o  the  c o n s t r a i n t s  p r o v i d e d  

by  a p a r t i c u l a r  landscape, d i f f e r e n t  spec ies i n  t h e  same landscape may 

e x h i b i t  q u a l i t a t i v e l y  d i f f e r e n t  dynamics. 

t h e  Red-headed Woodpecker and t h e  Ovenbird. 

aga in  a t  t h i s  p o i n t  t h a t  t h e  s imu la ted  spec ies  rndy n o t  correspond 

e x a c t l y  t o  t h e i r  nominal coun te rpa r t s ,  so t h e  f o l l o w i n g  examples 

shou 1 d n o t  be over  i n t e r p r e t e d  . ) 

Two extreme examples a re  

( I t  should be emphasized 

The woodpecker i s  a h a b i t a t  g e n e r a l i s t ,  a h o l e  nes ter ,  and a 

permanent; r e s i d e n t ;  as such i t  i s  r e l a t i v e l y  iinrnune t o  t h e  e f f e c t s  o f  

f o r e s t  f ragmenta t ion .  The warb le r ,  converse ly ,  i s  perhaps an 

a rche typa l  example o f  a s e n s i t i v e  species.  These two species e x h i b i t  

markedly  d i f f e r e n t  dynamics i n  t h e  same mosaic landscape ( F i g u r e  3.3, 

i n  which metapopu la t ions  a re  averages o f  10 r e p l i c a t e s ;  mosaic l a b e l s  

r e f e r  t o  Tab e 3.3). 

w i t h  a g r e a t  dea l  o f  v a r i a t i o n  among r e p l i c a t e s  ( r e f l e c t i n g  the  smal l  

p o p u l a t i o n  s me). 

zero.  

The woodpecker inc reases  sl  i g h t l y  over  30 years,  

The Ovenbi rd p o p u l a t i o n  d e c l i n e s  r a p i d l y  toward 
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Figure 3.3. 
mosaic o f  25 h a b i t a t  patches. 

The Red-headed Woodpecker i s  to le ran t  o f  fo re s t  fragmentation; the 
Ovenbird i s  a sens i t ive  species. 

Simulated metapopulation dynamics of 2 species i n  a 
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The Same Species i n  D i f f e r e n t  Contexts  

A g i ven  mosaic landscape p rov ides  a. p o t e n t i a l l y  un ique c o n t e x t  

f o r  av ian  demography. 

much more pronounced i n  a mosaic of inany smal l  patches than  -in one 

w i t h  a few l a r g e r  patches. 

more l i k e l y  t o  develop i n  a sparse mosaic than  i n  one w i t h  h i g h  pa tch  

d e n s i t y .  Fo r  a species s e n s i t i v e  t o  the  e f f e c t s  o f  f o r e s t  

f raynic ln tat ion,  t h e  s p a t i a l  c o n f i g u r a t i o n  o f  a landscape can determine 

species abundance p a t t e r n s  observed i n  t h e  mosaic-  T h i s  r e s u l t  i s  

i l l u s t r a t e d  f o r  t h e  Red-eyed V i reo  as parameter ized  i n  Table 3.2. 

2 mosaics a re  e q u i v a l e n t  i n  t o t a l  h a b i t a t  a rea  (374 and 379 ha, see 

Table 3 . 3 ) ,  b u t  mosaic #4 inc ludes  2 l a r g e  patches w h i l e  mosaic #26 

has a l a r g e r  number o f  smal l  patches. The s imu la ted  species shows 

q u a l i t a t i v e l y  d i f f e r e n t  dynamics i n  t h e  2 landscapes ( F i g u r e  3.4). 

Th i s  evokes t h e  i d e a  o f  t h e  " e c o l o g i c a l  t r a p ' '  o f  Gates and Gysel 

(1978) :  

usab le  h a b i t a t ,  b u t  cannot s u c c e s s f u l l y  breed; t.he smal l  patches a re  a 

d r a i n  on t h e  l o c a l  metapopulat ion.  'This n o t i o n  i s  pursued i n  

Chapter 6. 

Edge e f f e c t s  on n a t a l i t y ,  f o r  example, would be 

I s o l a t i o n  e f f e c t s  i n  d i s p e r s a l  would be 

The 

a species at tempts t o  n e s t  i n  smal l  patches of a p p a r e n t l y  

Patch-Level  Popu la t ions  and t h e  Metapopu la t ion  

Popu la t i on  dynamics can be examined a t  t h e  s c a l e  o f  t h e  

i n d i v i d u a l  pa tch  o r  f o r  t h e  e n t i r e  h a b i t a t  mosaic. 

p o p u l a t i o n s  i n  patches f l u c t u a t e  cons ide rab ly  th rough t ime,  w h i l e  

I n  most cases, 
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figure 3.4. Simulated metapopulation dynamics for a species 
moderately sensitive to forest fragmentation, in 2 different 
1 andscape contexts. 

Mosaic # 4  includes 2 large reserves and i s  33% edge, mosaic #26 
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metapopulation dynamics are comparatively damped (Figure 3.5, an 

exemplary result for the Ked-headed Woodpecker). 

reflects the averaging effect o f  numbers: 

fluctuate more than larger populations. In some cases, population 

This largely 

smaller populations 

qualitatively different in patches as compared to the 

Far a species undergoing a general decline in 

populations (especially 

self-sustaining; the 

dynamics as a slow, 

asymptotic decline (Figure 3.6, an exeiriplar for the Red-eyed Vireo). 

patches quickly lose their 

while a f ew  patches remain 

ntegrates these patch-leve 

I tic i den c e o f  Neo t ro p i c a 1 M i grant s 

Neotropical migrants are an appropriate sumary focus because 

migratory strategy is correlated with d number of other life-history 

tactics that seem to confer sensitivity t o  forest fragmentation 

(Whitcomb et al. 1981). In model simulations, a general decline i n  

abundance of migrants (as percent o f  total individuals) is generally 

evident (Figure 3.7, an exemplar). 

area i n  very large patches retains a higher percentage of migrant 

birds in simulations, but the qualitative decline is similar. 

A mosaic with proportionately more 

SpeciesJArea Relationships 

The relationship between hahit.at area and bird species richness 

is central to this study, so it i s  appropriate here t o  illustrdte the 

specieslaren relationship as generated by the simulator. 

example, demographics were simulated f o r  42 species in a mosaic of  

As an 
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to forest fragmentation, as witnessed at the scale o f  individual 2-ha 
and 8-ha patches, and the metapopulation. 

Simulated population dynamics for a species insensitive 
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Figure 3.6. Simulated population dynamics for a species undergoing a 
gradual decline in abundance, as witnessed at the scale of  individual 
2-ha and 32-ha patches, and the metapopulation (inset). 
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Incidence o f  neotropical migrants i n  metapopulations 
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44 habitat patches ranging in size from 1 to 128 ha (rriosaic #19, 

Table 3 . 3 ) .  Species richness was tallied in the final year of a 

30-year simulation, and these tallies were averaged over 

10 replicates. The species/area relationship is quite apparent 

(Figure 3.8). In real forest patches, this areal dependency reflects 

(at least) microhabitat variety, edge effects and biotic interactions, 

dispersal effects, and the size and persistence o f  the breeding 

population. The model incorporates each o f  these factors except 

microhabitat variety. In the following chapters, the relative 

contribution o f  each of the factors in the model is assessed directly, 

via model experiments. The importance o f  microhabitat variety is 

inferred indirectly by noting the extent to which the factors in the 

model fail to generate realistic results. 

Model Adequacy and Re1 i abi 1 i ty 

The simulation results presented in t h i s  chapter were selected to 

illustrate model capabilities, and while these examples are 

appealingly realistic, it is iinportant to address the limitations o f  

the model. The applicability o f  a model can be assessed in terms of 

(1) behaviors that are shared by the model and the system being 

modeled, ( 2 )  behaviors the system exhibits but; the mode1 does not 

reproduce, and ( 3 )  behaviors produced by the model but n o t  exhibited 

by the real system (Cale et al. 1983, Mankin et al. 1975). For 

present purposes these might be loosely translated as (1 )  things the 

model does correctly, (2) real things the model cannot do, and 

( 3 )  unrealistic things the model does. Model "adequacy" increases as 
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(1) increases relative to (2); irrade? "reliability" increases as 

( 3 )  decreases relative to (1) (Cale et ale 1983, Mankin et a l .  1975). 

Obviously, the ideal  model would be very adequate as well as reliable, 

but a model can be useful even i f  it i s  not ideal. I t  i s  important, 

however, to determine the domain o f  applicability of the model so it 

is not used beyond its limitations. 

Unfortunately, the adequacy and reliability of a model can only 

be established by using the model. In application, the more trials a 

model meets successfully, the  better its adequacy and reliability are 

established. Even casual consideration of the demographics simulator 

reveals a wealth of biological detail that has not been included. The 

model is clearly not adequate For every purpose. Still, the simulator 

was written to be versatile, and results illustrated in t h i s  chapter 

suggest that the model is adequate for t h e  variety of applications 

considered in this dissertation. 

OF greater concern here i s  model reliability, whether model 

output i s  sufficiently realistic. It i s  instructive to partition 

unreal s t i c  model behaviors into random errors and systematic bias. 

Random errors arise from such sources as uncertainties in parameter 

estimates. Certainly, estimates of avian life-history parameters are 

subject to this sort o f  error. 

random with respect t o  species (no taxa is systematically 

overestimated or underestimated), then consequent error in model 

output can be statistically controlled. 

hypotheses, this control is effected by testing model output against 

other  model output. Such applications are examples of model 

Importantly, if tliese errors are 

In evaluating specif ic  
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experiments, in which one parameter i s  varied while controlling other 

parameters. Random errors in the model are thus incorporated into the 

statistical design and assessed accordingly. This approach i s  used in 

Chapters 5 and 6. 

Systematic bias in model behavior may arise i f  the 

conceptualization (model structure) or formulations (state equations) 

are insufficient or simply incorrect. Clearly, the demographics 

simulator i s  insufficient in that the details o f  microhabitat 

utilization and breeding behavior o f  forest birds are not included. 

Systematic bias, while somewhat frustrating to the modeler, can be o f  

great heuristic value because i t  provides strong inference about the 

importance o f  aspects that were not included i n  the model. We learn 

from our mistakes. This approach is used in Chapters 6 and 7. 
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CHAPTER 4 

HABITAT AVAILABILITY AND B I R D  SPECIES DISTRIBUTION 

I n t r o d u c t i o n  

M i c r o h a b i t a t  has l o n g  been a focus  o f  av ian  au teco logy  and 

community eco logy  (Anderson and Shugart 1974; Cody 1968, 1981, 1985; 

H i l d e n  1965; James 1971; Wiens 1969, 1974; W i l l s o n  1974). Such 

s tud ies ,  p a r t i c u l a r l y  when couched i n  terms o f  resource  p a r t i t i o n i n g  

(Schoener 1974), have been success fu l  i n  l a r g e  measure because o f  t h e  

fundamental i i i iportance o f  m i c r o h a b i t a t  t u  b i r d  ecology. I n  t h i s  

chap te r  t h i s  impor tance i s  t r a n s l a t e d  upscale, f rom t h e  m i c r o h a b i t a t  

encompassed by  t h e  b reed ing  t e r r i t o r y  of an i n d i v i d u a l  b i r d ,  t o  t h e  

b i r d  community suppor ted by  a f o r e s t  stand, and f i n a l l y  t o  t h e  r o l e  o f  

m i c r o h a b i t a t  a v a i l a b i l i t y  i n  e f f e c t i n g  b i r d  species abundance p a t t e r n s  

a t  t h e  landscape sca le .  

M i c r o h a b i t a t  S e l e c t i o n  i n  Av ian Autecology 

A t y p i c a l  f o r e s t  b i r d  defends a breed ing  t e r r i t o r y  t h a t  p r o v i d e s  

t h e  bas ic  requ i rements  f o r  n e s t i n g  and f eed ing .  

encompasses o t h e r  n i c h e  dimensions (e.g., t r o p h i c  dimensions), and can 

be cons idered a fundamental resource  base Fo r  f o r e s t  b i r d s ,  sensu 

G r i n n s l l  (1917) o r  Hutchinson (1957) (see Cody 1985). 

Thus, 

I n  genera l ,  f o r e s t  b i r d s  s e l e c t  b reed ing  h a b i t a t  on t h e  b a s i s  of 

p rox imate  cues r e f l e c t i n g  gross  v e g e t a t i o n  s t r u c t u r e  ( H i l d e n  1965, 

James 1971, K l o p f e r  1965; b u t  see Robinson and Holmes 1982). 
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James (1971) coined the term "niche gestalt" to refer to the 

characteristic vegetation profile associated with the breeding 

territory of a particular species (Figure 4.1). The niche gestalt has 

been a useful construct in avian ecology because i t  can be readily 

quantified with simple measures of vegetation structure and 

multivariate statistical techniques (James 1971). 

Several studies have demonstrated that microhabitat affinities o f  

birds are fine-grained (resolved on a spatial scale of about 0.1 ha or 

less), and when not over-interpreted statistically (see Capen 1981), 

both useful and real. Here, "real" means that different studies of 

the same species usually produce comparable microhabitat descriptions 

(Noon et a l .  1980). "Useful" implies that measures of vegetation 

structure are often sufficient to account for the distribution of bird 

species in heterogeneous habitats (Cody 1968, 1981, 1985; James 1971; 

Wiens 1969, 1974). 

Territory size generally is inversely related to resource 

availability, in that rich habitats support smaller territories than 

less productive habitats (Stenger and Falls 1959) e 

al. (1982) found that measures of vegetation structure were better 

predictors o f  Ovenbird territory size than were actual estimates of 

food resource availability. They suggested that, because the 

abundance of prey iteins varies considerably both within and between 

breeding seasons, vegetation structure might serve as a more 

consistent index of site quality. Thus, birds fare better in the long 

run by relying on proximate cues t o  habitat quality. 

However, Smith et 

This is 
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consis tent  w i t h  Hilden's (1965) discussion of proximate cues, and 

further underscores the importance o f  microhabitat s t ruc ture  i n  avian 

autecology. 

Microhabitat Pattern and B i r d  Corninunity Structure 

A t  the level of the  f o r e s t  stand, b i r d  species d ivers i ty  i s  

s t rongly related t o  the var ie ty  and r e l a t ive  abundance of 

microhabitats encompassed by the stand. T h i s  re la t ionship was 

established empirically by MacArthur, who found bird species d ivers i ty  

t o  be l inear ly  re lated t o  an index of fo l iage  height d ive r s i ty  

(PlacArthur and MacArthur 1961, MacArthur e t  a l .  1962). Koth (1976) 

has provided an insightful  discussion of the r e l a t ive  ro l e  of 

e f fec t ing  bird horizontal and ver t ica l  components of patchiness i n  

species d ivers i ty .  

Urban and S m i t h  ( i n  review) used a fo re s t  simu 

assess the  relat ionship between f o r e s t  microhabitat 

ation model t o  

pattern and b i r d  

community structure a t  scales  not d i r ec t ly  accessible empirically. 

This study analyzed assemblages of randomly generated, hypothetical 

b i r d  species, so tha t  community-level pat terns  obtained were a 

consequence so le ly  of microhabitat ava i l ab i l i t y  ra ther  t h d n  of bird 

biology. 

especial ly  per t inent  here-- i t  motivates much o f  the  remainder of t h i s  

chapter-- i t  i s  appropriate t o  discuss these r e su l t s  in some de ta i l .  

S m i t h  developed a g r i d d e d  version o f  a forest  simulation model 

Because t h i s  emphasis on microhabitat ava i l ab i l i t y  i s  

t 

(Shugart and West 1977) tha t  i s  capable o f  simulating large t r a c t s  of 

fo re s t  while re ta ining the f ine-scale  d e t a i l s  o f  fo re s t  s t ruc tura l  
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dynamics (Smi th  and Urban, i n  p rep . ) .  

used the model t o  s i m u l a t e  a 9-ha s tand o f  eas t  Tennessee f o r e s t ,  as a 

30 x 30 g r i d  o f  0.01-ha c e l l s .  The modeled s tand was s p a t i a l l y  

e x p l i c i t  t o  a s c a l e  o f  0.01 ha, and was sampled e x h a u s t i v e l y  w i t h  

0.04-ha quadra ts  ( 4  g r i d  c e l l s  square) .  

a m i c r o h a b i t a t  sample. 

sampled a t  50-year- i n t e r v a l s ,  genera t i ng  a m i c r o h a b i t a t  sample o f  

225 quadrats  over  15 sample per iods ,  o r  3375 t o t a l  quadrats .  

Urban and Smi th ( i n  rev iew)  

Each quadrat  was analyzed as 

The s tand was s imu la ted  f o r  750 years  and was 

P r i n c i p a l  Components a n a l y s i s  summarized t h e  major  p a t t e r n s  i n  

f o r e s t  s t r u c t u r e ,  i n  terms o f  stem d e n s i t i e s  i n  5 d iameter  c lasses .  

The f i r s t  two p r i n c i p a l  components r e f l e c t e d  t r e n d s  i n  unders to ry  

versus o v e r s t o r y  t r e e  d e n s i t y .  These two axes were used as a 

framework i n  which t o  i l l u s t r d t e  p a t t e r n s  i n  f o r e s t  b i r d  cornrnunities. 

Phe " b i r d  spec ies"  i n  t h i s  s tudy  were randomly generated e l l i p s e s  

i n  a 2-d imensional  " h a b i t a t  space" d e f i n e d  by unders to ry  and o v e r s t o r y  

t r e e  d e n s i t y  ( t h e  f i r s t  two p r i n c i p a l  components o f  h a b i t a t  

s t r u c t u r e ) .  

t d l  l y i n g ,  i n  each sampling pe r iod ,  the number o f  m i c r o h a b i t a t  quadra ts  

t h a t  s a t i s f i e d  t h e  s imu la ted  h a b i t a t  p re fe rences  o f  t h e  v a r i o u s  

spec ies  ( i . e * ,  by f a l l i n g  w i t h i n  t h e  h a b i t a t  e l l i p s e  o f  a spec ies  i n  

p r i n c i p a l  component space). 

f o r e s t  b i r d  n iches  i n  p r i n c i p a l  component space, see Sherry  and Holmes 

(1985). 

B i r d  species abundance p a t t e r n s  were analyzed b y  

For  an i l l u s t r a t i v e  a n a l y s i s  of r e a l  
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Successional Patterns 

The forest simulation emphasized the increase in microhabitat 

diversity in secondary succession, and the steady-state pattern o f  

microhabitats maintained in mature forest (Figure 4.2). 

succession, microhabitats become increasingly dissimilar to one 

another because o f  differences in species composition, growth rates, 

and the stochastic inseeding and mortality of individual trees. As 

the microhabitats become more dissimilar, they collectively satisfy 

the habitat selection criteria o f  more and more bird species. T h i s  

seral increase in microhabitat diversity accounts for the 

characteristic increase in species richness through t?me (Figure 4.3). 

In 

Because microhabitat variety i s  low in early succession, species 

whose preferred habitat i s  represented at all are generally 

represented abundantly. Thus, there i s  high numerical dominance by a 

few species initially. As microhabitat variety increases later in 

succession, species dominance decreases and equitability increases 

accordingly (Figure 4.4). 

Microhabitats change rapidly in early succession because saplings 

and small trees change more quickly in stature than do large trees, so 

the rate of change in forest structure decreases with successional age 

(Smith and Urban, in review). Bird species turnover rates reflect 

this, with high turnover early in succession. In mature forests 

approaching steady-state, fine-scale microhabitat dynamics continue to 

elicit an appreciable turnover in species occurrence (Figure 4 - 5 ) .  
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F i g u r e  4.2. Temporal p a t t e r n s  i n  v a r i a t i o n  i n  f o r e s t  m ic rohab i ta t s ,  
as s imu la ted  f o r  750 yea rs  o f  succession. 

I n s e t s :  s t a t i s t i c a l  d i s t r i b u t i o n s  o f  225 sample quadra ts  a t  5 
sampling pe r iods ,  i n  p r i n c i p a l  component space d e f i n e d  by u n d e r s t o r y  
d e n s i t y  ( P C  I )  and o v e r s t o r y  d e n s i t y  ( P C  11). Var iance i s  indexed 
as area o f  95% conf idence e l l i p s e s  about these d i s t r i b u t i o n s ,  f o r  
each o f  15 sampling p e r i o d s  ( f r o m  Urban and Smith, i n  r e v i e w ) .  
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F i g u r e  4.3. 
mature,  s teady -s ta te  f o r e s t  ( a s  s imu la ted  by Urban and S m i t h ,  i n  
r e v i e w ) .  

Inc rease i n  b i r d  species r i c h n e s s  th rough  success ion t o  

I n s e t :  
g r a d i e n t  f o r  sou thern  I l l i n o i s  f o r e s t s  (mature f o r e s t  on o r d i n a t i o n  
a x i s  corresponds t o  400-year s imu la ted  f o r e s t ;  unpub l ished d a t a  f rom 
Urban 1981).  

b i r d  species r i c h n e s s  a long an o r d i n a t e d  success iona l  
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F i g u r e  4.4. Trends i n  numer ica l  dominance and e q u i t a b i l i t y  among 
b i r d  spec ies  th rough  success ion t o  mature, s teady -s ta te  f o r e s t  ( a s  
s imu la ted  by Urban and Smith, i n  rev iew) .  

Dominance i s  Zp(i)* , where p ( i )  i s  t h e  r e l a t i v e  abundance of 
spec ies  i. 
as def ined as above, and S i s  t he  number o f  spec ies  present .  

E q u i t a b i l i t y  i s  H/lnS, where H = -Cp(i)lnp(i), p ( i )  i s  
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F i g u r e  4.5. 
t o  mature, s t e a d y - s t a t e  f o r e s t  ( a s  s imu la ted  by  Urban and Smith, i n  
r e v i e w ) .  

Bird spec ies  t u r n o v e r  and s i m i l a r i t y  t h rough  succession 

Turnover i s  d e f i n e d  as t h e  percentage o f  spec ies p resen t  a t  t i m e  t 
t h a t  are no l o n g e r  p r e s e n t  a t  t i i i i e  t + l .  S i m i l a r i t y  i s  200C/(A+B), 
where A i s  t h e  number o f  spec ies  p resen t  a t  t i m e  t, B i s  t h e  number 
of spec ies a t  t i m e  t + l ,  and C i s  t h e  number o f  spec ies p resen t  a t  
b o t h  t imes.  
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P a t t e r n s  i n  Mature F o r e s t  

The s t e a d y - s t a t e  p a t t e r n  o f  m i c r o h a b i t a t s  ma in ta ined  by mature 

f o r e s t s  (sensu Bormann and L i kens  1979; Shugar t  1984; Watt 1925, 1947) 

accounts f o r  t h r e e  common p a t t e r n s  i n  animal communit ies. Because 

common m i c r o h a b i t a t s  a re  c e n t r a l l y  l o c a t e d  i n  mu1 t i v a r i a t e  n i che  space 

w h i l e  unusual m i c r o h a b i t a t s  a re  p e r i p h e r a l l y  l o c a t e d  (Carnes and Slade 

1982, Shugar t  and Pa t ten  1972, Dueser and Shugar t  1979, Seagle e t  a l ,  

1984, Seagle and McCracken 1986), t h e r e  i s  an i n v e r s e  r e l a t i o n s h i p  

between spec ies  abundance and n i c h e  p o s i t i o n  (here,  n i c h e  p o s i t i o n  

indexes a spec ies '  h a b i t a t  a f f i n i t i e s :  spec ies u t i l i z i n g  common 

m i c r o h a b i t a t s  have low n i c h e  p o s i t i o n ;  spec ies  t h a t  p r e f e r  unusual 

m i c r o h a b i t a t s  have h i g h  n i c h e  p o s i t i o n )  ( F i g u r e  4.6). 

The sample d i s t r i b u t i o n  o f  m i c r o h a b i t a t s  i s  such t h a t  spec ies  

w i t h  a f f i n i t i e s  f o r  unusual m i c r o h a b i t a t s  w i l l  always be r a r e  a t  t h e  

s c a l e  o f  t h e  f o r e s t  s tand.  

e v o l v e  a f f i n i t i e s  f o r  common m i c r o h a b i t a t s  more o f t e n  than  f o r  r a r e  

m i c r o h a b i t a t s  (wh ich  would r e q u i r e  something a k i n  t o  d i v i n e  guidance) ,  

t h e  sample d i s t r i b u t i o n  o f  m i c r o h a b i t a t s  p rov ides  f o r  more r a r e  

spec ies  t h a n  common spec ies  ( F i g u r e  4.7; see a l s o  MacArthur 1971; 

P res ton  1962; Seagle e t  a l .  1984; Seagle and McCracken 1986). 

Because t h e r e  i s  no reason f o r  spec ies t o  

The s p a t i a l  p a t t e r n  o f  m i c r o h a b i t a t s ,  which i n  t h e  s imu la ted  

f o r e s t  i s  generated by gap dynamics, p rov ides  f o r  an i nc rease  i n  

m i c r o h a b i t a t  d i v e r s i t y  f o r  i n c r e a s i n g l y  l a r g e  subsamples o f  t h e  f o r e s t  

s tand.  T h i s  h o r i z o n t a  h e t e r o g e n e i t y  r e f l e c t s  t h e  j u x t a p o s i t i o n  o f  
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F i g u r e  4.6. 
p o s i t i o n  f o r  b i r d  communit ies i n  mature, s teady -s ta te  f o r e s t  ( a s  
s i i i ru la ted by Urban and Smith, i n  r e v i e w ) .  

Niche p o s i t i o n  i s  t h e  Euc l idean d i s t a n c e  from a spec ies '  n i c h e  
c e n t r o i d  i n  t h e  s t a t i s t i c a l  habi-bat space, t o  t h e  pooled-sample 
h a b i t a t  c e n t r o i d .  Species w i t h  a f f i n i t i e s  f o r  unusual  h a b i t a t s  have 
h i g h  n i c h e  p o s i t i o n .  I n s e t :  abundance and n i c h e  p o s i t i o n  f o r  b i r d s  
i n  southern  I l l i n o i s  f o r e s t s  ( u n i t s  on axes a r e  n o t  s tandard ized;  
unpub l ished d a t a  f rom Urban 1981). 

R e l a t i o n s h i p  between b i r d  spec ies  abundance and n i c h e  
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Figure 4.7. 
mature, steady-state fo re s t  ( a s  simulated by Urban and Smith, i n  
review). 

Distribution of abundance classes  f o r  bird species in 

Inset :  abundance classes  f o r  birds in Cadiz woodlots (averaged f o r  6 
woodlots 6-10 ha i n  s i z e ) .  Correcting the simulated c lasses  (0.04-ha 
quadrats) f o r  a v i a n  t e r r i t o r y  s ize  ( c i r ca  1 ha )  would s h i f t  the 
simulated d is t r ibu t ion  t o  roughly match the empirical c lasses .  
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v e r t i c a l  p r o f i l e s  (here  indexed by t h e  r e l a t i v e  impor tance o f  

u n d e r s t o r y  and o v e r s t o r y  t r e e s )  t h a t  a re  l o c a l l y  o u t  o f  phase w i t h  one 

another  (Roth 1976). 

snec ies /area  r e l a t i o n s h i p  mediated by m i c r o h a b i t a t  d i v e r s i t y  

( F i g u r e  4.8). 

Th i s  s p a t i a l  p a t t e r n  thus  p rov ides  f o r  a 

Other  f a c t o r s ,  o f  course, c o n t r i b u t e  t o  observed spec ies  

abundance p a t t e r n s  f o r  f o r e s t  b i r d s  (Sher ry  and Holmes 1985). But  t h e  

impor tan t  conc lus ion  here i s  t h a t  many c h a r a c t e r i s t i c  p a t t e r n s  i n  b i r d  

cornmunity s t r u c t u r e  can be a t t r i b u t e d ,  i n  l a r g e  p a r t  a t  l e a s t ,  t o  t h e  

dynamic p a t t e r n  o f  m i c r o h a b i t a t  a v a i l a b i l i t y  w i t h i n  a f o r e s t  stand. 

B i r d  Species D i s t r i b u t i o n  i n  Landscapes 

Resu l t s  o f  t h e  s i m u l a t i o n  s tudy  suggest t h a t  s t a t i s t i c a l  i n d i c e s  

o f  h a b i t a t  v a r i e t y ,  es t imated  a t  t h e  l e v e l  o f  t h e  f o r e s t  stand, would 

be u s e f u l  i n  p r e d i c t i n g  b i r d  species d i v e r s i t y  a t  t h e  landscape scale,  

i.e., f o r  a mosaic o f  f o r e s t  patches. I t  f o l l o w s  t h d t  h a b i t a t  v a r i e t y  

should be c o r r e l a t e d  w i t h  b r d  species r i c h n e s s  i n  woodlots. 

S u r p r i s i n g l y ,  t h i s  has been d i f f i c u l t  t o  demonstrate e m p i r i c a l l y .  

G a l l i  e t  a l .  (1976) indexed h a b i t a t  d i v e r s i t y  i n  seve ra l  woodlots  as a 

Shannon-Wedver f u n c t i o n  o f  f o l i a g e  d e n s i t y  i n  5 s t r a t a ,  measured a t  

severa l  sample p o i n t s  per  woodlot. T h i s  index d i d  n o t  i nc rease  w i t h  

i n c r e a s i n g  f o r e s t  a rea  f o r  woodlots  l a r g e r  than  about 2 ha, The index  

was n o t  r e l a t e d  t o  b i r d  species d i v e r s i t y .  I n  Wisconsin, Ambuel and 

Temple (1983) d e f i n e d  20 d i f f e r e n t  f o l i a g e  p r o f i l e  types, and indexed 

h a b i t a t  d i v e r s i t y  as a Shannon-Weaver f u n c t i o n  o f  t h e  r e l a t i v e  

abundance of each o f  these p r o f i l e  types  found w i t h i n  a ~ o 0 d 1 0 t .  T h i s  
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Figure 4.8. Species/area relat ionship f o r  subsamples o f  a 9-ha 
s t a n d  o f  mature, s teady-state  fo re s t  (as  simulated by Urban and 
Smith, i n  review). 
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index was uncorrelated with forest area, leading Ambuel and Temple to 

conclude that habitat variety in itself did not contribute 

substantially t o  a specieslarea relationship observed in their data. 

Microhabitats and Birds in the Cadia Mosaic 

Forewarned that the relationship between habitat variety and bird 

species diversity in woodlots ir, a t  best, not necessarily 

straightforward, an explaratory approach was adopted for the Cadiz 

woodlots. 

number o f  different structural microhabitats represented within a 

woodlot. 

indices, but it is a l so  the least ambiguous in interpretation. 

Microhabitat variety was indexed as habitat richness, the  

Richness is perhaps the least elegant o f  riiyriad diversity 

Discrete structural microhabitats were identified via cluster 

analysis (FMSPCLUS procedure, SAS 1982). Discriminant functions were 

then calculated ta assess the validity of the typal microhabitats at 

several levels of resolution ( i .e.,  f o r  different numbers o f  

clusters). 

according t o  the calculated functions indicated the proportion o f  

samples that could be classified correctly. 

microhabitats clustered, samples could be back-classified with 93% 

accuracy. The selection o f  this level o f  resolution was, o f  course, 

arbitrary; but  any ecologically significant relationship between 

habitat variety and bird species richness should be somewhat r o b u s t  t o  

subt le  d i s t i  nct ions aboirt ”habitats. ” 

At each level, back-classification of the input samples 

With 20 typal 

At the least, microhabitat richness should increase with woodlot 

area. Because bird species richness a lso  increases with woodlot area, 
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microhabitat richness and bird species richness should be positively 

correlated. 

importance o f  microhabitat pattern to bird communities, but would not 

distinguish habitat effects from any effects o f  woodlot area in 

itself. 

availability would require a relationship between microhabitat 

richness and bird species richness, once the effect of area has been 

accounted; that is, a relationship between habitat richness and 

residual variation in bird species richness. This relationship was 

tested via partial regression analysis. 

Such a result would be consistent with the postulated 

A more rigorous test of the importance o f  habitat 

Microhabitat richness and woodlot area were positively correlated 

for the Cadiz woodlots (r=O.64, p>O.OOOl). Area was more strongly 

correlated with bird species richness (r=0.71), and this relationship 

was still stronger when area i s  log-transformed (r=0.79) e 

Microhabitat richness was more weakly correlated with bird species 

richness (r=0.62). These correlations suggest that the relationship 

between habitat richness and bird species richness may be coincidental 

to the area effect. Indeed, in partial regression, habitat richness 

did not contribute significantly t o  predicting bird species richness 

(p>O. 14). 

Area as a Surrogate for Microhabitat Pattern 

The failure to relate bird species diversity to patterns in 

microhabitat variety and abundance in woodlots, when there i s  strong 

theoretical support for such a relationship, warrants some 

discussion. It remains, o f  course, that the postulated dependency 
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between b i r d  species r i c h n e s s  and h a b i t a t  v a r i e t y  m igh t  emerge f rom 

f u r t h e r  analyses of h a b i t a t s  de f ined by o t h e r  means, o r  a t  d i f f e r e n t  

l e v e l s  of r e s o l u t i o n ,  o r  f o r  some o t h e r  index  a f  d i v e r s i t y .  But  i t  

m igh t  a l s o  be argued t h a t  such a r e l a t i o n s h i p ,  i f  f i n a l l y  

demonstrated, i s  t o o  d e a r l y  purchased. I t  i s  c e r t a i n l y  d i f f i c u l t  t o  

recommend r e l e n t l e s s  s t a t i s t i c a l  a n a l y s i s  as a genera l  approach; i n  

most cases t h i s  approach would be l o g i s t i c a l l y  p r o h i b i t i v e .  

A mechan is t i c  unders tand ing  o f  t h e  f a c t o r s  t h a t  generate 

m i c r o h a b i t a t  p a t t e r n  i n  f o r e s t s  suggests t h e  c o n d i t i o n s  under which 

e m p i r i c a l  es t ima tes  o f  m i c r o h a b i t a t  p a t t e r n  shou ld  p rove u s e f u l ,  as 

w e l l  as those cases when such es t ima tes  m igh t  f a i l  t o  account f o r  b i r d  

spec ies  abundance p a t t e r n s .  I n  genera l ,  i f  t h e  processes genera t i ng  

f o r e s t  m i c r o h a b i t a t  p a t t e r n  a re  s i m i l a r  f o r  a l l  f o r e s t  patches i n  a 

landscape, then t h e  area o f  a s tand o r  woodlot  should be a s u f f i c i e n t  

su r roga te  v a r i a b l e  f o r  t h e  d i s t r i b u t i o n  o f  f i n e r - s c a l e  m i c r o h a b i t a t s .  

I n  such cases, b i r d  species d i v e r s i t y  should be c o r r e l a t e d  w i t h  

h a b i t a t  d i v e r s i t y ,  b u t  t h e r e  should be so l i t t l e  r e s i d u a l  v a r i a t i o n  i n  

h a b i t a t  d i v e r s i t y  (beyond t h a t  accounted by  area i t s e l f )  t h a t  

e m p i r i c a l  h a b i t a t  measures m igh t  be super f luous .  Fu r the r ,  i f  t h e r e  i s  

cons ide rab le  d i f f i c u l t y  i n  d e f i n i n g  " h a b i t a t "  i n  terms t h a t  a re  

r e l e v a n t  t o  b i r d s ,  o r  i f  t h e  d i s t r i b u t i o n  o f  these h a b i t a t s  i s  

d i f f i c u l t  t o  es t ima te  a c c u r a t e l y  i n  t h e  f i e l d ,  t hen  area m igh t  serve  

as a b e t t e r  e s t i m a t o r  o f  h a b i t a t  d i v e r s i t y  t han  a c t u a l  measurements. 

Conversely, i f  t h e  f a c t o r s  genera t i ng  m i c r o h a b i t a t  p a t t e r n  va ry  

cons ide rab ly  among woodlots, t hen  e m p i r i c a l  es t ima tes  o f  t h e  

d i s t r i b u t i o n  of m i c r o h a b i t a t s  should be u s e f u l  p r e d i c t o r s  o f  b i r d  
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species abundance pat terns .  

contr ibute  t o  variation among woodlots in man-dominated landscapes. 

( 1 )  Disturbances t h a t  are s imilar  in spa t ia l  scale  t o  the s ize  of 

woodlots (such as f i r e s  or catastrophic windstorms) will a f fec t  e n t i r e  

o r  large par ts  o f  woodlots, overriding the spa t ia l  patterning o f  

microhabitats. 

suf f ic ien t  in tens i ty  as t o  be considered disturbances (e.g. ,  

logging). 

timber management pract ices  ( se lec t ive  logging and thinning) ,  and 

showed t h a t  the resu l tan t  microhabitat d i s t r ibu t ions  supported very 

d i f fe ren t  bird communities. I n  agr icul tural  landscapes o f  the 

midwestern United S ta tes ,  timber management uni ts  often correspond t o  

pat terns  of ownership; small woodlots have a single owner and a re  

managed as en t i r e  uni ts ,  while large woodlots may have several owners 

with each parcel managed independently. 

There are three fac tors  t h a t  might 

This category includes management practices of 

Urban and Smith ( i n  review) simulated the e f f ec t s  o f  two 

( 2 )  Forest management pract ices  t h a t  are n o t  so intense as t o  be 

considered disturbances may s t i l l  homogenize microhabitat pattern 

w i t h i n  a wood lo t ,  reducing the overall variety of microhabitats. 

Chronic l i g h t  grazing o r  removal of firewood are examples o f  t-imber 

uses t h a t  might homogenize the internal patterning of microhabitats. 

Related t o  t h i s  case are woodlots tha t  are of such i r regular  shape o r  

small s ize  t h a t  they include only edge habitat  (Levenson 1981). 

( 3 )  Historical pat terns  of fo re s t  clearing and current land use 

may resu l t  i n  f o re s t  remnants t ha t  are small r e l a t ive  t o  the scale  o f  

environmental gradients (e.g., topographic pat tern)  Consequently, 

small woodlots may represent only local samples of larger patterns.  
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A s ina l l  bot tomland woodlot  m igh t  suppor t  ve ry  d i f f e r e n t  m i c r o h a b i t a t s  

than  an up land woodlot  o f  t h e  same s i ze .  These d i f f e r e n c e s  can be 

compounded by d i s tu rbances  t h a t  occur  d i f f e r e n t i a l l y  w i t h  r e s p e c t  t o  

topograph ic  g rad ien ts ,  such as f i r e  o r  windthrow. Conversely, i f  

remnant f o r e s t  patches themselves a r e  r e s t r i c t e d  t o  o n l y  c e r t a i n  k i n d s  

of s i t e s  (e.g., t o p o g r a p h i c a l l y  rugged s i t e s ,  Bowen and Burgess 1 9 8 l ) ,  

t hen  d i f f e r e n c e s  among woodlots  m igh t  be reduced i n  some ins tances .  

I n  each o f  t hese  t h r e e  cases, woodlots  t h a t  a re  s i m i l a r  i n  s i z e  

may be v e r y  d i f f e r e n t  i n  h a b i t d t  d i v e r s i t y ,  and a c t u a l  es t ima tes  o f  

h a b i t a t  d i v e r s i t y  m igh t  improve p r e d i c t i o n s  of spec ies  abundance i n  

h a b i t a t  mosaics. I t  does seem l i k e l y ,  however, t h a t  these e m p i r i c a l  

es t ima tes  would p rove most u s e f u l  i n  e x p l a i n i n g  r e s i d u a l  v a r i a t i o n  i n  

m i c r o h a b i t a t  o r  b i r d  species d i v e r s i t y  n o t  accounted by area i t s e l f .  

Thus, e m p i r i c a l  es t ima tes  o f  h a b i t a t  v a r i e t y  would augment b u t  n o t  

r e p l a c e  area i t s e l f  as a p r e d i c t i v e  v a r i a b l e .  Again, i f  t h e r e  a r e  

l o g i s t i c a l  problems i n  adequate ly  c h a r a c t e r i z i n g  m i c r o h a b i t a t  

d i s t r i b u t i o n s  i n  t h e  f i e l d ,  t hen  area m igh t  serve  as a b e t t e r  es t ima te  

than  e m p i r i c a l  measures. 

The d i s tu rbance  h i s t o r y  of Cadiz Township i n v o l v e d  widespread 

g r a z i n g  and l o g g i n g  of woodlots, as w e l l  as occas iona l  f i r e s  on some 

s i t e s .  T h i s  h i s t o r y  i s  r e f l e c t e d  i n  c u r r e n t  f o r e s t  h a b i t a t s  ( S h a r p  

e t  a l . ,  i n  p ress ) ;  t h e  e f f e c t s  o f  d i s tu rbance  a re  f r e q u e n t l y  obv ious  

i n  t h e  s t r u c t u r a l  p a t t e r n s  o f  p a r t i c u l a r  woodlots. T h i s  aga in  

suggests t h a t  measures o f  m i c r o h a b i t a t  d i v e r s i t y  should be r e l a t e d  t o  

p a t t e r n s  i n  b i r d  species r i c h n e s s  i n  Cadiz woodlots. That t h i s  

expected r e l a t i o n s h i p  d i d  n o t  emerge from t h e  f o r e g o i n g  analyses 



evokes a further speculation about bird species response to 

microhabitat pattern. 

95% of the individuals are either edge species or habitat generalists 

(Table 2.2, page 25). 

association between bird species and microhabitats may reflect the 

lack of.species with pronounced affinities for particular 

microhabitats. This implies that the relationship between bird 

species diversity and microhabitat pattern may be more interpretable 

with reference to the trajectory of avifaunal reorganization 

illustrated i n  Figure 2.6 (page 28). 

higher bird species diversity with increased microhabitat diversity 

and heterogeneity should be more pronounced (statistically stronger) 

i n  primeval forest (extensively forested landscapes) than in sparse 

mosaics that have been fragmented for a long time. 

In the Cadiz avifauna, 90% of the species and 

It seems likely that the lack o f  statistical 

Specifically, the association of 

In retrospect, it i s  worth remarking that many extensive studies 

o f  forest stands have selected study sites subject to a criterion of 

similarity or homogeneity (omitting sites with obvious evidence o f  

disturbance or unusual topographic features). 

sampling scheme is appropriate for studies of forest stands ( o r  their 

supported animal communities) because the nearly similar replicates 

increase sample sizes and strengthen the inferences drawn from them. 

But this approach obscures the very source of variation that becomes 

interesting at the landscape scale: 

Landscape-scale s tud ies  m u s t  redefine their sampling schemes and 

analytic methods to emphasize new sources of variation that contribute 

t o  landscape patterns. 

This conventional 

among-stand variation. 
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CHAPTER 5 

AVIAN VAGILITY AND HABITAT ACCESSIBILITY 

Introduction 

This chapter focuses on the role o f  avian dispersal in 

determining the relative accessibility and utilization o f  discrete 

habitat patches. In part, this concern is motivated by predictions of  

island-biogeographic theory (MacArthur and Wilson 1967). According t o  

island theory, the number o f  species supported by an island depends on 

a dynamic equi 1 ibrium between species immigrations and local 

extinctions. Other factors being equal, immigration rates are higher 

for islands near a species-rich source area (e.g., a mainland) as 

compared to more distant islands. So "near" islands support more 

species than ''far" islands (Figure 5.1). 

Although island theory has fallen f r o m  favor as a pdradigm for 

studies of terrestrial habitat mosaics (Gilbert 1980; Middleton and 

Merriam 1981, 1983; Whitcomb et al. 1981), the prediction of an 

isolation effect is still interesting. The mechanism o f  interest here 

is avian dispersal, especially the dispersal of fledglings. Available 

data illustrate that dispersal patterns of juvenile birds are 

qualitatively similar to the immigration curves o f  island theory. 

Nice (1937) banded nestling song sparrows, and then mapped the 

positions of birds relocated the next year. 

juveniles tend to return nearby, but not exactly to where they were 

born, with a dispersal-distance relationship that suggests negative 

Her data illustrate that 
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ORNL - DWG 86- 15701 

1MMIGRATIQN EXTINCTION 

NUMBER Of SPECIES PRESENT 

Figure 5.1. Species richness on islands as a dynamic equilibrium 
between immigration and local extinction (redrawn from MacArthur and 
Wilson 1967). 

Near islands have higher immigration rates than far islands; large 
islands have lower extinction rates than small islands. 
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2). Data 

onship, a 

for several other bird species 

though apparent dispersal ranges 

vary considerably among species (Weise and Meyer 1979, Nhitcornb et al. 

1981). 

This dispersal/distance relationship predicts that an isolation 

effect should be observed in a habitat mosaic. 

should be species-poor and patches near rich source areas should be 

species-rich. Indeed, MacClintock et d l .  (1977) found unusually high 

species richness in a small woodlot near a larger forest tract, 

suggesting that the satellite woodlot was heavily subsidized by birds 

dispersing from the larger forest. 

1solat.e.d patches 

T h i s  chapter examines three hypotheses about avian dispersal and 

habitat accessibility. 

limited by its dispersal range, individuals o f  the mosaic 

metapopulation should be contagiously distributed within available 

habitats. (2) If dispersal limitations reflect not the dispersal 

range o f  a species, b u t  rdther, the time spent searching for available 

habitats (its mobility), then spatial distributions of neotropical 

(1) In the case o f  a single species that i s  

permanent residents, 

time to disperse. 

y distributed than 

in which some 

species tend t o  be limited by their dispersal range and/or mobility, 

the number o f  species supported by a woodlot should be related to the 

wood~ot's isolation with respect to other woodlots. Again, isolated 

migrants should differ from t h e  distributions of 

because permanent residents presumably have more 

Specifically, migrants should be more contagious 

permanent residents. ( 3 )  For species assemblage 
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Figure 5.2. 
banded as nestlings (data from Nice 1937). 

Dispersal distance patterns for yearling Song Sparrows 
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woodlots  should be compara t i ve l y  species-poor.  

s e c t i o n s  each of these hypotheses i s  t e s t e d  i n  t u r n .  

I n  t h e  f o l l o w i n g  

S p a t i a l  P a t t e r n  o f  B i r d s  i n  t h e  Cadiz Mosaic 

D i s p e r s i o n  o f  Common Species 

I n  conven t iona l  p a t t e r n  a n a l y s i s  t h e  s p a t i a l  d i s t r i b u t i o n  expected 

under the  n u l l  hypo thes i s  of randomness i s  g i ven  by  t h e  Po is ron  

d i s t r i b u t i o n  (e.g., P i e l o u  1977) .  I n  t h e  case o f  b i r d  d i s t r i b u t i o n  i n  

a h a b i t a t  mosaic, t h i s  t i u l l  d i s t r i b u t i o n  i s  n o t  c o r r e c t  hecause t h e  

o n l y  p o s s i b l e  l o c a t i o n s  f o r  b i r d s  a re  i n  woodlots,  and t h e  woodlots  

have a s p a t i a l  p a t t e r n  o f  t h e i r  own. Here t h e  concern i s  t o  examine 

t h e  s p a t i a l  p a t t e r n  o f  b i r d s  r e l a t i v e  t o  t h e  p a t t e r n  o f  a v a i l a b l e  

h a b i t a t s :  an a n a l y s i s  of one p a t t e r n  superimposed on another .  The 

a n a l y s i s  proceeds i n  t h r e e  s teps :  (1) index t h e  s p a t i a l  p a t t e r n  o f  

i n d i v i d u a l  b i r d s  o f  a g i ven  species;  ( 2 )  c h a r a c t e r i z e  t h e  p r o b a b i l i t y  

d e n s i t y  f u n c t i o n  of i n d i c e s  c a l c u l a t e d  f rom random d i s t r i b u t i o n s  of 

t h e  same sample s ize ;  and ( 3 )  compare t h e  observed species p a t t e r n  

index  t o  t h e  expected values, t o  see i f  i t  d i f f e r s  s i g n i f i c a n t l y  f rom 

a random p a t t e r n .  

Species d i s p e r s i o n  was indexed as mean neares t -ne ighbor  d is tance,  

b y  f i n d i n g  t h e  minimum Euc l idean d i s t a n c e  f r o m  a g i ven  i n d i v i d u a l  t o  

another  conspec i f i c ,  and then averaging these d i s tances  f o r  a l l  

i n d i v i d u a l s  o f  t t id t  spec ies.  

i n  which each b i r d  was recorded t o  a p a r t i c u l a r  g r i d  c e l l .  

Red-headed Woodpecker i s  a t y p i c a l  i l l u s t r a t i o n  ( F i g u r e  5.3) .  

'[his c a l c u l a t i o n  r e l i e d  on census maps 

The 
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F i g u r e  5.3. S p a t i a l  d i s t r i b u t i o n  o f  Red-headed Woodpeckers i n  t h e  
Caaiz mosaic i n  1985. 
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Random dis t r ibu t ions  were generated by drawing random grid cel ls-- the 

saine number- as  the observed sample s i ze  f o r  t he  species of in te res t - -  

arid calculat ing the mean nearcst-neighbor dis tance f o r  these. 

e l i g i b i l i t y  o f  each c e l l  drawn was determined by the f o r e s t  area of 

the  grid c e l l  and the  t e r r i t o r y  s i ze  of the species: c e l l s  siiialler 

than half a t e r r i t o r y  were disqual i f ied from random draws, as were 

la rger  c e l l s  when they were saturated (e .g . ,  a l-ha c e l l  could support 

2 birds of a species with a 0.5-ha t e r r i t o r y ,  so tha t  c e l l  would be 

sampled with replacement unt i l  i t  was drawn twice, then d isqual i f ied) .  

A second te r r i to ry-s ize  constraint  was invoked a t  the woodlot sca le ,  

in t h a t  no woodlot was permitted t o  contain inore random birds  than 

empirically observed maximum breeding dens i t ies .  T h u s ,  the  random 

posi t ions o f  birds were constrained toward realism a t  both the c e l l  

and woodlot scale .  

The 

This process was repeated f o r  1000 random draws. 

From the poo l  o f  1000 random indices,  nonparametric (quantilct) 

and parametric descr ipt ive s t a t i s t i c s  were calculated.  The Is t ,  5th,  

and 10th percent i les  indexed degrees o f  contagion (underdispersion) 

t h a t  would be expected with probabi l i t i es  p=O.01, 0.05, and 0.10, 

respectively.  Similarly,  the 99th, 95th, and 90th percent i les  

s ignif ied overdispersion a t  p=O.Ol, 0.05, and 0.10, respectively.  To 

generate corresponding parainetric t es t s  of s ignif icance,  the mean and 

standard deviation of the  random indices were computed. The observed 

index f o r  a given species was then standardized t o  a z-score, and 

compared t o  tabled values of the normal d is t r ibu t ion .  Pooled samples 

were tes ted f o r  normality, and dispersion was assessed according t o  

the percent i le  or  z-score, a s  appropriate. 
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This analysis was conducted for 22 species with more than 

10 observations. 

confounded by species abundance relative to the number o f  woodlots. 

Particularly, for species with more individuals than there were 

woodlots (i.e., N>45), the average distance to 2 nearest neighbors 

better characterized species dispersion at the woodlot scale. 

Similarly, for species with more than twice as many individuals as 

woodlots (N>90), the average distance t o  3 nearest neighbors was 

used. 

dispersions of species that did not occur in every woodlot but were 

abundant where they did occur. Thus, the nearest-neighbor statistic 

used for subsequent analyses was selected according to species 

abundance. 

increasing species abundance, further comparisons among species 

utilized nearest-neighbor indices that were standardized relative to 

the pooled sample for each species (z-scores). While the pooled 

samples for a few species were not strictly normal (p>O.OS), 

z-scores were very similar in magnitude to nonparametric (perceriti le) 

scores, so use of z-scores probably did not bias these comparisons. 

Interpretation of nearest-neighbor distances was 

These higher-order indices allow the statistic to reflect the 

Because nearest-neighbor distances decrease with 

O f  the 22 species tested, 12 were randomly distributed 

(p>O.lO), 4 were statistically overdispersed (p<O.lO), and 6 were 

contagiously distributed (p<O. 10) (Table 5.1). Those species that 

were overdispersed included 3 large omnivores and the Brown-headed 

Cowbird; each of these species might in fact regularly use more space 

than their apparent territory sizes would indicate. Contagiously 

distributed species included 3 comparatively small neotropical 
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Table 5.1. S p a t i a l  p a t t e r n  o f  common b i r d  species i n  Cadiz  
woodlots,  1985, as mean neares t -ne ighbor  d i s t a n c e  between 
i n d i v i d u a l s .  

SPECIES '  N O 2  NND3 PERCENTILE4 Z N p >Z D5 
1_1_- .-.-I 

RHWp 
RBkJp 
D M  
F1  i k  
Pewe 
CF l y  
B Jay 
B CC 
WBN 
Wren 
WoTh 
Rohn 
GCat 
B rTh  
S t a r  
R E V i  
Card 
RBG 
Bunt  
SSP 
BHC 
Nor i 

34 494 
11 968 
30 606 .75<p<. 90 
38 486 
44 424 .75<p<. 90 
31 4 88 

31 525 
37 53 7 

17 42 6 

87 207 ( 2 )  
24 489 

114 187 ( 3 )  
45 363 ( 2 )  .05<p<.10 
56 471 ( 2 )  
42 383 
7 5  293 ( 2 )  
29 506 
51 488 ( 2 )  
19 775 

54 457 ( 2 )  

178 125 ( 3 )  

90 2 7 1  ( 3 )  

1.85 

1.23 
1.49 
0.83 

2.14 
1.33 
1.55 

-0.04 

-1.94 

-3.38 
-1.90 
-2.16 
-0.73 
-0.80 
-3,Q3 
-1.67 

1.82 
1.19 

-0.01 
1.07 
2.41 
0.27 

Y 
Y 
n 
Y 

Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
n 
Y 
Y 
Y 
Y 
Y 
Y 

n 

0.06 
0.97 
0.22 
0.14 
0.41 
0.05 
0.83 
0.18 
0.12 
0.01 
0.06 
0.03 
0.47 
0.42 
0.01 
0,lO 
0.07 
0.23 
0.99 
0.28 
0.02 
8.79 

I" 
0 
0 
0 
0 - 
4- 
0 
0 
1 

- 
0 

0 
0 - 
- 
+- 
0 
0 
0 

0 
4- 

1See species codes i n  Table 3.3, page 44. 
2Number o f  obse rva t i ons  
3Mean neares t -ne ighbor  d i s t a n c e  ( m ) .  

4Percen t i  l e  scores  f o r  spec ies  n o t  normal I y  d i s t r i b u t e d  

:Spati a1 p a t t e r n  i s  o v e r d i  spersed (+)  , random (0 )  , 

I f  (Z),  d i s t a n c e  
i s  t o  2 nea res t  ne ighbors  ( fo r  N 2 4 5 ) ;  ( 3 ) ,  f o r  3 nea res t  
ne ighbors  ( N B 9 0 ) .  

( y /n ) ;  z-scores f o r  a l l  species,  w i t h  p r o b a b i l i t y  
o f  a r e a t e r  abso lu te  va lue  o f  z. 

o r  con tag ious  ( = ) .  
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migrants, but also included 3 other species typical of disturbed 

habitats (House Wren, Robin, and Starling). 

tended to be either abundant or absent at the woodlot scale, hence 

contagiously distributed. 

These latter species 

I f  spatial dispersion is related to the dispersal range of a 

species, then the nearest-neighbor statistic should be correlated with 

species range. 

this parameter (p>0.50), implying that dispersion s not 

systematical ly re1 ated to apparent dispersal range 

But the nearest-neighbor index was uncorrelated with 

Spatial Pattern and Migratory Strategy 

The mean standardized distance for neotrop cal migrants was 

-0.74 (n=6). 

-0.29 ( n = 5 ) ;  for permanent residents, 0.67 (n=ll). 

apparent difference in dispersion relative to migratory strategy, but 

these means are not statistically different (F=l.43, p>0.26). This 

lack of significance reflects the variability in dispersion among 

species (standard deviations in these scores were 1.24, 2-19, and 1.72 

for neotropical migrants, short-distance migrants, and permanent 

residents, respectively), 

neotropical migrants as a group are dispersal-limited, as would be 

evidenced by more contagiously distributed populations. 

For short-distance migrants this I istance was 

There i s  an 

Thus, there i s  no compelling evidence that 

T h i s  conclusion i s  also supported by simulation experiments with 

In exploring a preliminary version of the the demographics model. 

model, Urban and Shugart (1986) found that a very small number of 

redispersal episodes (e.g., 3) were sufficient to meet the constraint 
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of h a b i t a t  a c c e s s i b i l i t y  i n  a h a b i t a t  mosaic. T h i s  does n o t  r u l e  o u t  

i s o l a t i o n  e f f e c t s  f o r  patches t h a t  a r e  ve ry  remote, b u t  i t  does 

suggest t h a t  d i s p e r s a l  l i m i t a t i o n  i s  t h e  excep t ion  r a t h e r  than  t h e  

r u l e  i n  h a b i t a t  mosaics. 

Species Richness and Moodlot  I s o l a t i o n  

The hypothes is  t h a t  i s o l a t e d  woodlots  should be compara t i ve l y  

species-poor  was t e s t e d  v i a  l i n e a r  regress ion .  

indexed by  f i n d i n g  t h e  rniniriium neares t -ne ighbor  d i s t a n c e  f o r  each 

woodlot. 

l o g  o f  woodlot  area, and t h e  expected number o f  spec ies  pe r  woodlot  

was c a l c u l a t e d .  The d e v i a t i o n  i n  spec ies  r i c h n e s s  f r o m  t h e  number 

p r e d i c t e d  f rom pa tch  area  was then regressed aga ins t  t h e  index o f  

pa tch  i s o l a t i o n .  

c o n f i r m  a r e l a t i o n s h i p  between b i r d  spec ies  r i c h n e s s  and woodlot  

i s o l a t i o n .  

Woodlot i s o l a t i o n  was 

B i r d  spec ies  r i c h n e s s  was t h e n  regressed aga ins t  t h e  n a t u r a l  

A s i g n i f i c a n t  r e g r e s s i o n  on these r e s i d u a l s  would 

The r e g r e s s i o n  equa t ion  r e l a t i n g  b i r d  species r i c h n e s s  t o  woodlot  

area ( l og - t rans fo rmed)  was 

A 

S = 8.91 -I- 5.711n(A), (5.1) 

where $ i s  p r e d i c t e d  spec ies  r i c h n e s s  and A i s  wood lo t  area. 

r e g r e s s i o n  was h i g h l y  s i g n i f i c a n t  (p<O.OOOl) b u t  accounted f o r  o n l y  

62% o f  t h e  va r iance  i n  species r i chness .  Thus, t h e r e  were apprec iab le  

r e s i d u a l s  t o  war ran t  f u r t h e r  ana lys i s .  These r e s i d u a l s ,  however, were 

n o t  c o r r e l a t e d  w i t h  any o f  3 i n d i c e s  o f  woodlot  i s o l a t i o n  c a l c u l a t e d  

as  d i s tances  t o  t he  neares t ,  2 nearest ,  and 3 nea res t  ne ighbors  

T h i s  
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(p>O.15 i n  each case) .  T h u s ,  there  i s  no evidence t h a t  any woodlot 

i n  the Cadiz landscape is  so isolated as t o  a f fec t  i t s  bird species 

richness. 

Habitat Accessibil i ty i n  Other Landscapes 

Overall, i t  seems obvious t h a t  species dispersal  does not l imi t  

avian access t o  and u t i l i z a t i o n  of woodlots i n  the  Cadiz landscape. 

B u t  as noted, Cadiz Township includes comparatively many woodlots t h a t  

a re  very close together.  Consequently, i t  may be t h a t  the lack of 

evidence of an isolat ion e f f e c t  in species d is t r ibu t ions  may be 

somewhat misleading, and may not be typical of landscape mosaics i n  

general. I n  Maryland landscapes, where the  f o r e s t  patches are more 

dispersed, Lynch and Whiyham (1984) found 16 of 31 f o r e s t  b i r d  species 

showed d i f f e r e n t i a l  response t o  indices of patch isolat ion (some 

species showed posi t ive correlat ions with i so la t ion ;  some, negative).  

I n  par t icu lar ,  of 1 2  migrant species t h a t  showed s igni f icant  

correlat ions w i t h  the isolat ion index, 9 correlat ions were negative. 

T h i s  suggests t h a t  isolat ion e f f e c t s  might emerge i n  mosaics t h a t  have 

more sparsely dis t r ibuted woodlots than the Cadiz landscape. 

One way t o  assess the importance of habi ta t  isolat ion in 

comparatively sparse mosaics i s  t o  take advantage o f  the  s t ruc ture  o f  

the  simulation model. In the model, patch locations are  specified a s  

an array of Euclidean distances between patches. I f  every element o f  

t h i s  array i s  multiplied by a constant, the  mosaic expands t o  a sparser 

configuration while re ta ining the r e l a t i v e  posit ions of the patches. 

Of course, a l l  other fea tures  of the mosaic (patch s i z e s  and edge/area 
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r a t i o s )  remain unchanged. By choosing a p p r o p r i a t e  m u l t i p l i e r s ,  a 

s i n g l e  mosaic can be inanipu lated e x p e r i m e n t a l l y  t o  t e s t  t h e  e f f e c t  o f  

h a b i t a t  i s o l a t i o n  as t h e  mean i n t e r - p a t c h  d i s t a n c e  increases .  

Th is  approach was used w i t h  mosaic #9, a mosaic o f  30 patches 

w i t h  a mean neares t -ne ighbor  d i s t a n c e  between patches o f  741 rn 

(Tab le  3.3, page 44) .  The mosaic has a s i n g l e  128-ha reserve .  

mosaic was expanded by f a c t o r s  of 1.35, 2.70, 4.05, and 5.40 t o  y i e l d  

an e x p e r i r w n t a l  s e r i e s  o f  mosaics w i t h  mean neares t -ne ighbor  d i s t a n c e s  

of 1, 2, 3, and 4 km, r e s p e c t i v e l y .  

T h i s  

Demographics o f  42 spec ies  were s imu la ted  i n  a s e r i e s  o f  

40 r e p l i c a t e s ,  10 f o r  each o f  t h e  exper imenta l  mosaics. Each r e p l i c a t e  

s imu la ted  30 years .  l h e  number o f  spec ies p resen t  i n  each pa tch  i n  

t h e  f i n a l  yea r  was t a l l i e d  and r e t a i n e d  f o r  a n a l y s i s .  

was indexed i n  2 ways: 

patch, and ( 2 )  d i s t a n c e  t o  t h e  128-ha reserve .  

Patch i s o l a t i o n  

( 1 )  neares t -ne ighbor  d i s t a n c e  t o  any o t h e r  

For  each s i m u l a t i o n ,  spec ies r i c h n e s s  was regressed aga ins t  p a t c h  

The p a r t i a l  area ( l og - t rans fo rmed)  and t h e  neares t -ne ighbor  d i s tance .  

sum-of-squares assoc ia ted  w i t h  t h e  i s o l a t i o n  index, d i v i d e d  by t h e  

t o t a l  ( c o r r e c t e d )  sum-of-squares i n  t h e  model, indexed t h e  p r o p o r t i o n  

o f  va r iance  i n  species number exp la ined  by i s o l a t i o n .  P a r t i a l  

c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  were then compared f o r  t h e  4 

exper i i i i en ta l  mosaics, t o  determine whether pa tch  i s o l a t i o n  was more 

impor tan t  i n  t h e  sparser  mosaics. 

Regressions were h i g h l y  s i g n i f i c a n t  s t a t i s t i c a l l y  f o r  each o f  t h e  

mosaics (p<O.OOOl), and i n  every  case t h e  i s o l a t i o n  index 

c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  r e g r e s s i o n  (Tab le  5.2). Mean p a r t i a l  
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regression coefficients for the nearest-neighbor index were 0.2’8, 

0.35, 0.33, and 0.27, for mosaics with mean dispersions of 1, 2, 3, 

and 4 km, respectively. 

In a separate series o f  regressions, distance-to-the-reserve also 

contributed significantly to every regression, but its relative 

contribution as a predictor was usually negligible. 

influence o f  this index showed the same pattern in importance in the 4 

mosaics as did the nearest-neighbor index, distance-to-the-reserve 

explained at most only 12% o f  the variance i n  species number. This 

was because the reserve was functionally connected to only a few of 

the patches, so its effect, while significant, was rather local. 

ldhile the relative 

Table 5.2. The relative contribution of woodlot isolation 
in predicting bird species richness, for mosaics with mean 
inter-patch distances of 1, 2, 3, and 4 km. 

MOSAIC TOTAL AREA I SOLAT ION SPEC I E S ~  

1 0.671 0.39 0.28 16.52 
(0.06) (0.10) (0.11) (0.61) 

2 0.70 0.35 0.35 12.32 
(0.09) (0.05) (0.10) (0.51) 

3 0.68 0.36 0.33 9.71 
(0.03) (0.06) (0.06) (0.33) 

4 0.67 0.40 0.27 8.61 
(0.04) (0.05) (0.05) (0.31) 

1Tabled values are partial sum-of-squares divided by 
corrected total sum-of-squares, for total model, area 
(log-transformed), and nearest-neighbor distance; means 
are for 10 replicates ( s t d .  dev. in parentheses). 

2Mean number o f  species per patch. 
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The r e l a t i v e  impor tance o f  t h e  neares t -ne ighbor  index as a 

p r e d i c t o r  forms an i n t e r e s t i n g  p a t t e r n  i n  i n c r e a s i n g l y  sparser  

mosaics. The 

m o n o t o n i c a l l y  

( F i g u r e  5.4). 

spec ies  were 

importance o f  i s o l a t i o n  inc reases  and then  decreases 

i n  r e l a t i o n  t o  t h e  mean d i s p e r s i o n  o f  t h e  mosaic 

I n  s imu la t i ons ,  t h i s  was because most d i s p e r s a l - l i m i t e d  

o s t  b e f o r e  t h e  f i n a l  s i m u l a t i o n  year ,  so these species 

d i d  n o t  c o n t r i b u t e  any va r iance  i n  species r i chness .  The maximum 

impor tance o f  the  i s o l a t i o n  index as a p r e d i c t o r  o f  spec ies  number 

c o i n c i d e s  w i t h  the  modeled d i s p e r s a l  range o f  a l a r g e  number of 

spec ies  i n  t h e  s imu la t i ons .  

T h i s  scheme i s  n o t  i ncompa t ib le  w i t h  c l a s s i c a l  

i sland-b iogeographic  t h e o r y  (MacArthur and Wi lson 1967). F o r  a s e t  of 

i s l a n d s  ve ry  near a r i c h  source o f  c o l o n i s t s ,  immig ra t i on  r a t e s  would 

be s i m i l a r l y  h i g h  f o r  a l l  i s l ands ;  t hus  v a r i a t i o n  i n  spec ies  number 

would be a t t r i b u t e d  e i t h e r  t o  random chance o r  t o  area ( h a b i t a t )  

e f f e c t s .  A t  t h e  o t h e r  extreme, v e r y  i s o l a t e d  i s l a n d s  a re  so l i t t l e  

subs id i zed  by immig ra t i on  f rom d i s t a n t  sources t h a t ,  aga n, d i s t a n c e  

e f f e c t s  would e x p l a i n  l i t t l e  of  t h e  v a r i a t i o n  i n  species r i chness .  

The r e l a t i v e  importance o f  i s o l a t i o n  would be maximized n 

i n t e r m e d i a t e  cases where area and d i s t a n c e  e f f e c t s  c o u l d  each 

c o n t r i b u t e  s u b s t a n t i a l l y  t o  v a r i a t i o n  i n  species number. 

I t  i s  perhaps wor th  emphasizing t h a t  t he  reg ress ions  based on 

pa tch  area and i s o l a t i o n  accounted f o r  o n l y  about 70% o f  t h e  t o t a l  

va r iance  i n  species number. T h i s  i s  n o t a b l e  because area and 

i s o l a t i o n  a re  t h e  o n l y  f a c t o r s  c o n t r i b u t i n g  t o  t h i s  v a r i a t i o n  as 

generated by t h e  demographics s i m u l a t o r .  Thus, t h e  r e s i d u a l  v a r i a t i o n  
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Figure 5.4. 
bird species richness in increasingly sparse mosaics. 

Predictive power is indexed as relative partial regression 
sum-of-squares; mosaic dispersions are mean nearest-neighbor 
distances between patches (km) .  

Relative importance of patch isolation in predicting 
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may be an accura te  r e f l e c t i o n  o f  t h e  amount o f  v a r i a t i o n  i n t r o d u c e d  by  

t h e  s t o c h a s t i c  d i s p e r s a l  of i n d i v i d u a l  b i r d s  among patches. I f  t h i s  

i s  t rue ,  i t  suggests t h a t  t h e  degree o f  p r e c i s i o n  c o n v e n t i o n a l l y  

sought i n  p r e d i c t i o n s  should be r e l a x e d  somewhat f o r  p r e d i c t i o n s  about  

h a b i t a t  mosaics: g r e a t  p r e c i s i o n  i s  p robab ly  u n a t t a i n a b l e .  

A F u r t h e r  Cons ide ra t i on  

A n  impor tan t  c o n s i d e r a t i o n  remains. Model s i m u l a t i o n s  thus  f a r  

have assumed t h a t  b i r d s  would r e a d i l y  d i spe rse  t o  t h e  f u l l e s t  o f  t h e i r  

a b i l i t i e s ,  t h a t  i s ,  t h a t  t h e r e  a re  no behav io ra l  l i m i t s  on d i s p e r s a l .  

It remains t o  be demonstrated e m p i r i c a l l y  t h d t  b i r d s  w i l l  f r e e l y  

d i spe rse  across a l i e n  h a b i t a t s  (e.g. , crop land)  t o  access remote 

f o r e s t  patches. 

suggest t h a t  these species f l y  r e a d i l y  among woodlots  i n  a g r i c u l t u r a l  

inosaics (Urban, persona l  observa t ion ;  M idd le ton  and Merr iam 1981). 

However, i n t u i t i o n  suggests t h a t  spec ies w i t h  p re fe rences  f o r  i n t e r i o r  

f o r e s t  h a b i t a t s  might. n o t  d i spe rse  so f r e e l y  i n  a mosaic landscape. 

F i n d i n g  species t o  be c o n t a g i o u s l y  d i s t r i b u t e d  i n  h a b i t a t  mosaics 

where i n t e r - p a t c h  d i s tances  a re  smal l  r e l a t i v e  t o  t h e  presumed 

d i s p e r s a l  a b i l i t i e s  of t h e  species ( a s  w i t h  t h e  Wood Thrush and 

Red-eyed V i reo  i n  the  Cadiz mosaic)  c e r t a i n l y  suggests t h a t  a c t u a l  

d i s p e r s a l  behav io r  i s  l e s s  than  presumed p o s s i b l e  f o r  these species. 

C h a r a c t e r i z i n g  r e a l i z e d  p a t t e r n s  o f  d i s p e r s a l  i n  h a b i t a t  mosaics t h u s  

assumes a h i g h  p r i o r i t y  i n  f i e l d  s t u d i e s  o f  av ian  demography. 

Observat ions o f  edge spec ies  and mob i l e  g e n e r a l i s t s  

Another aspect  o f  d i s p e r s a l  t h a t  war ran ts  a t t e n t i o n  i s  t h e  

r e a l i z e d  d i s p e r s a l  range of species r e l a t i v e  t o  the s i z e  o f  a 
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p a r t i c u l a r  patch, e s p e c i a l l y  f o r  l a r g e  patches. 

d i f f e r e n c e  m i g h t  e f f e c t  t h e  q u a l i t a t i v e  p a t t e r n  o f  d i s p e r s a l ,  f rom 

w i t h i n - p a t c h  t o  among-patch. 

j u v e n i l e  b i r d s  t h r o u g h  d i s p e r s a l  t o  smal l ,  i s o l a t e d  patches (which 

l i k e l y  produce p r o p o r t i o n a t e l y  fewer  o f f s p r i n g  p e r  breeder  than  l a r g e r  

pa tches ) ,  t hen  t h e  l a r g e  patches m i g h t  a c t u a l l y  a c t  as n e t  sources i n  

a landscape. 

rnetapopulat ions.  Conversely, i f  l a r g e  patches tend  t o  r e t a i n  t h e i r  

j u v e n i l e s  th rough  w i t h i n - p a t c h  d i s p e r s a l ,  t hen  t h e  l a r g e  pa tch  would 

n o t  serve as a n e t  source. The c r i t i c a l  p a t c h  s i z e  a t  which r e a l i z e d  

d i s p e r s a l  becomes a w i t h i n -  as compared t o  an among-patch phenomenon 

i s  c u r r e n t l y  unknown, and r e p r e s e n t s  a second d a t a  c r i t i c a l i t y .  

F i n a l l y ,  i f  s i t e  f i d e l i t y  decreases a f t e r  f a i l e d  n e s t i n g  a t tempts  

T h i s  r e l a t i v e  

I f  l a r g e  patches t e n d  t o  r e l e a s e  

T h i s  would a c c e l e r a t e  t h e  d e c l i n e  o f  s e n s i t i v e  

( a s  i t  l i k e l y  does, Greenwood 1980), and n e s t i n g  f a i l s  more o f t e n  i n  

smal l ,  i s o l a t e d  patches t h a n  i n  l a r g e  r e f u g i a ,  t hen  l a r g e  patches 

m igh t  f u n c t i o n  as n e t  s inks ,  accumulat ing p r o p o r t i o n a t e l y  more b i r d s  

th rough  t ime.  I f  t h i s  c o u l d  be demonstrated, i t  would be compe l l i ng  

evidence i n  suppor t  o f  a c o n s e r v a t i o n  s t r a t e g y  emphasizing largle 

reserves.  For  these  reasons, e m p i r i c a l  v e r i f i c a t i o n  o f  d i s p e r s a l  

p a t t e r n s  by f o r e s t  spec ies i n  mosaic landscapes should be a h i g h  

p r i o r i t y  i n  landscape-scale s t u d i e s  o f  a v i a n  demography. 
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CHAPTER 6 

NET REPRODUCTION I N  A H A B I T A T  M O S A I C  

I n t r o d u c t i o n  

Net r e c r u i t m e n t  i s  demographic ga ins  iirinus losses.  Fo r  t h e  most 

p a r t ,  ga ins  rep resen t  n a t a l i t y  and losses  a re  due t o  m o r t a l i t y .  

Immig ra t i on  and e m i g r a t i o n  may a l s o  be important. f l u x e s  i n  n e t  

r e c r u i t m e n t ,  e i t h e r  a t  t h e  s c a l e  o f  t h e  i n d i v i d u a l  h a b i t a t  pa tch  o r  

f o r  an e n t i r e  mosaic. For  p resen t  purposes i t  has been assumed t h a t  

t h e r e  i s  no n e t  f l u x  a t  t h e  mosaic l e v e l ,  because t h e  c e n t r a l  question 

i s  whether a g i v e n  mosaic can suppor t  a s e l f - s u s t a i n i n g  p o p u l a t i o n  o f  

a g i v e n  species.  

i s  subs id i zed  by another  p o p u l a t i o n  a re  n o t  cons idered here.  

P a t c h - l e v e l  consequences o f  d i s p e r s a l  were d iscussed i n  t h e  preced ing  

chapter .  T h i s  chap te r  focuses  on n a t a l i t y  and m o r t a l i t y ,  and f a c t o r s  

a f f e c t i n g  these i n  a landscape mosaic o f  f o r e s t  patches. 

Thus, cases where a p o p u l a t i o n  persists because i t  

There i s  ample ev idence t h a t  f a c t o r s  a f f e c t i n g  n e s t i n g  success 

can c o n t r i b u t e  s u b s t a n t i a l l y  t o  species abundance p a t t e r n s  i n  

woodlots .  

c o n t r o l l i n g  n e s t  success i n  open-nest ing b i r d s  (Bes t  and S t a u f f e r  

1980, Kendeigh 1942, N ice  1957, Nolan 1963, R i c k l e f s  1969). Brood 

p a r a s i t i s m  may a l s o  be an impor tan t  r e g u l a t o r  o f  f l e d g i n g  success i n  

hos t  spec ies  (Hann 1937, May and Robinson 1985, R i c k l e f s  1912). 

Because these e f f e c t s  a re  l o c a l l y  i n t e n s i f i e d  i n  f o r e s t  edges 

( F i g u r e  6.1, Gates and Gysel 1978; see a l s o  Br i t t . ingham and Temple 

It i s  g e n e r a l l y  agreed t h a t  p r e d a t i o n  i s  a p r i m a r y  f a c t o r  
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1983, Wilcove 1985),  this chapter focuses primarily on the r o l e  of 

edge effects on realized natality in influencing metapopulation 

dynamics a 

The approach is exploratory rather than definitive. The chapter 

begins by defining a simple, mechanistic model o f  net recruitment, so 

that the parameters contributing to net recruitment can be related to 

one another. 

sensitivity of these parameters, which indicates their potential to 

A cursory analysis of this model suggests the relative 

effect an appreciable change in population dynamics. Factors t h a t  

vary considerably and systematically relative t o  their sensitivity 

implicated as effective constraints on species abundance patterns 

mosaic o f  forest patches. 
- ihe second concern i s  to translate model sensitivity into ter 

are 

n a  

s 

of population response. Bird populations have an inherent tetiiporal 

variability due to stochastic aspects o f  natality, dispersal, and 

mortality. Given this natural variability, what is the critical 

change in factors affecting recruitment that w i l l  produce appreciable 

differences in observed population dynamics? This domain o f  

uncertainty indicates a scale o f  resolution at which the parameters 

can be used to make reliable predictions of population dynamics. 
- i o  anticipate, it will emerge that model. parameters related to 

net reproduction are very sensitive, in that small changes in these 

parameters elicit pronounced population responses. Further, the 

stochastic nature o f  population dynamics makes i t  difficult. io predict. 

population response to these parameters, over the time sca les  at which 

these dynamics are typically observed (e.g., a few years). Finally, 



101 

t h e  mechan is t i c  d e t a i l s  o f  f a c t o r s  a f f e c t i n g  n e t  r e c r u i t m e n t  a r e  

l o g i s t i c a l l y  d i f f i c u l t  t o  account d i r e c t l y  i n  f i e l d  s i t u a t i o n s .  

Indeed, such an e f f o r t  a t  t h e  landscape s c a l e  would be overwhelming. 

Bu t  t h e  p a t t e r n  o f  l o c a l  

p r o v i d e s  a p o s s i b l e  means o f  account ing  these e f f e c t s  i n d i r e c t l y .  

T h i s  chap te r  conc ludes by c o n s i d e r i n g  a p r o t o c o l  t h a t  would use edge 

a rea  t o  p r e d i c t  spec ies  abundance p a t t e r n s  i n  f o r e s t  patches.  

n t e n s i t y  o f  these f a c t o r s  as edge e f f e c t s  

A Mechan is t i c  Model o f  Net Recru i tment  

Consider t h e  minimum s e t  o f  parameters needed t o  desc r ibe  n e t  

r e c r u i t m e n t  m e c h a n i s t i c a l l y  f o r  a s i n g l e  popu la t i on .  

assume t h a t  a l l  h a b i t a t s  a re  i d e n t i c a l  and t h a t  t h e r e  i s  no n e t  f l u x  

due t o  immig ra t i on  o r  em ig ra t i on .  N e i t h e r  assumption, o f  course, i s  

e n t i r e l y  r e a l i s t i c  b u t  t h e  consequences o f  these a re  d e f e r r e d  u n t i l  

l a t e r .  A t  t h e  l e a s t ,  r e c r u i t m e n t  depends on: 

For s i m p l i c i t y ,  

( 1 )  

breeder  i n  a s i n g l e  season. Assuming a 1 : l  sex r a t i o ,  t h i s  

equa ls  h a l f  t h e  p roduc t  o f  eggs p e r  brood t imes broods p e r  

season. Denote c l u t c h  s i z e  c .  

( 2 )  F l e d g i n g  success r a t e  ( f ) ,  t h e  p r o p o r t i o n  of p o t e n t i a l  

b reeders  t h a t  a re  s u c c e s s f u l l y  rea red  t o  independence. Note t h a t  

f can be decomposed f u r t h e r  i n t o  any number o f  f a c t o r s  t h a t  

c o n t r i b u t e  t o  r e a l i z e d  f l e d g i n g  success. I n  p a r t i c u l a r ,  nes t  

p r e d a t i o n  and brood p a r a s i t i s m  can be emphasized by s p e c i f y i n g  

each independent ly  ( p  and b, r e s p e c t i v e l y ) .  To be c o n s i s t e n t  

w i t h  o t h e r  parameters, p and b s p e c i f y  t h e  p r o p o r t i o n  o f  

C l u t c h  s i ze ,  t h e  number o f  p o t e n t i a l  b reeders  produced by  a 
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p o t e n t i a l  b reeders  t h a t  s u r v i v e  each f a c t o r .  Each o f  these can 

be f u r t h e r  deconiposed i n t o  an i nc idence  te rm ( t h e  f requency o f  

tkk even t )  and a s e v e r i t y  t e r m  ( t h e  p r o p o r t i o n  o f  young 

inc idence) .  

s e v e r i t y  and inc idence.  

( 3 )  Pos t - f  l e d y i n g  s u r v i v o r s h i p  ( s )  -, t h e  p r o p o r t i o n  o f  f 

young t h a t  l i v e  u n t i l  they  j o i n  t h e  b reed ing  popu la t i on .  

Thus, p ( o r  b )  equals  1.0 minus t h e  produc t  

o s t  p e r  

of 

edged 

S ince  

most f o r e s t  passer ines  breed t h e i r  second year ,  p o s t - f l e d g i n g  

s u r v i v o r s h i p  r e f e r s  t o  t h e  f i r s t  (ha tch ing -yea r )  w i n t e r .  

( 4 )  

breeders.  

L e t  Nt r ep resen t  t h e  number o f  breeders a t  t i m e  t. 

M o r t a l i t y  ( m ) ,  t h e  average, annual p e r - c a p i t a  death  r a t e  f o r  

The number 

o f  new breeders a t  t i m e  t + l  = cfsNt, and those breeders l o s t  t o  

m o r t a l i t y  equals  mNt. Then t h e  b reed ing  p o p u l a t i o n  a t  t i m e  t+l i s  

t h e  new r e c r u i t s  minus a d u l t  m o r t a l i t y :  

and t h e  n e t  r e c r u i t m e n t  r a t e  ( r )  i s  

r = c f s  - m (6.2)  

S ince t h e  n e t  r e c r u i t m e n t  r a t e  i s  t h e  d i f f e r e n c e  o f  the n a t a l i t y  

p roduc t  and t h e  m o r t d l i t y  r a t e ,  commensurate changes i n  e i t h e r  o f  

these have t h e  same e f f e c t .  For present  purposes, a cons tan t  

m o r t a l i t y  r a t e  i s  assumed, and t h e  f o l l o w i n g  d i s c u s s i o n  focuses on t h e  

n a t a l i t y  terms. Note t h a t  because t h e  terms a r e  m u l t i p l i c a t i v e ,  n e t  

r e c r u i t m e n t  changes i f  any o f  t h e  terms i n  t h e  produc t  change. 
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Further, substantial net changes can accrue from small changes in 

several of the parameters. Also, because the terms are defined in 

equivalent units they are equally sensitive. 

in clutch size has the same effect as a 5% increase in predation 

pressure, or a 5% decrease in post-fledging survival, o r  any 

combination of factors whose product is equivalent to a 5% change. 

(Note that these percentages refer to incremental changes of 0.05, not 

to 5% o f  the mean value o f  each parameter.) The practical consequence 

of this is that i t  i s  sufficient to determine the sensitivity of only 

one natality parameter, and the sensitivity of other parameters can be 

inferred from this. This assessment of parameter sensitivity is 

provided by the demographics simulator. 

That i s ,  a 5% reduction 

Modeling Population Response to Net Recruitment 

Metapopulation-level response to changes in net recruitment rate 

was assessed by simulating the demographics of a single species in a 

mosaic o f  25 patches (mosaic # 7 ,  Table 3 . 3 ,  page 44). The s mulated 

species was a hypothetical habitat generalist, with adequate dispersal 

abilities; reproductive parameters were subsumed into a sing e 

experimental parameter, realized clutch size (Table 6.1). 

Simulations and Analysis 

The simulation series implemented 12 values (levels) for the 

experimental parameter, with 30 replicate simulations per level. 

total number o f  breeding birds was tallied over all patches at the end 

of each simulation (year 30) and retained for analysis. 

The 
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Table 6.1. Demographic parameters for a hypothetical bird 
species simulated t o  assess model sensitivity and uncertainty 
of population response to variation in realized clutch s i z e .  

PARAMETER’ VALUE 

Habitat Affinity 0 (generalist) 

Territory Size 1.0 ha 
Maximum Breeding Density 50 territorial males/l00 ha 

Dispersal Range 
Mobi 1 ity 

5000 111 
9 redispersal bouts 

Annual survivorship 0.588 (maximum age=8.675 years) 

Realized Clutch Size Rase: 1.40 female fledglings/ 
femalelyear 

Increment: 0.07 (5% o f  base) 
Range: 1.05-1.82 

1See parameter definitions in Table 3.1, page 36. 

Analyses focused on two aspects of population response to 

variation in clutch size: 

1981). A parameter is sensitive if small changes in its value elicit 

pronounced changes i n  model behavior. Model response i s  uncertain if 

knowledge of the parameter value does not provide for- very reliable 

predictions of model behavior. Here, sensitivity refers to t h e  

magnitude of population response, on average, to changes in cli.itch 

size. Uncertainty refers to the ability t o  predict Final-year 

poplulation levels, in particular cases, using clutch s i z e  as a 

predictor. 

sensitivity and uncerta nty (Gardner et al. 

Sensitivity and uncertainty can be inferred from a regression o f  

final-year population size for a series of clutch sizes. The slope o f  
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the regression line indicates the average response o f  the population 

to variation in clutch size, and indexes sensitivity (Gardner et al. 

1981). 

slope. 

confidence intervals) indicates the uncertainty o f  the predicted 

population levels for each clutch size. If there is very little 

variation about this line, then the parameter can be used to make 

predictions at a fine scale of resolution in the parameter; 

conversely, if there i s  considerable variation about the regression 

line, fine-scale predictions are not possible. 

A sensitive parameter has a comparatively steep regression 

The variation about the regression line (as illustrated by 

Sensitivity and Uncertainty o f  Net Natality 

Because population size i s  bounded at 0 and 77 (carrying capacity 

for the mosaic), observations near these boundaries were deleted from 

the regression analysis. A regression based on clutch sizes 1.26-1.68 

(210 observations) provided the best regression in terms of constancy 

o f  residuals. 

very good predictor of final-year population size (figure 6.2). 

regression equation, 

The regression analysis indicates that clutch size i s  a 

The 

= 139.39 C - 165.02 (6.2) 

(where 

for 73% o f  the variation in population size (model F=575.31, 

p<O.OOOl). 

population sizes (0 to carrying capacity), illustrating the importance 

i s  predicted population size and C is clutch size) accounted 

The regression slope is steep over the relevant range of 
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CLUTCH SIZE (females fledged /female/year) 

F i g u r e  6.2. Regression of simulated population size (year 30) for 
clutch sizes in the domain 1.26-1.68 female fledglings/female/year. 

Dashed lines: 95% confidence intervals for the regression slope. 
Dotted lines: confidence intervals for simulated population size. 
Carrying capacity for the mosaic i s  77 birds (dotted line at top). 
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of clutch size to population dynamics. The 95% confidence intervals 

on the regression slope (dashed line in Figure 6.2) imply that changes 

in clutch size on the order of 0.02 female fledglingslfemalelyear 

(roughly 1% of the base value) result i n  appreciably different 

predictions of population size (i.e., predictions with nonoverlapping 

confidence intervals). 

More interesting, for present purposes, i s  the variation about 

the regression line. A graphical example will serve to illustrate how 

the uncertainty of  modeled population response can be inferred from 

this variation. Consider a horizontal line drawn through the graph at 

a population size of 40. This line intersects the confidence 

intervals for observed population sizes (dotted lines) at points 

corresponding to clutch sizes o f  roughly 1,3 and 1.6. Thus, the 

observed population size inight be the result o f  clutch sizes varying 

on the order of 0.3. 

population response. 

This domain indexes the uncertainty of 

These domains of sensitivity and uncertainty can be determined 

for any values o f  clutch s i z e  or population size, and for any degree 

of confidence (confidence intervals are arbitrary). 

estimates of clutch size resolved on the order of 0.02 result in 

appreciably different population sizes; in the limit (over longer time 

spans), populations would respond to such small changes i n  clutch 

size. 

i s  not a particularly reliable predictor o f  population size in the 

short term. Stating this obversely underscores this point: given an 

observed population size, it is not possible to infer the effective 

In this example, 

But given the uncertainty of population response, clutch size 
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clutch size to a resolution finer than about 0.3. 

associated with clutch size is roughly an order o f  magnitude greater 

than its sensitivity. 

The uncertainty 

The uncertainty of population response to clutch size in the 

simulations warrants further discussion. 

quite variable (Figure 6 . 3 ) .  

implementation o f  natality, dispersal, and mortality in the model , but 

this inherent variability is propagated and amplified in the mosaic 

metapopulation by positive feedback (DeAngelis et al. 1986). Because 

individual patches in the mosaic are  functionally linked by juvenile 

dispersal, a stochastic nesting failure in one patch in a given year 

represents a loss of a breeding bird in an adjacent patch i n  the next 

year, which reduces the number o f  juveniles for that year, and so on. 

Conversely, population increases tend to be self-propagating because 

the number of juveniles increases proportionately. In either case, 

t i l e  variability in population dynamics is more pronounced in small 

metapopulations that cannot effectively buffer the stochastic 

demographics of individuals. 

Replicate simulations are 

T h i s  sterns from the stochastic 

Other Natality Parameters 

Model sensitivity applies to other recruitment parameters as 

follows. Because clutch size is usually measured in eggs rather t h a n  

in potential breeders, the sensitivity of measured clutch size would 

be twice the critical increment (assuming a 1:l sex ratio). The 

parameter sensitivity fo r  factors effecting fledging success 

corresponds to incremental changes of the same magnitude as realized 



0
3

 
-
h
a
 

rt
 

-
a
,
 

.
-
u

 
u

lo
 

V
I 

-G
 

m
 

n
 

0
 

0
 

73
 

4
 

cn
 

Iv
 

cn
 

w
 

0
 

N
U

M
BE

R
 

OF
 

BR
EE

Dl
NG

 
BI

RD
S 



1 1 Q  

clutch size. For predation and brood parasitism, the effective 

sensitivity of incidence (frequency of the event) depends on the 

severity of the event (proportion of young surviving an event). 

predation results in the loss of the entire clutch, parameter 

sensitivity applies to incidence alone. 

not result in total nest failure, sensitivity applies to the product 

o f  incidence and severity, so the apparent sensitivity of incidence 

decreases as the severity of parasitism decreases. 

predation and brood parasitism are stochastic events, the uncertainty 

of population response to these factors is likely greater than for 

clutch size. 

If 

Because parasitism often does 

Because nest 

Net ReproducLion in Forest Patches 

The simulation results indicated a degree of variation in 

recruitment parameters to which modeled populations were responsive. 

The interpretative value o f  this stems from three further 

considerations: (1) the distribution of actual values o f  each 

parameter relative to its sensitivity; ( 2 )  the inherent error in 

est mating a parameter empirically, relative t o  its sensitivity and 

the uncertainty o f  population response; and ( 3 )  the sources of natura 

var ation in these parameters, especially if a forest mosaic presents 

new sources of variation. These considerations apply differently to 

some of the recruitment parameters, so it is appropriate to consider 

these categorically. 



1 1 1  

Clutch Size 

Clutch size varies considerably in natural bird populations. 

Given the apparent sensitivity o f  this parameter, it goes almost 

without saying that natural populations must be responsive to this 

variation. Indeed, this is generally regarded as being a primary 

mechanism by which density-dependent regulation of populations is 

effected (Lack 1947, 1954, 1966, 1968; Ricklefs 1972). As a 

generalization, clutch size increases at low population densities and 

decreases at high densities. 

in clutch size (1 egg) is large relative to its sensitivity, natural 

populations can be effectively governed by variations in clutch size. 

Because the minimum realizable increment 

Also germane to the present discussion is the inherent difficulty 

in estimating clutch size with acceptable resolution. 

species that lays a clutch of " 3  to 5 eggs, usually 4." 

resolution, typical o f  natural history accounts, yields a parameter 

estimate of 1.2 fledged females per female, plus or minus 0 .3 .  Even 

this variation, which ignores extremes, is still well beyond the 

sensitive increment for this parameter. Assuming an annual mortality 

rate the same as for the simulations illustrated in Figure 6.2, this 

estimate o f  clutch size would predict a year-30 population s i z e  o f  

roughly 10 birds; but the model uncertainty might result i n  

populations ranging from extinction to near carrying capacity. 

suggests that it may be very difficult to make predictions of 

population responses from empirical estimates of clutch s i z e .  

Further, it seems that such estimates reported out of their context 

Consider a 

This 

This 

. 
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(food availability, time o f  year, population density, spatial 

location) imay not be particularly meaningful. 

It is interesting to consider the sources of variation in clutch 

size, particularly pattxrns o f  variation i n  a mosaic o f  forest 

patches. 

the resource base (food supply), the pattern o f  nesting density in 

forest patches (Figure 6.la) seems to elicit a strong edge effect in 

clutch size (Figure 6.1b). Presumably this is mediated by scramble 

competition among the iiiany individuals that utilize forest edges. 

date, studies of nesting success in woodlots have usually focused on 

the obvious impacts o f  nest predation and brood parasitism. 

effects on clutch size would be at least as consequential to 

population dynamics, and warrant further attention. 

ldhile clutch size is ultimately related t o  the quality of 

To 

But edge 

Fledging Success, Predation, and Parasitism 

The effects o f  nest predation and brood parasitism in woodlots 

have now been sufficiently docuinented as to require little 

amplification. While losses to these factors may vary around 10-20% 

or less in intact forest, these values may approach 80-100% in forest 

edges (Rrittingharn and Temple 1983, Gates and Gysel 1978, Wilcove 

1985). 

uncertainty associated with these parameters, so that detecting the 

results of these factors i s  nat really a problem. 

these factors vary spatially as well as temporally i n  terms of their 

frequency, severity, and demographic consequences. Nest depredation 

and brood parasitism occur more frequently near forest edges. 

These latter values arc? large relative to the sensitivity and 

The problem is that 
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Temporally, the frequency o f  these events coincides with the peak in 

nesting activity in early summer. 

Wood-Pewee, a prime candidate for brood parasitism, seems nonetheless 

to escape intense parasitism pressure by nesting late in the season 

(Bent 1942). The ultimate consequences of predation OR" parasitism to 

an individual breeding bird depend on the timing of the event relative 

to the bird's nesting cycle. 

can often be replaced by a bird that i s  still in laying condition, 

Later in the nesting cycle, a bird may be physiologically incapable of 

replacing lost eggs or nestlings. Of course, if nesting fails late in 

the season, there may not be sufficient time left to renest 

successfully, even if a bird were physiologically able. 

Clearly, it would be difficult if not impossible to predict the 

Thus, the open-nesting Eastern 

Early in the laying cycle, egg losses 

population-level consequences of factors affecting fledging success on 

an individual, casewise basis. 

temporal variation in fledging success is to make real population 

demographics considerably more uncertain than in the simulation model. 

Concerning the spatial distribution o f  these factors, it must be 

emphasized that these are novel pressures on net recruitment for some 

forest interior species, pressures t o  which they are i l l  adapted (Gates 

and Gysel 1978). 

3 . 2 ,  page 37)  can persist in the absence of intense predation or 

parasitism pressure, but more intense values for these pressures in 

edges (predation frequency=0.45; parasitism=0.30) effect a dramatic 

population decline (Figure 6.4). 

the range i n  variation in these factors is sufficient that even 

The net result of this spatial and 

For example, the Ovenbird (as parameterized in Table 

As a further speculation, note that 
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spec ies  t h a t  a re  adapted t o  these  pressures  ( t h r o u g h  h a b i t s  o f  

m u l t i p l e  b rood ing  o r  n e s t  defense) may be a f f e c t e d  by  edge e f f e c t s  o f  

abnormal i n t e n s i t y .  

M o r t a l  i ty  

P o s t - f l e d g i n g  s u r v i v o r s h i p  and a d u l t  breeder  s u r v i v o r s h i p  are 

p lagued by an i n h e r e n t  d i f f i c u l t y  o f  e s t i m a t i o n ,  A long- te rm s tudy  o f  

t h e  T u f t e d  Titmouse i s  an i l l u s t r a t i v e  example o f  t h i s  problem. E d l e r  

(1985) mon i to red  a l o c a l  p o p u l a t i o n  o f  t i t m i c e  f o r  15 years,  r e c o r d i n g  

obse rva t i ons  on 258 marked i n d i v i d u a l s .  I- l is e s t i m a t e  o f  annual 

s u r v i v o r s h i p ,  based an l i f e - t a b l e  methods, was 0.62. Banding d a t a  

f rom t h e  a rch i ves  o f  t h e  B i r d  Banding Labora to ry  (Clapp e t  a l ,  1983), 

also analysed by  Edler ,  y i e l d e d  an es t ima te  ~f 0.51. The method used 

t o  parameter ize  t h e  s i m u l a t i o n  model assumed t h a t  s u r v i v o r s h i p  i s  

c o n s t a n t  (age-independent) and t h a t  1% o f  i n d i v i d u a l s  reach maximum 

age i n  years.  

d a t a ) ,  es t ima ted  s u r v i v o r s h i p  i s  

Us ing 10 yea rs  as maximum age f o r  t i t , m i c e  ( f r o m  E d l e r ' s  

$10 = 0.01, (6.3a) 

10 l n ( s )  = ln (0 .01) ,  ( 6 . 3 b )  

s = exp(-4.605/10), ( 6 . 3 ~ )  
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wh ich  equals  0.63. T h i s  i s  n o t  a bad es t ima te  o f  E d l e r ' s  c a l c u l a t e d  

va lue.  

10 years, which leads  t o  an es t ima ted  s u r v i v o r s h i p  o f  0.57 (by  

s u b s t i t u t i n g  1/258 f a r  0.01 above). The p o i n t  i s ,  these parameter 

es t ima tes  a re  8"/, (0.57) and 18% (0.51) d i f f e r e n t  frotn E d l e r ' s  

es t imate .  The exponen t ia l  model p rov ided  an adequate es t ima te  ( w i t h i n  

t h e  s e n s i t i v i t y )  , b u t  u n f o r t u n a t e l y ,  t h e  percentage o f  i n d i v i d u a l s  

reach ing  t h e  r e p o r t e d  maximum age f o r  a species i s  h a r d l y  ever  known. 

I t  seems l i k e l y  t h a t  e r r o r s  o f  es t i i r i a t i on  a re  o f t e n  g r e a t e r  than t h e  

s e n s i t i v i t y  o f  t h i s  parameter. I n  any case, n a t u r a l  v a r i a t i o n  i n  

m o r t a l i t y  (e.g., assoc ia ted  w i t h  vagar ies  o f  t h e  weather) i s  l i k e l y  o f  

s u f f i c i e n t  magnitude, r e l a t i v e  t o  t h e  s e n s i t i v i t y  o f  t h e  m o r t a l i t y  

parameter, as t o  render  average annual m o r t a . l i t y  a ve ry  u n c e r t a i n  

p r e d i c t o r  o f  p o p i i l a t i o n  t rends .  

P a s t - f l e d g i n g  s u r v i v o r s h i p  i s  s u b j e c t  t o  t h e  same s o r t  o f  

Bu t  from E d l e r ' s  data,  o n l y  1 i n  258 b i r d s  reached t h e  age o f  

vorsh ip ,  b u t  t h e  s i t u a t i o n  i s  

i t  v i r t u a l l y  imposs ib le  t o  

u t i o n  t o  r e c o r d  t h e i r  

s u r v i v o r s h i p .  Compounding t h i s  problem i s  a new p o t e n t i a l  source of 

v a r i a t i o n  i n  p n s t - f l e d g i n g  m o r t a l i t y :  m o r t a l i t y  o c c u r r i n g  d u r i n g  

d i s p e r s a l  among f o r e s t  patches i n  an open m a t r i x  o f  non fo res t  l and  

uses. I t  seems l i k e l y  t h a t  b i r d s  d i s p e r s i n g  i n  an a g r i c u l t u r a l  

landscape m igh t  be s u b j e c t  t o  g r e a t e r  m o r t a l i t y  t han  i n  i n t a c t  f o r e s t ,  

b u t  t h i s  would be d i f f i c u l t  t o  demonstrate e m p i r i c a l l y .  Given t h e  low 

f requency  w i t h  which a c t u a l  m o r t a l i t y  events  a re  wi tnessed i n  na ture ,  

d i f f i c u l t y  o f  e s t i m a t i o n  as a d u l t  surv  

worse because j u v e n i l e  d i s p e r s a l  makes 

t r a c k  i n d i v i d u a l s  w i t h  s u f f i c i e n t  reso  
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it seems unlikely that this source of mortality could be quantified 

with acceptable accuracy. 

A Lesson for Mechanistic Modelers 

There is an important conclusion to be drawn from this discussion. 

Accept as premises that (1) a mechanistic model of net recruitment 

requires several parameters; (2) these parameters are of equivalent 

sensitivity, so that populations will respond to changes in any of 

them; ( 3 )  this sensitivity is often beyond the limits of normal errors 

of pararneter estimation; and (4) population response t o  these factors 

is often so uncertain as to preclude reliable prediction of population 

trends over the time scales o f  interest ( a  few years). Even these 

limitations might be overcome, through diligence, in a small-scale 

study o f  one or a few species. 

and temporal variation i n  these factors is consequential, so the 

distribution o f  these parameters must be estimated as well. If a 

large number of species is of interest, parameterization becomes 

logistically overwhelming. The important conclusion is that 

landscape-scale studies o f  species abundance patterns cannot rely on 

detailed mechanistic models of net recruitment in forest bird 

demography. Landscape-scale studies of  recruitment must integrate the 

details of smaller-scale studies of reproductive success; they must 

rely on data resolved at a larger scale. 

But at the landscape scale, spatial 
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Predicting Recruitment Effects in a Forest Mosaic 

Thus far the tone o f  this discussion has been rather 

pessimistic, But the prospectus is not so bleak, if certain 

priorities are established. The primary concern here i s  t o  account 

for species abundance patterns in a mosaic of forest patches, as these 

are influenced by changes in factors effecting net recruitment. One 

general and simplifying assumption that can be made is that, For every 

persistent member of the regional species pool, net natality and 

mortality were roughly in balance i n  presettlement forests. 'the 

immediate concern is with species for which this balance has been 

disrupted, those species declining in abundance in forest patches. So 

far as has been demonstrated, recruitment Factors effecting this 

decline are overwhelmingly edge effects: nest. predation, brood 

parasitism, and potentially, clutch size. 

The pattern of local intensity of these factors suggests that 

they can be subsumed by a single parameter- relating net recruitment 

near forest edges to that realized in interior forest habitats. For 

this approach t o  be justified, it must be demonstrated that ( 1 )  it i s  

simpler and (2) i t  can account for observed species abundance patterns. 

It Seeins intuitively obvious that such an approach 

would be simpler. It should be much easier t o  measure a pattern 

resulting from several interacting processes than to measure the 

processes themselves. In this case, the necessary data would be 

estimates o f  overall reproductive success in edges as compared t o  

interior habitats, or a simple function relating reproductive success 
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to distance-to-an-edge. 

that i s  most often reported froin empirical studies of nesting success. 

Moire importantly, can this approach work? Unfortunately, the 

In fact, this is the sort of summary data 

Cadiz data are moot on this point; nearly all of the forest area is 

edge habitat, and most species that are potentially very vulnerable to 

edge effects on natality are no longer found in these woodlots. But a 

study by Temple (1986) i s  encouraging. Temple (1986) compared two 

regression models in terms of their power to predict species presence 

or absence in Wisconsin woodlots. The first model, a conventinnal 

approach, used total forest area as a predictor. The second model 

used core area, defined by Temple as forest habitat at least 200 m 

from an edge. The core area model consistently provided better 

predictions. 

and also incorporates the  shape complex i ty  of forest patches, 

distinguishing between compact and irregular patches of the sarne total 

area. 

Here, core area as a predictor subsumes edge effects, 

In summary, several points should be emphasized. Factors 

affecting net recruitment represent a very effective constraint on 

bird species abundance patterns in a mosaic of forest patches. 

vulnerable to nest predation and brood parasitism are especially 

sensitive, but if clutch size i s  reduced systematically in forest 

edges then other species may be affected as well. 

details of these factors are probably beyond the grasp of empirical 

studies at the landscape scale. These effects, however, might be 

Species 

The mechanistic 

predicted by subsuming the detailed mechanisms into a parameter 

describing net reproductive success in edges as compared to interior 
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habitats. 

integrated from the relative productivity of edges and the relative 

proportion o f  edge habitat. 

direction for further studies o f  avian demography in rnosaic landscapes, 

Net recruitment f o r  a musa.ic metapopulatinn can then b e  

This  approach provides an useful 
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CHAPTER 7 

SYNTHESIS AND PROSPECTUS 

I n t r o d u c t i o n  

The p reced ing  t h r e e  chap te rs  cons idered t h e  r o l e s  of t h e  

c o n s t r a i n t s  of h a b i t a t  a v a i l a b i l i t y ,  a c c e s s i b i l i t y ,  and p r o d u c t i v i t y  

i n  e f f e c t i n g  b i r d  spec ies  abundance p a t t e r n s  i n  a f o r e s t  mosaic. 

h i e r a r c h i c a l  framework invoked t h r e e  l e v e l s  o f  re fe rence :  t e r r i t o r i e s  

( o r  i n d i v i d u a l  b reed ing  b i r d s ) ,  f o r e s t  patches ( o r  woodlot  b i r d  

assemblages) , and t h e  landscape mosaic (metapopu la t ions)  ( F i g u r e  7.1). 

I n  c o n s i d e r i n g  t h e  t h r e e  c o n s t r a i n t s ,  each o f  these l e v e l s  was 

accessed as approp r ia te .  The f o c a l  l e v e l  emphasized i n d i v i d u a l  

h a b i t a t  patches, and r e l a t e d  h a b i t a t  d i v e r s i t y ,  i s o l a t i o n ,  o r  edge 

e f f e c t s  t o  t h e  number and v a r i e t y  o f  b i r d s  a p a t c h  c o u l d  suppor t .  

each case, these c o n s t r a i n t s  governed t h e  demographics o f  i n d i v i d u a l  

b i r d s ,  t o  generate p a t c h - l e v e l  p o p u l a t i o n  dynamics. These p a t c h - l e v e l  

dynamics, i n t e g r a t e d  ove r  t h e  e n t i r e  mosaic, generated species 

abundance p a t t e r n s  f o r  t h e  mosaic. 

A 

I n  

An impor tan t  lesson t h a t  emerges f r o m  t h i s  s tudy  i s  t h a t  a 

mechan is t i c  unders tand ing  o f  a complex system does n o t  n e c e s s a r i l y  

i m p l y  any a b i l i t y  t o  p r e d i c t  i t s  behav io r  i n  a s imp le  manner. 

t h e  t h r e e  c o n s t r a i n t s  cons idered i n  t h e  p reced ing  chap te rs  e f f e c t  

a v i a n  demographics v i a  mechanisms t h a t  a re  d i f f i c u l t  i f  n o t  imposs ib le  

t o  account d i r e c t l y  a t  t h e  landscape sca le .  T h i s  conc lud ing  c h a p t e r  

a t tempts  t o  syn thes ize  a genera l  model o f  av ian  demography i n  mosaic 

Each of 



122 

r I 

asaic 

lot) - * 

Territory 

F i g u r e  7.1. H ie ra rchy  o f  m i c r o h a b i t a t s ,  f o r e s t  s tands (wood lo ts ) ,  
and t h e  landscape mosaic, as a framework f o r  s t u d y i n g  i n d i v i d u a l s ,  
p a t c h - l e v e l  p o p u l a t i o n s  ( spec ies  assemblages), and metapopu la t ions  
( 1 andscape av i fauna)  . 

landscapes, and t o  r e c o n c i l e  t h e  tandem goa l  o f  unders tand ing  as w e l l  

as p r e d i c t i n g  b i r d  species abundance p a t t e r n s  i n  h a b i t a t  patches.  

Because the c o n s t r a i n t s  o f  h a b i t a t  a v a i l a b i l i t y ,  a c c e s s i b i l i t y ,  

and r e p r o d u c t i v e  success were assessed s e p a r a t e l y  i n  p reced ing  

chapters ,  it w i l l  be h e l p f u l  f i r s t  t o  r e c a p i t u l a t e  t h e  impor tan t  

r e s u l t s  o f  these analyses. The focus  i n  t h i s  syn thes i s  i s  t h e  

f a m i l i a r  spec ies/area r e l a t i o n s h i p  ( F i g u r e  7.2) .  

The R e l a t i v e  I n f l u e n c e  a f  t h e  Three C o n s t r a i n t s  

The syec ies /area  r e l a t i o n s h i p  i s  a u s e f u l  f ocus  i n  t h i s  syn thes i s  

because t h e  i nc rease  i n  spec ies  number wi th  i n c r e a s i n g  h a b i t a t  area i s  

a t r u l y  genera l  phenomenon i n  na tu re .  The p resen t  concern i s  t o  t r y  

t o  determine t h e  r e l a t i v e  c o n t r i b u t i o n  o f  h a b i t a t  e f f e c t s ,  d i s p e r s a l  

e f f e c t s ,  and p a t t e r n s  o f  r e p r o d u c t i v e  success t o  t h i s  r e l a t i o n s h i p  as 
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observed f o r  f o r e s t  birds .  Direct e f f e c t s  of habi ta t  area are  a 

convenient s t a r t i n g  point,  which leads t o  a considerdtion o f  why area 

serves as such a powerful predict ive variable.  Later, the  discussion 

wi l l  turn t o  fac tors  t h a t  modify the basic area e f f e c t ;  t h a t  i s ,  t o  

residual var ia t ion in species abundance pat terns .  

Micr0habita.t Effects and Habitat Area 

I n  Chapter 4 a tandem argument was developed f o r  the u t i l i t y  o f  

area as a proper surrogate f o r  various aspects o f  habi ta t  d ivers i ty .  

I t  was argued t h d t  within-stand pat terns  of microhabitat dynamics 

could generate a strong area dependency i n  microhabitat d ivers i ty .  

The f o r e s t  simulation study of Urban and  Smith ( i n  review), de ta i led  

in Chapter 4, generated an area-dependency in s t ruc tura l  microhabitat 

var ie ty  with approximately the same s t rength (regression s lope)  as the  

species/area r e l a t i an  found f o r  bird species in Cad iz  woodlots. While 

t h i s  coincidence should n o t  be overinterpreted,  i t  i s  wor th  noting 

because ( t o  an t ic ipa te )  none o f  the  other cons t ra in ts  considered in 

t h i s  study can e l i c i t  an area e f f ec t  o f  s imi la r  magnitiide. 

Edge e f f ec t s  on f a r e s t  dynamics reduce habi ta t  var ie ty  i n  very 

small patches (or those of i r regular  shape) by e f f ec t ive ly  removing 

these habi ta t s  from nor-inal successional dynamics, imposing a large 

miniinurn area requirement f o r  i n t e r io r - l i ke  microhabitats. A t  l a rger  

scales ,  microhabitat turnover and beta-divers i ty  can continue t o  

contr ibute  t o  predictable area e f f ec t s  even f o r  very large f o r e s t  

t r a c t s .  
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A second l ine  of argument was advanced t o  suggest t h a t  area 

i t s e l f  might often be a be t t e r  predictor  o f  habi ta t  d ive r s i ty  than 

actual empirical estimates.  T h i s  r e f l e c t s  the conceptual d i f f i c u l t y  

in  defining "habi ta t"  in terms t h a t  are  relevant t o  birds ,  and the 

log i s t i ca l  d i f f i c u l t y  o f  exhaustively measuring haoi ta t  d ivers i ty  in  

f i e l d  s i tua t ions .  

A mechanistic understanding of the f ac to r s  t h a t  generate 

microhabitat pat tern i n  f o r e s t s  suggests t he  conditions unde r  which 

area should suf f ice  as a surrogate var iable .  This in t u r n  suggests 

when estimates o f  actual habi ta t  d ive r s i ty  might prove useful i n  

explaining residual var ia t ion in species abundance t h d t  i s  not 

accounteu by area.  Three f ac to r s  that  m i g h t  contr ibute  t o  such 

e f f e c t s  in man-dominated landscapes are:  

disturbances t h a t  a re  s imi la r  i n  spa t i a l  sca le  t o  the s i z e  of 

woodlots; ( 2 )  f o r e s t  management pract ices  t h a t  homogenize microhabitat 

pat tern w i t h i n  management uni ts ;  and (3)  land use pat terns  tha t  have 

resul ted in f o r e s t  remnants t h a t  are  small r e l a t ive  t o  the scale  of 

environrnental gradients ,  s o  t h a t  sma 1 woodlots represent only local 

samples of larger  pat terns .  In each case,  woodlots t h a t  a r e  s imilar  

in s ize  may be very d i f f e ren t  in habi ta t  d ivers i ty ,  and actual 

estimates of habi ta t  d ive r s i ty  might improve predict ions o f  species 

abundance. Even so, i t  seems l ike ly  t h a t  area would serve as the 

f i r s t  estimate of habi ta t  d ive r s i ty ,  and empirical habi ta t  measures 

might serve t o  account f o r  residual var ia t ion in species abundance. 

( 1 )  natural  o r  anthropogenic 
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Dispersal and Isolation Effects 

The dynamics o f  avian dispersal  among habitat  patches o f  

di f fe ren t  s izes  can resu l t  in more species being supported by larger 

patches. I n  the absence of habitat  variation or edge e f f ec t s  on ne t  

reproduction, t h i s  would r e su l t  from " ta rge t"  e f f ec t s  i n  dispersal  

a n d ,  more importantly, area e f f ec t s  in the persistence o f  founder 

populations. Larger patches can support more individuals, and larger 

populations tend t o  pers i s t  longer. I n  simulations, t h i s  species/area 

re la t ion  i s  not  riedrly as pronounced as in ac tua l  census d a t a ,  a n d  

grossly overpredicts species abundance i n  small patches (Figure 7 .3) .  

A more noteworthy contribution of dispersal  i s  t o  explain 

isolat ion ef 

a t t r ibu tab le  

contribution 

noisy) r e l a t  

ec t s  as residual variation in species abundance n o t  

t o  h a b i t a t  area. In Chapter 5 i t  emerged t h a t  t h i s  

a s  re la t ive  explanatory power, bears a simple ( i f  rather 

onship t o  the mean dispersion o f  patches i n  a mosaic 

r e l a t ive  t o  t h e  dispersal range o f  the l o c a l  species. The explanatory 

power of isolation (indexed a s  nearest-neighbor distance) i s  maximized 

when pa t ch  dispersion i s  very similar t o  species dispersal  range. For 

mosaics o f  much less  dispersion (dense mosaics), isolat ion e f f ec t s  d o  

not  develop; likewise, in very sparse mosaics a l l  of the patches are 

isolated so isolat ion has l i t t l e  predictive value. 

Edge Effects on Net Reproduction 

Biotic pressures on n e t  n a t a  

constraint  on the d is t r ibu t ion  o f  

i t y  

a t  

c lear ly  can 

east  some b 

act a s  an effect ive 

r d  species i n  a 
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Figure 7.3. 
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Specieslarea relationship for birds i n  Cadiz woodlots, 
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forest mosaic. 

forest edges, patterns o f  reproductive SIICC~SS contribute to a weak 

species/area relationship (Figure 7.4). 

is not as pronounced as empirical species/area relationships for 

forest birds. 

width of the edge in which the events occur) o f  predation or brood 

parasitism do not alter this species/area relationship substantially. 

More intense edge effects depress the entire line but do not change 

the slope of this relationship. 

Because these pressures are locally intensified in 

Th is  area dependency initself 

Changes in the modeled frequency or extent (i.e.> the 

Again, the more important contribution of edge effects on 

natality i s  t(o explain residual variation in species abundance not 

accounted by area. In particular, reduced reproductive success can 

explain why some species do not occur regularly in forest patches that 

include potential breeding habitat, but ?re not so large or compact as 

t o  be buffered from intense biotic pressures on nesting s~iccess. 

A Prospectus from Hierarchy 

The original goal o f  this study was t o  discover what has effected 

the regional decline of bird species sensitive to forest 

fragmentation. A multifactorial model invoked three constraints as 

likely candidates, and the question was rephrased to consider the 

relative contribution of each o f  the constraints. It has etneryed, not 

surprisingly, that each o f  the constraints can contribute 

substantially to species abundance patterns i n  a forest mosaic, and 

t h a t  the relative importance of each constraint depends on the bird 

species o f  interest and the configuration o f  the habitat mosaic. 
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T h i s  is not a particularly satisfying answer. After all, it was 

apparent at the outset that the situation was complicated. 

importantly, it has been possible to specify the conditions iinder 

which each of the constraints i s  most effective, or conversely, when 

each is relatively unimportant and can be ignored. Overall, the 

situation is complicated but specific scenarios often can be 

simplified considerably. 

systems come from general systems theory, and from hierarchy theory in 

part icu 1 ar. 

But 

Guidelines on how to simplify complex 

General systems theory recognizes three kinds o f  systems 

(Weinberg 1975). 

elements are so numerous and so similar that a description o f  the 

average element suffices to describe total system behavior. In 

comparison, a small-number system i s  one in which the elements are so 

few that t h e  behavior of each can be described individually. In 

physics, these two approaches are exemplified by statistical and 

Newtonian mechanics, respectively. Between these two extremes are 

middle-number systems, in which the elements are too many to be 

described individually, but too few or too different to be averaged. 

M o s t  ecological systems are middle-number systems. 

When a middle-number system can be described as a multileveled 

A large-number system is one in which the individual 

hierarchy, much of its coinplexity can be resolved (Allen and Starr 

1982, O'Neill et al. 1986). In the present case, the hierarchy of 

territories, woodlots, and landscape mosaic has proven to be a 

profitable framework in which to study birds a t  the level o f  

individuals, woodlot assemblages, and metapopulations, respectively. 
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In this final section, hierarchy provides a prospective means o f  

further simplifying this fundamental framework, to derive parsimonious 

predictive models for specific applications. 

Predicting Bird Species Abundance in a Mosaic 

I n  predictive applications the approach is to respecify the 

system for each case, retaining only those features of the original 

hierarchy that are necessary to describe and predict system behavior 

under the given set of conditions. The conditions vary in different 

landscapes or for different species of interest. 

summarized in the preceding section suggest the conditions under which 

each simplification can be made. 

the fundamental model. 

The results 

There are three simplifications of 

Habitat Availability Limiting 

The situation in which habitat availability is the principal 

constraint limiting a population is perhaps the simplest case. 

case assumes that the constraints of accessibility and net 

reproduction are not important controls on the species of interest; 

that i s ,  the species is neither dispersal-limited nor subject to 

reduced reproductive success in some habitats. In this case, the 

hierarchical model can be respecified as a large-number system. 

Oescribing a landscape as a large-number system deletes the patch 

(woodlot) level o f  reference, effectively divorcing microhabitats 

(territories) from their spatial context within woodlots. The average 

territory then suffices to predict species abundance at the landscape 

This 
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scale (Figure 7.5a). Fo r  a habitat generalist, species abiindance in 

the landscape is simply a function o f  total forest area. 

microhabitat specialist, total area of preferred breeding habitat 

replaces forest area as the predictive variable. 

reference, this seems to be--implicitly o r  explicitly--the working 

model in must traditional studies o f  wildlife/habitat relationships. 

In fact, this i s  probably the appropriate model for the majority of 

bird species in the eastern deciduous forest pool. 

For a 

As a point 0.f 

Habitat Accessibility Limiting 

In cases where habitat -is sufficiently available and a l l  patches 

are  similarly productive, but patches are very isolated, the effective 

control on demographics may be the relative accessibility o f  

roduction Limiting: ((3 
birds = f(GOr. , edge area) 

Figure 7.5. 
in a landscape mosaic, as simplifications o f  a inore complex model: 
(a) habitdt availability limiting; (b) habitat accessibility 
limiting; ( c )  net reproduction limiting. 

Schematic models for- predicting bird species abundance 
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i n d i v i d u a l  patches. The a p p r o p r i a t e  s i m p l i f i c a t i o n  i s  t hen  t o  

r e d e f i n e  t h e  system as a small-number system. 

as a small-number system emphasizes t h e  p a t c h  l e v e l  o f  d e s c r i p t i o n ,  

e f f e c t i v e l y  i g n o r i n g  f i n e r - s c a l e  d e t a i l s .  I n  t h i s  case, t h e  r e l a t i v e  

f requenc ies  ( p r o b a b i l i t i e s )  of d i s p e r s a l  among patches serve  t o  make 

p r e d i c t i o n s  a t  t h e  pa tch  l e v e l  ( F i g u r e  7.5b). It should be apparent 

t h a t  t h i s  i s  t h e  model o f  i s l and -b iogeograph ic  theo ry .  I n  t h i s  

pe rspec t i ve ,  a d i f f i c u l t y  w i t h  t h e  i s l a n d - t h e o r e t i c  model i s  t h a t  t h e  

phenomenological c o l o n i z a t i o n  and e x t i n c t i o n  curves  cannot be reduced 

e a s i l y  t o  t h e  u n d e r l y i n g  demographic mechanisms. Consequently, i t  i s  

d i f f i c u l t  t o  s p e c i f y  these  curves  f o r  complex h a b i t a t  mosaics. S t i l l ,  

i t  seems t h a t  t h e  f a i l u r e  o f  i s l a n d - t h e o r e t i c  models t o  c o n s i s t e n t l y  

p r o v i d e  accu ra te  p r e d i c t i o n s  of b i r d  species assemblages i n  wood lo ts  

may n o t  stem f rom t h e  inadequacy of t h e  model i t s e l f .  Rather, these 

f a i l u r e s  may r e f l e c t  t h e  l i m i t e d  number o f  cases i n  which h a b i t a t  

a c c e s s i b i l i t y  i s  a p r i n c i p a l  de terminant  o f  b i r d  spec ies  abundance 

p a t t e r n s  i n  f o r e s t  mosaics. The h i e r a r c h i c a l  conceptua l  model, on t h e  

o t h e r  hand, suggests t h e  c o n d i t i o n s  under which t h e  i s l a n d  model i s  

app rop r i  a te .  

S p e c i f y i n g  a landscape 

Net Reproduct ion L i m i t i n g  

I n  cases where h a b i t a t s  a re  a v a i l a b l e  and a c c e s s i b l e  b u t  t h e y  

d i f f e r  markedly  i n  terms o f  r e p r o d u c t i v e  success, i t  i s  a p p r o p r i a t e  t o  

r e s p e c i f y  t h e  system t o  emphasize t h e  e f f e c t i v e  f a c t o r s  c o n t r o l l i n g  

n e t  rep roduc t i on .  I f  a l l  edge h a b i t a t s  a re  e q u a l l y  unp roduc t i ve  and 

a l l  c o r e  h a b i t a t s  s i m i l a r l y  p roduc t i ve ,  t hen  t h e  s i m p l i f i c a t i o n  i s  t o  
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a large-number system i n  which t h e  t o t a l  areas o f  edge and c o r e  

h a b i t a t  a re  t h e  p r e d i c t o r  v a r i a b l e s  ( F i g u r e  7 . 5 ~ ) .  O p e r a t i o n a l l y ,  t h i s  

approach would cons ide r  t e r r i t o r i e s  and woodlots  i n  summing co re  and 

edge area f o r  t h e  mosaic, b u t  would n o t  use these lower  l e v e l s  i n  

making p r e d i c t i o n s .  

( reparameter ized)  f o r  each species o f  i n t e r e s t ,  depending on i t s  

p a r t i c u l a r  v u l n e r a b i l i t y  t o  f a c t o r s  a f f e c t i n g  r e p r o d u c t i v e  success. 

Such a model migh t  a l s o  va ry  f o r  d i f f e r e n t  landscapes. 

rep resen ts  a p o t e n t i a l l y  d a t d - i n t e n s i v e  t a s k  i n  f o r m u l a t i n g  and 

v e r i f y i n g  t h e  model, b u t  s t i l l  i s  f a r  s imp le r  t han  d e a l i n g  w i t h  myr iad  

patches i n d i v i d u a l l y .  

T h i s  Inadel m igh t  have t o  be r e d e f i n e d  

T h i s  approach 

Note t h a t  t h e  c o n s t r a i n t  o f  d i f f e r e n t i a l  r e p r o d u c t i v e  success can 

be de f ined inore g e n e r a l l y ,  t o  i n c o r p o r a t e  o t h e r  e f f e c t s  on n e t  

r e p r o d u c t i o n  beyond edge e f f e c t s  such as p r e d a t i o n  and p a r a s i t i s m .  

h a b i t a t  p r o d u c t i v i t y  v a r i e s  i n  terms o f  f ood  supp ly  o r  some o t h e r  

fac to r '  t h a t  c o n t r i b u t e s  t o  n e t  ren roduc t i on ,  t h e  model can s t i l l  be 

p a r t i t i o n e d  i n  terms o f  p r o d u c t i v e  and unproduc t i ve  h a b i t a t s .  The 

genera l  model p r e d i c t s  t o t a l  spec ies abundance as t h e  i n t e g r a t i o n  o f  

r e l a t i v e  h a b i t a t  p r o d u c t i v i t y  over  t h e  d i s t r i b u t i o f i  o f  h a b i t a t s  o f  

each p r o d u c t i v i t y  c lass .  

I f  

T h i s  model i n t e r s e c t s  t h e  " h a b i t a t  area'' model a t  two p o i n t s .  

The h a b i t a t  riindel uses t h e  average h a b i t a t  as t h e  b a s i s  f o r  

p r e d i c t i o n .  I n  f a c t ,  i t  i s  o n l y  t r u e  as a s p e c i a l  case t h a t  t h e  

expected species abundance f o r  a mosaic ( a  d i s t r i b u t i o n  o f  h a b i t a t s )  

i s  equal  t o  t h e  va lue  p r e d i c t e d  f rom t h e  average h a b i t a t .  

case i s  when t h e  i n t e g r a l  o f  t h e  d i s t r i b u t i o n  i s  equal  t o  t h e  mean o f  

The s p e c i a l  
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the distribution, and the predictive function i s  linear. 

case, the expected value for a function is the integral of the values 

expected from each element of the distribution (that is, the function 

integrated over the distribution). 

first model i s  the general case of the third model, if productivity is 

the criterion. The important point is, given a habitat mosaic m d  an 

estimate of the relative productivity o f  the habitat patches, either 

model can provide a useful simplification, 

As a general 

Thus, the general case of the 

The second point of intersection in the two models occurs in 

cases where the relative reproductive success of a species in some 

habitats i s  so low as to be nonexistent. In the limit, potential 

breeding habitat that is wholly unproductive is not really "habitat" 

at all. In this case, the "productivity" model can refine the 

"habitat area" model by excluding some habitats from further 

consideration. This intersection of the two models results in a 

hybrid that is simpler than either o f  its parent models. 

The "habitat area'' and "productivity" models are also similar in 

that each can make predictions at the mosaic scale without including 

woodlots explicitly. The "isolation" model can only predict at the 

landscape scale by summing predictions from individual patches. Of 

course, either of the two former models can a l s o  make predictions 

about individual woodlots. 

A General Model 

These three simplifications are special cases of a more general 

model that incorporates all of the cases. The general model is 
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consequent ly  more complex, b u t  n o t  unmanageably so. I n  e f f e c t ,  each 

o f  t h e  above s i m p l i f i c a t i o n s  i s  i n c o r p o r a t e d  i n t o  t h e  genera l  model, 

S O  even t h i s  model i s  s imp le r  than m u l t i f a r i o u s  na ture ,  i n  which each 

landscape i s  a un ique i n t e g r a t i o n  o f  i n t e r a c t i n g  patches, each o f  

which i s  i t s e l f  an i n t e g r a t i o n  of f i n e r - s c a l e  m i c r o h a b i t a t  p a t t e r n s  

and demographic processes. 

The genera l  model i s  a h i e r a r c h i c a l  system i n  which each l e v e l  i s  

i s o l a t e d  as a snial 1-number. subsystem o f  l o w e r - l e v e l  elements 

( f i g u r e  7 . 6 ) -  

unp roduc t i ve  (here, co re  and edge) t e r r i t o r i e s  o f  p o t e n t i a l  b reed ing  

h a b i t a t .  Net r e p r o d u c t i v e  p o t e n t i a l  i s  i n t e g r a t e d  t o  t h e  pa tch  l e v e l ,  

subsuming f i n e r - l e v e l ,  mechan is t i c  d e s c r i p t i o n s  o f  w i t h i n - p a t c h  

events .  Pa tch - leve l  i n t e r a c t i o n s  a re  s p e c i f i e d  i n  terms of d is tances  

between patches, r e f l e c t i n g  b u t  subsuming t h e  a c t u a l  mechanisms o f  

b i r d s  F l y i n g  among patches. A t  t h e  l e v e l  o f  t h e  landscape mosaic, t h e  

behav io r  o f  t h e  metapopu la t ion  i s  t h e  i n t e g r a t i o n  o f  n e t  r e c r u i t m e n t  

i n  i n d i v i d u a l  h a b i t a t  patches, as cons t ra ined  by pa tch  a c c e s s i b i l i t y .  

The model i s  s imp le  i n  t h a t  t h e  d e s c r i p t i o n  o f  t h e  system a t  any 

Thus, each p a t c h  i s  an admixtuve QP p r o d u c t i v e  and 

l e v e l  i s  m i n i m a l i s t ;  i t  i s  complex i n  t h a t  t h e r e  a re  t h r e e  l e v e l s  

invoked i n  t h e  d e s c r i p t i o n .  The model i s  genera l  i n  t h a t  changes i n  

l h e  mechanisms o r  t h e  c o n s t r a i n t s  a t  any l e v e l  w i l l  e l i c i t  d i f f e r e n t  

behav io r  f o r  the  system as a whole; obverse ly ,  a wide range of  

mosa ic - l eve l  behdv io rs  can be reduced t o  iriechanisrns and c o n s t r a i n t s  a t  

d i f f e r e n t  l e v e l s .  The iiiodel i s  r i c h  because i t  i n c o r p o r a t e s  t h r e e  

s imp ler ,  b u t  more l i m i t e d  models. I t  i s  useful because i t  s p e c i f i c s  

t h e  c o n d i t i o n s  under which each o f  t h e  s i m p l e r  models can p r o v i d e  
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Figure 7.6. 
species abundance i n  a landscape mosaic. 

A generalized hierarchical model fo r  predicting bird 
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val id  predictions of t o t a l  system behavior. As such, the general 

hierarchical model represents a powerful conceptual framework t h a t  can 

be used t o  extrapolate o u r  current knowledge o f  avian autecalogy and 

community ecology t o  understand and predict  bird species abundance 

pat terns  a t  t h e  landscape scale .  
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Table A.l. 
(following AOU 1982) .  

AOU Common Name S c i e n t i f i c  Name 

Comnion and s c i e n t i f i c  names o f  bird species  

Mourning Dove 
Yellow-billed Cuckoo 
Red-headed Woodpecker 
Red-bellied Woodpecker 
Downy Woodpecker 
Hairy Woodpecker 
Northern F 1  icker  
Pi leated Woodpecker 
Eastern Wood-Pewee 
Acadian Flycatcher 
Great Crested Flycatcher 
Blue Jay 
Black-capped Chickadee 
Tufted Titmouse 
White-breasted Nuthatch 
House Wren 
Blue-gray Gnatcatcher 
Veery 
Wood T h r u s h  
American Robin 
Gray Catbird 
Brown Thrasher 
European S ta r l ing  
Yellow-throated Vireo 
Red-eyed Vireo 
Ye1 low Warbler 
Cerulean Warbler 
Black-and-white Warbler 
American Redstart 
Ovenbird 
Common Ye1 lowthroat 
Scar le t  Tanager 
Northern Cardinal 
Rose-breasted Grosbeak 
Indigo B u n t i n g  
Rufous-sided Towhee 
Chipping Sparrow 
Field Sparrow 
Song Sparrow 
Common Grackle 
Brown-headed Cowbird 
Northern Oriole 

Zenaida  macroura 
C o c c y z ~ s s  a m e r i c a n u s  
Me lanerpes  e r y t h r o c e p h a l u s  
Me lanerpes  c a r o l i n u s  
P i c o i d e s  p u b s e s c e n s  
P i c o i d e s  V i l l o s u s  
C o l a p t e s  a u r a t u s  
Dryocopus p i l e a t u s  
Con topus  virens 
Empidonax virescens 
Myiarchus  c r i n i t u s  
C y a n o c i t t a  c r i s t a t a  
Parus  a t r i c a p i l l u s  
p a r u s  bicolor 
S i t t a  carol inensis 
T r o g l o d y t e s  aedon  
P o l i o p t i l a  c a e r u l e a  
C a t h a r u s  f u s c e s c e n s  
H y l o c i c h l a  m u s t e l i n a  
Turdus  m i g r a t o r i u s  
lhunatePla c a r o l i n e n s i s  
Toxostoma r u f u m  
S t u r n u s  vulgaris 
Vireo f l a v i f r o n s  
Vireo o l i v a c e u s  
Dendroica p e t e c h i a  
&ndro ica  c e r u l e a  
N n i o t i P t a  v a r i a  
Se tophaga r u t  ici  11 a 
S e i u r u a  a u r o c a p i l l u s  
Geo t h  l. ypi s t h  i cha s 
Piranqa  o l i v a c e a  
C a r d i n a l  i s  c a r d i n a l  is 
P h e u c t i c u s  l u d o v i c i a n u s  
P a s s e r i n a  cyanea  
p i p i l o  e r y t h r o p h t h a l m u s  
S p i z e l l a  p a s s e r i n a  
S p i z e l l a  p u s i l l a  
Melospiza m e l o d i a  
Q u i s c a l u s  q u i s c u l a  
M o l o t h r u s  a t e r  
I c t e r u s  qalbthla 
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DOCUMENTATION OF THE AVIAN DEMOGRAPHY SIMULATOR 

Introduction 

This appendix details the implementation of the simulation model 

described more generally in Chapter 3. 

this and the following appendix (the listing o f  the source code) 

provide a comprehensive documentation and user's guide for the avian 

demographics simulator. The model was developed to be versatile, in 

that a wide variety o f  scenarios might be simulated with minimal 

changes in the basic program. The program was written, however, with 

certain kinds of applications in mind, and its configurat,ion reflects 

this. Before documenting the program itself, it will be helpful to 

overview the structure of the model and the kinds o f  applications for 

which it was written. 

In combination with Chapter 3,  

The simulator was developed toward 2 kinds of applications: 

extrapolations and model experiments. Extrapolations simply extend 

local (patch-level) population dynamics to their longer-term or 

larger-scale implications. Model experiments contrast simulated 

scenarios, either in terms o f  species traits or mosaic characteristics. 

Because demographics are modeled as stochastic events, both sorts of 

applications require multiple replicates. 

replicated to describe the variance associated with a mean population 

trend; experimental treatments are replicated, as with any 

experimental design, to satisfy the conditions for valid statistical 

i nf erence. 

An extrapolation is 

The practical consequence o f  this application-oriented model is 

that the bulk o f  the program i s  relegated to control, replication, and 
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summary output routines. 

(1) run control, initialization, and preview; (2) the annual 

deniographics cycle; and ( 3 )  summary statistics and output utilities. 

After reviewing the main program, and a brief note on coding 

conventions, each of these 3 sections is detailed i n  turn. 

The program can be divided into 3 sections: 

Overview o f  Main Program 

A s  discussed in Chapter 3, there are 2 versions o f  the simulator, 

available as single-species and multi-species programs. 

are identical in every regard except dimensionality and the amount o f  

detail reported in output routines. This documentation focuses on the 

multi-species program; particulars of the single-species program are 

noted where appropriate. 

The 2 programs 

The simulator is written in standard FORTRAN with no installation- 

specific extensions. 

deciphered by a novice user, hence tractability assumed a higher 

priority than computational efficiency or coding elegance. 

program is modular, with 16 subroutines; nearly all variables are 

stored in COMMON blocks. These COMMON blocks contain run control 

parameters (1 abel led CONTRL), avian 1 ife-history parameters (SIRDS), 

and mosaic charactristics (MOSAIC). 

The goal was to write code that could be easily 

The 

Variable names are mnemonic insofar as possible. A few other 

coding conventions indicate the type of variable or its usage. 

prefix K- is either a Boolean switch (e*g. ,  KEDGE=] invokes edge 

effects on natality) or a counter (KSP is t h e  kth species). 

The 
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N- prefixes a number or tally (NSPP i s  the number of simulated 

species), and I and J index patches. Mnemonics and descriptions of 

variables in COMMON blocks are summarized in Table B.l. Hereafter, 

capitalized names refer to variables or subroutines in the model. 

Run Control, Initialization, and Preview 

Subroutine INITL 

The initialization routine sets control parameters and defines 

constants for the simulation. Ruri control parameters include the 

number o f  species simulated, the number of replicates, simulated years 

per replicate, and print interval for output censuses. Species 

constants include the site fidelity of breeders and floaters, and the 

minimum fraction of a territory that can be occupied by a breeder. 

Optional controls may be specified ( 1 )  to invoke edge effects on 

nesting success, (2) to increase mortality for floaters, ( 3 )  to begin 

simulation with random or user-provided initial populations (see 

subroutine IPOPN), and (4) to define the resolution o f  "usable 

habitat." If edge effects are invoked, intensities o f  brood 

parasitism and nest predation must be specified; these parameters 

represent the frequency o f  these events in edge habitats, above and 

beyond their occurrence in interior habitats. Mortality o f  floaters 

is adjusted by specifying their survivorship relative to breeders. 
A Habitat may be defined at 4 levels of resolution: (1) total 

patch area may qualify as usable habitat for all species; (2) species 

may be classified as generalists (using total patch area) or obligate 

edge species (using only a 50-m perimeter); (3) species may be 
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- l a b l e  B . l .  Names and d e f i n i t i o n s  o f  v a r i a b l e s  s t o r e d  i n  COMMON b locks .  

~ ~ 

VARIABLE DEFINITION 
COPiMON/CONTRL : 
NKEPS 
NSPP 
NYRS 
KPRT 
K HAB 
K I P  
KFLTS 

KEDGE 

FBKO 

FFLT 
T W I N  
I Y  
CQMMON/MOSAI C : 
N I  
PI L 
NAME 

AREA ( I ) 
CORE( I )  

I X Y (  1,L) 

EDGE( I )  
CC(I,K) 
DIST( I , J)  
K E C O L (  I ,  J,K) 

COMMQN/RIKDS:  
N E W (  I ,K) 
NFLT( I ,K) 
JUV( I ,K) 
MSP(K) 
KGHAB(K) 
TS1 ( K )  
TS2 ( K )  

CLUTCH( K)  
BROODS( K )  
PND(K) 
PBP(K) 
SUKV (K) 
RANGE ( K )  
MQBIL. ( K )  
P C C I ( K )  
INPOP( I ,K) 

S c a l a r  Constants and O p t i o n a l  C o n t r o l  Parameters 
Number o f  r e p l i c a t e  s i m u l a t i o n s ;  KRE? i s  t h e  coun te r  
Number o f  s imu la ted  species;  indexed by  KSP 
Number o f  y e a r s  s imulated;  K Y R  i s  t h e  coun te r  
P r i n t  i n t e r v a l  ( yea rs )  f o r  o u t p u t  censuses 
O p t i o n  t o  d e f i n e  l e v e l  o f  r e s o l u t i o n  o f  " h a b i t a t "  
O p t i o n  t o  use random o r  use r -p rov ided  i n i t i a l  p o p u l a t i o n s  
O p t i o n  t o  a d j u s t  . f l o a t e r  s u r v i v o r s h i p ;  i f  so, 

RSFL'I i s  t h e  r e l a t i v e  s u r v i v o r s h i p  o f  f l o a t e r s  
O p t i o n  t o  a d j u s t  r e p r o d u c t i v e  success i n  edge h a b i t a t s ;  

i f  so, XBF and XND a r e  t h e  p r o b a b i l i t i e s  o f  brood 
p a r a s i t i s m  and n e s t  dep reda t ion  i n  edges 

p r o b a b i l i t y  o f  r e t u r n i n g  t o  t h e  same s i t e  
F i d e l i t y  o f  breeders t o  n e s t i n g  h a b i t a t ,  i.e., t h e  

S i t e  f i d e l i t y  o f  f l o a t e r s  
Minimum t e r r i t o r y  f r a c t i o n  t h a t  can be occupied 
Seed and argument f o r  uniform-random number genera to r  
Mosaic C h a r a c t e r i s t i c s ,  Arrayed p e r  H a b i t a t  Patch 
Number o f  patches ( i s l a n d s )  i n  s i m u l a t i o n  ( i ndexed  by I )  
Mosaic l a b e l  used i n  o u t p u t  ( 4  c h a r a c t e r s  maximum) 
Mosaic name used i n  p r i n t e d  o u t p u t  ( 6 0  c h a r a c t e r s  max) 
C a r t e s i a n  g r i d  c o o r d i n a t e s  f o r  p a t c h  I; (L=l,2 f o r  X,Y) 
T o t a l  a rea  o f  h a b i t a t  p a t c h  I 
Core ( i n t e r i o r )  a rea  (more t h a n  50 n f r o m  an edge) 
Edge a rea  (50-m p e r i m e t e r )  
C a r r y i n g  c a p a c i t y  o f  p a t c h  I f o r  spec ies K 
Edge-to-edge d i s t a n c e  f r o m  p a t c h  I t o  p a t c h  J 
P r o b a b i l i t y  o f  d i s p e r s a l  f r o m  p a t c h  I t o  J, f o r  an 

Demographic Var iab les,  A r rayed  p e r  Species 
Number o f  breeders o f  spec ies K i n  p a t c h  I 
Number o f  f l o a t e r s  o f  spec ies K i n  p a t c h  I 
Juven i l es  o f  spec ies  K i n  p a t c h  I 
Mnemonic f o r  spec ies K ( 4  c h a r a c t e r s  max) 
K i n d  o f  g ross  h a b i t a t  p r e f e r r e d  ( g e n e r a l i s t ,  core,  edge) 
Minimum t e r r i t o r y  s i z e  (ha )  
T e r r i t o r y  s i z e  i n  i n t a c t  f o r e s t ;  t h e  r e c i p r o c a l  o f  

C l u t c h  s i z e  (eggs p e r  b road)  
Number o f  broods p e r  season 
Probab i  1 i t y  o f  n e s t  dep reda t ion  i n  edges 
P r o b a b i l i t y  o f  brood p a r a s i t i s m  i n  edges 
Annual s u r v i v o r s h i p  p r o b a b i l i t y  
Maximurn l i k e l y  d i s t a n c e  f o r  a s i n g l e  d i s p e r s a l  move (m) 
M o b i l i t y ,  t h e  number o f  d i s p e r s a l  moves 
% o f  c a r r y i n g  c a p a c i t y  i n i t i a l i z e d  (random i n i t i a l s )  
I n i t i a l  p o p u l a t i o n s  ( i f  p r o v i d e d  by  use r )  

i n d i v i d u a l  o f  subpopu la t i on  K ( l=b reeders ,  2 = f l o a t e r s )  

maximum b reed ing  dens i t y ,  MBD(K) 
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classified as generalists, edge species, or interior species; or 

(4) the carrying capacity o f  each patch for each species may be 

provided as input data. This last option allows the demographics 

simulator to be coupled to an external habitat classification scheme 

(e.g., discriminant functions), or by extension, to be driven by a 

habitat simulation model (e.g., Smith et al. 1981). 

Subroutine INPUT 

Input data are provided as external data files read from logical 

units 3 (see subroutine I P O P N ) ,  4 (species life-history parameters), 

and 5 (mosaic data). 

model experiments by manipulating single files (mosaics or species) 

while holding others constant. 

number of patches in the mosaic, and a mosaic label and title used 

in printed output; an array of patches described by their grid 

coordinates and areas (total, core, and edge); and a matrix o f  

inter-patch distances. These distances could be calculated internally 

(as Euclidean distances, using grid coordinates), but are provided 

externally so that the distance measure can incorporate shape 

complexity, or so distance can be weighted t o  reflect the 

"navigability" of intervening nonhabitats. This latter option is 

especially amenable to grid-based information management systems that 

include algorithms for computing weighted distances. 

These separate files make it easier to configure 

The mosaic data file provides the 

The species data file consists o f  an array of life-history 

paratneters that are converted for use in subsequent demographics 

routines; only the converted parameters are retained as COMMON 

variables. These conversions concern (1) territory sizes, ( 2 )  clutch 

size, and (3 )  survivorship. 
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Two t e r r i t o r y  s i z e s  a r e  used i n  t h e  model: minimum defended 

t e r r i t o r y  ( T S I ;  as would be es t ima ted  f r o m  census spat-maps), and a 

second area (TSZ) based on maximum r e p o r t e d  d e n s i t i e s  i n  i n t a c t  f o r e s t  

( c a l c u l a t e d  as t h e  i n v e r s e  o f  t h i s  maximum, i n  nested p a i r s  p e r  

100 ha).  The fo rmer  ( u s u a l l y  s m a l l e r )  t e r r i t o r y  d e f i n e s  t h e  smal l e s t  

p a t c h  t h a t  can be occupied by a species,  w h i l e  t h e  l a t t e r  (sometimes 

much l a r g e r )  area p reven ts  a species f r o m  pack ing  l a r g e  patches a t  

e x t r a o r d i n a r y  d e n s i t i e s .  

C l u t c h  s i z e  i s  i n p u t  as t h e  average number o f  eggs p e r  brood. 

T h i s  va lue  i s  then  a d j u s t e d  f o r  sex r a t i o  and f l e d g i n g  success under 

o p t i m a l  c o n d i t i o n s .  I t  i s  assumed t h a t  base f l e d g i n g  success i s  60% 

and 66% fo r  open- and h o l e - n e s t i n g  species,  r e s p e c t i v e l y  ( N i c e  1957; 

R i c k l e f s  1969, 1972). Given a 1 : l  sex r a t i o ,  t h i s  y i e l d s  ad jus ted  

c l u t c h  s i z e  c o r r e c t i o n  f a c t o r s  o f  0.30 and 0.33 f o r  open- and 

ho 1 e- n e s t e r s  . 
M o r t a l i t y  i s  c a l c u l a t e d  f r o m  maximum r e p o r t e d  age f o r  w i l d  b i r d s ,  

es t ima ted  t o  t h e  neares t  year.  The c a l c u l a t i o n  i s  based on t h e  

assumptions t h a t  s u r v i v o r s h i p  i s  age-independent a f t e r  t h e  f i r s t  

( h a t c h i n g )  year,  and t h a t  1% o f  i n d i v i d u a l s  s u r v i v e  t o  reach inaximum 

age. Annual s u r v i v o r s h i p  i s  t h e n  computed 

SURVMAXAGE=O. 01, 

o r  

o r  

o r  

MAXAGE*l  n(  SURV)= 1 n (  0.01 ) , 

1 n(  SURV)=-4.605/MAXAGE, 

SUKV=exp( -4.605/MAXAGE) 
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Because this calculation is extremely sensitive to the estimated 

maximum age, and this input parameter can rarely be estimated 

precisely, a further adjustment i s  made if necessary. In this, 

survivorship is corrected so that net natality (adjusted clutch size 

times the number o f  broods per season) minus mortality is 

nonnegative. That is, it is assumed that no extant member o f  the 

species pool has a biologically untenable net recruitment rate under 

optimal conditions. 

INPUT also assigns carrying capacities for each species in each 

patch. 

(HA), as dictated by the habitat resolution option in INITL, and on 

both territory sizes. Small patches (HA TS1) have a fractional 

carrying capacity computed as HA/TSl. 

(TS1 HA TS2) have a carrying capacity o f  1.0 bird; larger patches have 

a carrying capacity computed as HA/TS2. 

territory less than the minimum occupiable fraction (TSMIN) has its 

carrying capacity truncated to 0.00. Otherwise, fractional 

territories are occupied probabilistically, so that a patch with 

carrying capacity far 1.8 birds could support 2 birds with chance 

0.80, and 1 bird with probability 0.20. Again, territory fractions 

less tnan TSMIN cannot be occupied. 

per-bird basis, so small fractional territories are likely to be 

filled in times or locales o f  high population density. 

implementation in effect allows territories t o  contract somewhat at 

high densities. 

This assignment is based on the usable habitat area in a patch 

Patches o f  intermediate s i z e  

A patch with a fractional 

Occupancy i s  determined on a 

This 
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Subroutine PROBLY 

PROBLY calculates the dispersal probability matrices for breeders 

and floaters. The calculation proceeds in 2 stages: a dispersal 

b flow'^ rate is computed for each pair o f  patches, and then these rates 

are adjusted so that the rows o f  the probability matrix sum t o  1.0. 

Emigrant f l o w  from patch I to J is calculated as a 

negative-exponential function of inter-patch distance, subject t o  the 

assumption that 1% o f  individuals disperse to their maximum range. 

F low is thus defined 

FLOW( I, J)=exp( -4 .605*DIST( I, J> /R) , 

where -4.605, the natural log of 0.01, scales the function to equal 

0.01 when inter-patch distance equals R, the maximum range of the 

species in question. 

The matrix o f  flow rates between patches is then adjusted 

according to site Fidelity and the relative proximity o f  patches. 

Because site fidelity is different for each subpopulation, separate 

dispersal matrices are computed for breeders and floaters. Each o f  

these matrices initially has site fidelity (FBRD or FFLT, for breeders 

or floaters, respectively) as its diagonal elements, and flow rates as 

off-diagonal elements. For a patch surrounded by several other 

patches, the flow rates are relativized so that birds are apportioned 

according to the relative proximity o f  the patches. 

a patch in isolation, site fidelity is adjusted so that birds are 

Reciprocally, for 

retained. Thus, the configuration o f  a mosaic can effectively reshape . 
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the negative-exponential dispersal-distance relationship. The 

dispersal probability matrix for breeders is defined 

SUM 1.0-FBRD FLOW( I ,  J )  , - 
RECOL(I,J,l) = 

FLOW( I ,  J)/SUM, SUM I 1.0-FBRD 

for I=J, and site fidelity i s  

F BRD, SUM - I 1 .O-FBRD 

RECOL( I , I , l )  = 

1 .O-SUM, SUM 1.0-FBKD 

where SUM i s  the sum of FLOW(1,J) over all I=J.  

probability matrix for floaters is similarly defined, except FFLT 

replaces FBRD in the calculations. 

for each species with a different dispersal range, so i t  is 

computationally efficient to stack species with the same range in Lhe 

species data array. 

The dispersal 

These matrices must be recomputed 

Subroutine I P O P N  

This routine establishes initial populations for each replicate 

simulation. There are 2 alternatives, specified as an option in 

subroutine I N I T L :  random initial populations, or user-provided 

initials. 

anew for each replicate. 

capacity initialized (PCCI) i s  set arbitrarily at 50%. Initial 

populations contain breeders only (no floaters), and these are 

randomly located within patches with available territories. 

If random initials are used, the program generates these 

The percentage of total mosaic carrying 
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Alternatively, initial populations may be provided as input data 

(read from unit 3). 

census data were available for a particular habitat mosaic. 

are provided, they are retained and reused for each replicate. 

This option might be used, for example, if actual 

I f  initials 

Because the starting locations of birds can conceivably affect 

future metapopulation dynamics, these 2 initialization options might 

result in different simulated results for an otherwise similar 

scenario. For example, 10 replicates initialized with 30 birds in a 

siriylle patch would likely exhibit different dynamics, on average, than 

10 replicates using randomly located initials, Care should be taken 

that the initialization mode is appropriate to a particular 

application or model experiment. 

Subroutine P R I N T 1  

This output routine, the first of 3 print options, overviews the 

simulation scenario (options i n  effect), tal 1 ies species parameters 

( a s  modified in INPUT), and prints a descriptive suniniary o f  the 

habitat mosaic being used. 

input data, since the input files are external to the program and may 

vary for each simulation. 

Much o f  the printout serves t o  record 

The mosaic characterization includes patch areas and grid 

locations (i.e., input data), as well as summary spatial statistics. 

These statistics, based on a floater dispersal-probability matrix 

(with RARGE=5900 m), are ( 1 )  the number o f  patches that are 

functionally connected to each patch, (2) the total area o f  these 

connected patches, and ( 3 )  the nearest-neighbor distance for each 
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+ 

patch. 

area, t o t a l  and precentage c o r e  and edge h a b i t a t ,  and t o t a l  and 

percentage o f  h a b i t a t  i n c l u d e d  i n  patches l a r g e r  than  40 ha 

( " r e f u g e s " ) ;  t o t a l  d i s p e r s a l  f l o w  among patches and t h i s  sum r e l a t i v e  

t o  t h e  maximum p o s s i b l e  f l o w  ( t o t a l  connectedness); and t h e  mean 

neares t -ne ighbor  d i s t a n c e  among patches (an  i ndex  o f  p a t c h  d i s p e r s i o n ) .  

F o r  t h e  e n t i r e  mosaic, t h e  r o u t i n e  p r i n t s  t h e  t o t a l  h a b i t a t  

The r o u t i n e  then  summarizes t h e  c a r r y i n g  c a p a c i t y  o f  t h e  mosaic 

f o r  each species,  as w e l l  as t h e  number o f  patches t h a t  can suppor t  

each species and t h e  t o t a l  area o f  t hese  patches. F i n a l l y ,  i f  i n i t i a l  

p o p u l a t i o n s  a r e  p r o v i d e d  as i n p u t  d a t a  and a r e  t o  be r e t a i n e d  f o r  each 

r e p l i c a t e ,  t hese  i n i t i a l  censuses a r e  p r i n t e d .  

T h i s  o u t p u t  r o u t i n e ,  as w e l l  as o t h e r  p r i n t  r o u t i n e s  (PRINT2, 

PRINT3, and RSTATS),  w r i t e  t o  l o g i c a l  u n i t  3 ,  which can be r o u t e d  t o  a 

separa te  o u t p u t  f i l e  f r o m  t h e  system c o m p i l a t i o n  p r i n t o u t  (wh ich  

i t s e l f  can be suppressed t o  save paper) .  

f o r m a t t e d  t o  30-column w id th ,  so t h e  o u t p u t  can be p r i n t e d  on 

8 . 5 ~ 1 1 - i n c h  paper. 

F u r t h e r ,  t hese  r o u t i n e s  a r e  

Demographics Cycle 

There a r e  5 s u b r o u t i n e s  devoted t o  t h e  d e t a i l s  o f  n a t a l i t y ,  

m o r t a l i t y ,  and d i s p e r s a l .  The s i m u l a t i o n  c y c l e  i t s e l f  c o n s i s t s  o f  a 

" r e p l i c a t e "  loop, w i t h i n  which i s  nested t h e  "annual"  loop, w i t h i n  

which i s  t h e  "spec ies "  loop. W i t h i n  t h e  species loop, s u b r o u t i n e  

PROBLY must be r e c a l l e d  each t i m e  t h e  d i s p e r s a l  range o f  t h e  species 

changes. I n  t h e  annual loop, v a r i o u s  o u t p u t  r o u t i n e s  can be c a l l e d  

( d e s c r i b e d  i n  t h e  n e x t  s e c t i o n ) .  P o p u l a t i o n s  a r e  r e i n i t i a l i z e d  f o r  

each rep1 i c a t e .  
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Subroutine NATAL 

The natality subroutine tallies successful breeding events for 

each brood of each breeding bird in each patch for each species. 

Because the adjusted mean clutch size for a species is rarely an 

integer and is often less than 1.0, the outcome o f  each nesting 

attempt is stochastically determined, Thus, a bird w i t h  a clutch 

size of 1.40 would produce 1 fledgling with probability 0.60, and 

2 fledglings w i t h  chance 0.40. Similarly, a bird that averages 

1.50 broods per season produces 2 broods half the time, otherwise, a 

s i  rig1 e brood. 

Nesting success may be subjected to stochastic predation and 

brood parasitism as edge effects. In this implementation, predation 

results in total nest failure, while parasitism costs 1 fledgling. 

The probability of predation or parasitism in edges is defined as t i l e  

product of the base incidence rate (specified in INITL) and the 

relative susceptibility o f  each species (provided in INPUT). 

actual probability of predation (the predation f a c t o r ,  PF) or brood 

parasitism (BPF)  is derived by averaging these events in edges, over 

the entire patch area. For example, the edge-weighted average 

probability of predation is 

The 

PF=PND(KSP)*EDGE( I)/AREA( I) , 

where P W ( K 5 P )  is the probability of nest depredaton for species KSP, 

and EDGE(I)/AREA(I) is the relative edge area for patch I. 

probability i s  averaged over the entire patch because the exact 

This 
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locations of territories within patches are not accounted; further, 

averaging smooths the discrete boundary o f  the 50-m "edge." 

Note that specifying a species to be an edge species invokes 

predation and parasitism for all breeders o f  susceptible species 

(since none "escape" to interior habitats); reciprocally, strictly 

interior species are immune to edge effects by definition. 

latter case may result in somewhat tautologous distribution patterns 

in simulations underscores the need to carefully frame hypotheses in 

applications. 

That this 

Subroutine MORTAL 

Like natality, the mortality subroutine operates stochastically 

on a per-bird, per-patch, per-species basis. The base survivorship 

probability i s  that o f  breeders; this rate i s  adjusted to yield 

floater and juvenile survivorship. Relative floater survivorship is 

specified in subroutine INITL, and as a default value is 50% that of 

breeders. 

1969, 1972). In each case, a bird "dies" if a uniform-random number 

on the interval ( 0 , l )  i s  greater than the chance of survivorship. 

Juveniles that survive their first winter are assigned floater status 

before dispersal. 

Juvenile survivorship i s  also set at 50% (after Ricklefs 

Subroutines HOME, DISPRS, and REDISP 

Uispersal of individuals i s  accomplished by 3 subroutines. HOME, 

called at the outset of dispersal, returns overwinter survivors t o  

their home patch, and redefines breeder and floater subpopulations. ' 
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In this, floaters may become breeders if mortality has "emptied" any 

territories. This effectively allows within-patch dispersal for large 

patches (which frequently have available territories) but forces 

between-patch dispersal for small patches. This honiing routine thus 

allows the use o f  edge-to-edge distances in subroutine PROBLY, which 

is computationally convenient. 

Subroutine DISPRS i s  the first actual dispersal routine. In 

this, each bird i s  moved stochastically, guided by the dispersal 

probability matrix. This is done by drawing a uniform-random number 

an (O,l), and comparing it t o  the elements of the appropriate row of 

the dispersal matrix; the bird moves to the patch corresponding to the 

matching "window" in the row of probabilities. Immigrants to each 

patch are stored in a temporary array o f  colonists. After all birds 

h a w  been dispersed once, birds in the colonist array are reassigned 

as breeders or floaters, as available territories dictate. 

A redispersal subroutine ( R E D I S P )  i s  called for those species 

with nonzera mobility. F o r  these species, REllJSP repeats dispersal 

bouts as in DISPRS, but for floaters only (breeders do not redisperse). 

After each redispersal bout, breeder and floater subpopulations are 

reassigned as in HOME and DISPRS. 

Summary Statistics and Output Routines 

The model generates sirnul ated data representing annual censuses 

o f  all birds in each habitat patch. Because . t i le  simulated mosaics 

often include more patches than could easily be censused in an actual 

field study, and the simulations extend to decades-long time scales, 
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the model can generate orders of magnitude more "data" than might he 

expected from a field study. 

easily be overwhelming, so model output is generally "sampled" or 

summarized for subsequent analyses. 

to sampling and summary statistics. 

The sheer volume of these data could 

There are 5 subroutines devoted 

Subroutines PRINT2 and PRINT3 

Two "census" routines are available for printed output at annual 

time steps or user-defined intervals. The print interval is specified 

in subroutine INITL, and may be further modified (with IF statements) 

where called from the MAIN program, 

floaters per patch for each species in turn, and i s  useful in cases 

where focal species are of particular interest. The distribution 

among patches i s  highlighted for each species. 

PRINT2 tallies breeders and 

PRINT3 provides censuses that highlight individual patches (i.e., 

PRINT3 transposes PRINTZ). 

conventional census data in that all species are tallied for each 

patch in turn. 

species and the total number of nested pairs for all species combined. 

Either of these routines can generate an intimidating volume of 

printed output, so they should be with moderation. 

Output from PRINT3 thus corresponds to 

This routine also tallies the number of resident 

Subroutine PUNCH 

Many, if not most, applications o f  the simulator involve 

susbsequent analysis of model-generated census data. 

are conveniently performed by external statistical packages (e.g., SAS). 

These analyses 
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For such purposes, subroutine PUNCH writes a condensed data file to 

logical unit 7, which can be routed t o  disk or some other storage 

device. The output data file consists of a mosaic label, the 

replicate number, and simulation year$ followed by patch number, patch 

area, and the number of breeders o f  each species in that patch. For 

less than 50 species, this routine produces 3 data records per patch 

per year. 

provide for a wide variety of statistical treatments. 

Given a sorting utility, this file can be partitioned t o  

Subroutine RSTATS 

The final printout from the program is produced by RSTATS, 

which summarizes (averages) results from the pooled replicates. 

This routine provides means and s tandard  deviations for breeder 

subpopulations per- species per patch for the final simulation year. 

The form o f  the summary is as in PRINT2 and PRINT3; first, mean 

abundance patterns for each species (a "species" summary), followed 

by mean censuses for each patch (a "patch" summary). 

Subroutine U T I L T  

The program also includes a utility subroutine to provide 

user-defined diagnostics or special-purpose output, 

data are written t o  logical unit 6 (the system printout), hence do not 

interfere with the normal report generated by routines P R I N T ] ,  PRINT2, 

PRINT3, and RSTATS. 

.the number and percentage o f  neotropical migrants, as well as the 

proportions o f  habitat generalists, edge species, and interior species 

These additional 

The utility routine is currently used to tally 
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in annual censuses. UTILT can be modified to provide other 

diagnostics as desired. 

Focal-Species Applications 

When a single species i s  o f  interest it is more appropriate and 

much more computationally efficient to use the focal-species version 

o f  the simulator. 

multi-species code in every particular except dimensionality (i.e., 

2-dimensional arrays are reduced to vectors, and vectors become scalar 

variables), and the amount of detail available in output routines. 

For example, the single-species routine RSTATS reports on breeder as 

well as floater subpopulations for every sirnulation year, while the 

multi-species routine reports only on breeders in the final year. 

Three additional subroutines provide statist.ics on individual 

rep1 icates. 

The single-species program parallels the 

Subroutines PSTATS, ESTATS, and FREQ 

Each simulation year, breeder and floater subpopulations in each 

patch are copied into a storage array by subroutine APOPN. 

is subsequently used by 3 statistics routines to summarize species 

abundance patterns for each replicate. 

This array 

PSTATS computes population statistics, the mean and standard 

deviation of breeders and floaters per patch for the final 10 years o f  

the simulation. This is an estimate o f  temporal variability in 

population dynamics (as compared to the among-rep1 icate variation 

described by RSTATS). 

the metapspul at i on. 

PSTATS also computes temporal statistics for 
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ESTHTS summarizes the dynamics of loca l  extinctions and 

recolonizations for each patch and for the entire mosaic. 

number of these events indicates the relative spatial dynamics of the 

metapopulation (i.e. 

recolonizations to extinctions indicates the trajectory of the 

metapopulation. Coupled with the s p a t i a l  dispersion indices provided 

by PRINT1, ESTATS can be used to quantify isolation effects in the 

mosaic, or to describe the effects of connectedness. 

The total 

among-patch dynamics), while the ratio of 

FREQ tallies the frequency of occurrence o f  final-year, 

patch-level population sizes fo r  discrete patch size classes, w i t h  an 

emphasis on the  occurrence of empty patches. 

compatible with actual census data compiled to highlight 

"area-sensitivity" of bird species in fragmented forests (e.g., Forman 

et al. 1976, Whitcomb et al. 1981). FREQ prints tables that can be 

tested, with conventional contingency analyses, to determine whether a 

simulated species occurs differentially in patches of various s i z e s .  

Used together, subroutines FKEQ and ESTHTS comprehensively describe 

the dynamics of species abundance patterns for each replicate. 

This simulated data i s  

Final Notes on Usaye 

A few cautionary notes concerning model app ications are 

appropriate. The simulator i s  a model, so i s  by definition inadequate 

arid unrealistic. In particular, a wealth of biological detail is not 

represented in this implementation, so simulated demographics will 

always be unrealistic to some degree. Further, parameter uncertainties 

render the correspondence between simulated species and their real 
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counterparts somewhat unreliable, and to a degree that i s  difficult to 

specify. Finally, the stochastic nature of the simulated 

demographics, as expressed in model uncertainty (see Chapter 6 ) ,  

dictates that direct comparisons between model output and census data 

from real habitat mosaics should not be overinterpreted. 

These caveats suggest that the question, "How many 

Yellow-throated Vireos will there be in Trelease Woods in the year 

ZOOO?" is not a particularly valid question t o  address with the 

simulator. Alternatively, the model can provide useful answers to 

questions such as, "What is the nature of the relationship between 

patch isolation and bird species richness?" cr "Can edge effects on 

net natality be o f  sufficient magnitude (given biologically feasible 

intensities) to effect species abundance patterns in a mosaic?" 

each o f  these cases, the general result can be informative even i f  the 

I n  
, 

exact results are somewhat compromised by model uncertainties. The 

model is especially useful in implicating data criticalities, such as 

model formulations or parameters that are sufficiently sensitive and 

uncertain as to require verification or further refinement by field 

studies. 

It should be emphasized that avian demographics, real or 

simulated, are implicitly scaled. This scaling dictates spatial and 

temporal domains over which it i s  reasonable to consider modeled 

demographics. Preliminary analysis of model output can indicate the 

degree o f  statistical closure f o r  a particular habitat mosaic, which 

influences the consistency o f  modeled demographics for that mosaic. 

In this, output from subroutine PSTATS can be analyzed to determine 



B-22 

how many patches need t o  be s imu la ted  t o  y i e l d  c o n s i s t e n t  

me tapopu la t i on - leve l  demographics. I n c l u d i n g  t o o  few patches w i l l  

make t h e  r e s u l t s  s t a t i s t i c a l l y  u n s t a b l e  and b i o l o g i c a l l y  mis lead ing ;  

i n c l u d i n g  t o o  many patches i s  s t a t i s t i c a l l y  unnecessary and 

c o m p u t a t i o n a l l y  expensive. 

v a r i a b i l i t y  i n  metapopu la t ion  demographics inc reases  w i t h  decreas ing  

p o p u l a t i o n  s ize ,  so mosaics w i t h  fewer  patches e x h i b i t  more v a r i a t i o n  

than  denser inosaics ( a l l  o t h e r  t h i n g s  be ing  equa l ) .  

sub rou t ine  RSTATS can i n d i c a t e  t h e  number o f  r e p l i c a t e s  necessary t.o 

y i e l d  s t a t i s t i c a  l y  s t a b l e  c h a r a c t e r i z a t i o n s  o f  t h e  poo led  demographic 

t rends .  I n  t h i s  study, t e n  r e p l i c a t e s  were s u f f i c i e n t  t o  desc r ibe  

genera l  metapopu a t i o n  t rends ,  b u t  were n o t  always s u f f i c i e n t  t o  

comp le te l y  s t a b i l i z e  among-repl icate v a r i a t i o n .  P o t e n t i a l  problems 

w i t h  s t a t i s t i c a l  i n t e r p r e t a t i o n s  o f  model exper iments were avoided by  

f ram ing  exper iments so t h a t  t he  r e s u l t s  were no t  b iased by t h e  number 

o f  r e p l i c a t e s  (e.g., t h e  s lope  o f  t h e  r e g r e s s i o n  o f  p o p u l a t i o n  s i z e  

f o r  d i f f e r e n t  c l u t c h  s izes ,  d e t a i l e d  i n  Chapter 6 ) .  S i m i l a r  c a u t i o n  

shou ld  be exe rc i sed  i n  a p p l y i n g  t h e  model t o  o t h e r  scenar ios.  

I t  should be emphasized t h a t  t h e  

Output  f rom 

The tempora l  domain o f  av ian  demographics i s  d i c t a t e d  by t h e  

l o n g e v i t i e s  o f  t h e  b i r d  species, and by  t h e  r a t e  o f  change i n  h a b i t a t  

a v a i l a b i l i t y .  

lifespans o f  2 o r  3 years,  demographic t r e n d s  a re  u s u a l l y  expressed 

w i t h i n  a m a t t e r  o f  a decade ( a  few genera t i ons ) .  

t h e  minimum necessary t o  w i tness  t h e  phenomenon o f  av ian  demographics 

i n  a h a b i t a t  mosaic. A t  t h e  o t h e r  extreme, f o r e s t  success iona l  

dynamics occur  on t i m e  sca les  o f  decades o r  longer ,  and land  use 

S ince  most o f  t h e  species s imu la ted  here  have average 

T h i s  t i m e  s c a l e  i s  
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changes may occur on these same time scales, At these longer temporal 

scales, the constraint o f  habitat availability itself becomes dynamic, 

and it would be unrealistic to consider demographics at these longer 

time scales without explicitly accounting for habitat dynamics. For 

these longer-term applications, the demographics simulator should be 

coupled to a habitat simulator (as provided for, in subroutines INITL 

and INPUT) .  

Finally, it should again be noted that the model is capable o f  

generating data that are simultaneously very detailed and very 

extensive. This is in contrast to real data, where detail and extent 

are typically rather exclusive. 

model can easily generate results that cannot be referenced to real 

data. 

be emphasized that model results or predictions that cannot possibly 

be verified or validated empirically are of limited scientific value. 

Model applications and experiments should be tailored such that the 

results can be compared to real data that, if not immediately 

available, are at least potentially obtainable. These latter 

applications are particularly useful in dictating critical directions 

for further empirical studies. 

The consequence o f  this i s  that the 

While such results may be interesting to the modeler, it should 
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L I S T I N G  OF THE AVIAN DEMOGRAPHY SIMULATION PROGRAM 

C 
C POPN.FORTRAN 
C D.L. URBAN 1985 
C 
C 
C MAIN:  
C 

COMMON/MOSAIC/ N I ,  ML, NAME(15), I X Y (  75,2), D I S T ( 7 5 , 7 5 ) ,  
RECOL(75,75,2), AKEA(75) ,  CORE(75), EDGE(75), CC(75,50)  

COMMON/BIRDS/ NBRD( 75,50),  NFLT( 75,50),  JUV(75,50), INPOP( 75,50),  
MSP( 5 0 ) ,  RANGE( 50) ,  MOBIL(  50), CLUTCH( 50), BROODS( 5 0 ) ,  
PND( 50) , PBP( 50), SURV( 5 0 ) ,  TS1  (SO),  TS2(  50), MBD(50) ,  
KGHAB ( 50), PCCI  ( 50) 

COMMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
K I P ,  KHAB, KPKT, KFLTS, RSFLT, KEDGE, XBP, XND, 

2 

2 
3 
4 

2 
3 FBRD, FFLT, TSMIN 

C 
C 

CALL I N I T L  
CALL INPUT 
CALL PROBLY 
CALL IPOPN 
CALL PRINT1  
00 1 KREP=I,NREPS 
I F  (KREP.EQ.l)  WRITE(8,99Y) KREP 

I F  (KREP.GT. 1 )  CALL IPOPN 
DO 2 KYR=l,NYRS 
DO 3 KSP=1 ,NSPP 

999 FORMAT( //5X, 'REPLICATE SIMULATION' ,  12) 

I F  (KSP.GT. 1 .AND.RANGE(KSP) .NE.RANGE(KSP-1)) CALL PROBLY 
CALL NATAL 
CALL MORTAL 
CALL HOME 
CALL DISPRS 
I F  (MOBIL(KSP) .GT.O) CALL REDISP 
I F  (KREP.EQ. 1 .AND.MOD(KYR,KPRT) .EQ.O) CALL P R I N T 2  C 
IF (KREP . EU. 1 .AND .MOD(KYR ,KPRT). EQ. O. AND. KSP. EQ. NSPP) CALL  PRINT^ 

3 CONTINUE 
C 
C CALL U T I L T  

I F  (KREP. LE. 3.AND. KYR. EQ. NYRS) CALL PUNCH 

2 CONTINUE 

1 CONTINUE 
CALL RSTATS 

STOP 
END 
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SUBROUT I NE S 

C 

C 

C 

C 

C 
C 
C 

C 

C 

C 

C 
C 

C 

C 

C 

' I N I T I A L '  SETS CONSTANTS AND I N I T I A L  CONDITIONS 

SUBROUTINE I N I T L  
COMMON/MQSASC/ N I ,  ML, NAME(lS) ,  IXY(75 ,2 ) ,  D IST(15 ,75 ) ,  

COMMON/BIRDS/ NBRD( E , 5 0 ) ,  NFLT(75,50), JUV(95,%0) 
2 RECOL( 75,75,2) AREA( 75) CORE( 75) ID EDGE( 75), CC( 75,5O) 

2 MSP( 50), RANGE( SO), M O B I L (  501, CLUTCH(50) BROODS( 5 O ) ,  
3 PNQ( S O ) ,  PBP( SO), SURV( 58), TSI (50), TS2( SO), MBD( 50), 
4 KGHAB ( SO) , PCC I ( 50) 

COMMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT, TSMIN 

INPOP(75,50),  

CONTROL PARAMETERS: 

NREPS-NO. OF REPLICATE SIMULATIONS, KREP IS THE COUNTER 
NREPS= 10 

NYRS-30 
KYR=O 
KPRT=PRINT INTERVAL FOR OUTPUT 
KPRT=30 
K I P = ]  I F  I N I T I A L  PQPNS ARE PROVIDED AS INPUT DATA, =O I F  RANDOM 
K I P = O  
KHAB=O I F  NO HABITAT PREFERENCES ARE SPECIFIED,  1.1 I F  GROSS 
HABITATS ARE SPECIF IED (KGHAB=O, 1, 2, 3 FOR GENERALIST, CORE, 
EDGE, OR FIELD/EDGE) AND SPECIES USE EITHER TOTAL (KGHAB=O,l) 
OK EDGE (KGHAB=2,3) AREA, =2 I F  SPECIES USE TOTAL (KGHABzO), 
CORE ( ~ 1 1 ,  OR EDGE (=2,3), =3 I f  CARRYING CAPACITIES PER PATCH 
ARE PROVIDED AS INPUT DATA. 
KHAB= 1 
KFLTS=1 I F  FLOATERS' SURVIVORSHIP I S  LESS THAN BREEDERS' 
KF CTS= 1 
RSFLTsRELATIVE SURVIVORSHIP OF FLOATERS ( .% OF BREEUEKS' ) 
RSFLT=0.50 

KEDGE= 1 
XBP, XNU=MULTIPLIERS FOR BROOD PARASITISM, NEST OEPREUATION 
(USED I N  SR INPUT TO CALCULATE PBP AND PND) 
XBP=Q. 10 
XND=Q. 10 
NSPP=NO. OF B IRD SPECIES I N  SIMULATION 
NSPP-42 
FBRD, FFLT=SITE F I D E L I T Y  OF BREEDERS, FLOATERS 
FBRD-0.90 
FFLT=O. 10 
TSMIN=MINIMUM TERRITORY S I Z E  THAT CAN BE OCCUPIED (.%) 

N Y R S ~ N O .  OF YEARS SIMULATED, KYR IS THE COUNTER 

KEDGE-.] IF EDGE EFFECTS or4 NATALITY ARE INVOKED 
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TSMIN=0.50 
IY=INITIAL SEED FOR THE RANDOM NUMBER GENERATOR URAND 
IY=O 
RETURN 
END 

c 
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C ' I N P U T '  READS D I S K  F I L E S  'MOSAIC.DAB' AND 'SPECIES.DAT' 
C 

SUBROUTINE INPUT 
COMMON/MOSAIC/ N I ,  ML, NAME(15), I X Y ( 7 5 , 2 ) ,  D I S T ( 7 5 , 7 5 ) ,  

COMMON/BIRDS/ NBRD( 75,50), N F L l (  75,50), JUV( 75,50), INPOP( 75,58) 
2 RECQL( 75,75,2), AREA( 75), COKE( 75) ,  EDGE( 7 5 ) ,  CC( 75,50) 

2 MSR( 50), RANGE( 50) M O B I L ( 5 0 ) ,  CLUTCH(50), BROODS( 5Q) ,  
3 PN0(5O), PBP(5O),  SURV(SO), T S 1 ( 5 0 ) ,  TS2(58), MBD(5O), 
4 KGHAB ( 50) , PCC I ( 50 1 

COMMQN/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBKD, FFRT, TSMTN 

INTEGER ND, BP, MAXAGE 
C 
C READ MOSAIC DATA: 
C NI=NUMBER OF HABITAT ISLANDS, ML=MOSAIC LABEL, NAME=MOSAIC NAME 

READ(5, lOOl)  N I ,  ML, (NAME( L )  ,L=l, 15)  
1001 FORMAT( 15, 1X,A4,2X9 15A4)  

C I X Y z G R I D  COORDINATES OF ISLAND; AREA'S  ARE IN HA 
DO 11 I=l,NI 
READ( 5,1002) I X Y  ( I, 1 ) , I X Y  ( I ,  2 )  A R E A (  I), CORE( I ) , EDGE ( I )  

1002. FORMAT( SX,2IkQF9.5) 
11 CONTINUE 

C 
C READ INTER-ISLAND DISTANCE MATRIX 

DO 12 I - 1 , N I  
READ( 5,1003) ( DIS I (  I ,  J )  , J= 1, N I ) 

1003 FORMAT(8F9.3) 
12 CONTINUE 

C 
C READ SPECIES LIFE-HISTORY PARAMETERS: 
C EMQNIC F O R  SPECIES, KGHAB-KIND OF GROSS HABITAT,  
C TSl=TERRITORY S I Z E  (HA), MBD=MAX BREEDING DENSITY ( P A I R S / 1 0 0  MA), 
C 
C CLUTCH=MEAN NO. EGGS, BROODS=NUMBER OF BROODS/SEASON, 
C ND=SENSITIVITY PO NEST DEPREDATION, BP=TQ BROOD PARASITISM, 
C 
C 
C 

TS2-PACKED TERRITOliY S I Z E  (FROM MBD) ; 

NEST=NEST TYPE (OPEN OR HOLE, WHICH DEFINES BASE NEST SUCCESS); 
MAXAGE=MAXIMUM AGE I N  YEARS; RANGE=OISPERSAL RANGE ( M )  , 
MOBIL-MOBILITY (NUMBER OF DISPERSAL EPISODES) 
DO 13 K=I,NSPP 
REA1)(4,1UO4) MSP(K), Kt iHAB(K),  T S 1  (K ) ,  MBD(K), CLUTCH(K) 

1004 FORMAT( 1 X,A4,5X , I 1  ,F4.1,14,4X ,F5.2,F4.1,31 z 9  3X, I3 ,5X ,F5.0,13) 
2 BROODS(K), ND, RP, NEST, MAXAEE, RANGE(K9, MOBIL(K)  

C TERRITORY S I Z E  I N  INTACT FOREST IS BASED ON MBD 
TS2( K ) =  IOO.O/FLOAT(MBD( K )  ) 

I F  (NEST.EQ.l) FS=B.66 

C FLEDGING SUCCESS IS 60% I F  OPEN-NESTER, 66% I F  HOLE-NESTER 
IF (NEST.EQ.O) F S = O . ~ O  

C NET NATALITY (MALES FLEDGED) IS F S . * ~ O X  MALE 
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CLUTCH(K)=CLUTCH(K)*FS*O. 50 

PND (K) =FLOAT( NU) *XND 
PBP( K)=F LOAT( BP)*XBP 
SURVIVORSHIP ASSUMES 1% REACH MAX AGE (IN YEARS) 

C PREDATION, BROOD PARASITISM FACTORS ARE SET IN SR INITL 

C 

C 
SUKV (K)=EXP ( -4.6051 7/FLOAT( MAXAGE) ) 

C A BANOAIO FOR OPTIMSITIC APPLICATIONS - SET SURVIVORSHIP SO 
C THAT NET R IS NONZERO UNOER OPTIMAL CONDITIONS: 

XN=CLIJTCH( K)*BROODS( K )  
XM=XN/( Z.O+XN) 

IF (SUKV(K) .LT.XS) SURV(K)=XS 

PCCI(K)=O. 50 

XS=1 .O-XM 

C 
C ASSIGN PROPORTIONATE DENSITY FOR INITIALS 

13 CONTINUE 
C 
C ASSIGN CARRYING CAPACITY PER ISLAND PER SPECIES: 

DO 14 I=l,NI 
IF (KHAB.EQ.3) GO TO 16 
00 15 KS=l,NSPP 
HA=AREA( I ) 
IF  ((KHAB.EQ.l.OR.KHAB.EQ.Z).AND.KGHAB(KS).GE.Z) HA=EDGE( I) 
IF (KiiAB.EQ.2.ANO.KGHAB(KS) .EQ. 1)  HA=CORE( I) 
IF (HA.LT.TSl(KS)) CC(I,KS)=HA/TSI(KS) 
IF (TSl(KS) .LE.HA.AND.HA.LE.TS2(KS)) CC( I,KS)=l .OO 
IF (HA.GT.TSZ(KS)) CC( I,KS)=HA/TSZ(KS) 
IF ( C C (  1,KS) .LT.TSMIN) CC( I,KS)=O.OO 

15 CONTINUE 
GO TO 14 

16 READ( 5,1005) (CC( I ,KS) ,KS=1 ,NSPP) 
1005 FORIVIAT( 12F6.2) 

14 CONTINUE 
RETURN 
E N D  
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‘PROBABIL ITY ’  CALCULATES DISPERSAL RATES FROM FLOW AND F I D E L I T Y  
SO THAT DISPERSAL PROBABIL IT IES SUM TO 1.0 I N  EACH ROW. 
T H I S  ENTAILS  RE-RELATIV IZ ING FLOW RATES FOR VERY 
CONTAGIOUS ISLANDS, OR INCREASING S I T E  F I D E L I T Y  FOR VERY 
ISOLATED ISLANDS. T H I S  I S  DONE SEPARATELY FOR BREEDERS 
AND FLOATERS .) 

SUBROUTINE PROBLY 
COMMON/MOSAIC/ N I ,  ML, NAME(15), I X Y ( 7 5 , 2 ) ,  D IST(75 ,75 ) ,  

COMMQN/BIRDS/ NBRD( 75,501, NFLP( 75,501, JUV( 75,50), INPOP( 75,5O) 
2 RECOL( 75,75,2) AREA(75),  CORE( 75), EDGE( 75), CC( 75,5O) 

2 MSP( 50), RANGE(50) MOBIL(  50), CLUTCH( 50) BROODS( 50),  
3 MBD( 5O),  
4 KGHAB ( 50), PCCI (50) 

COMMONJCONTRLI NREPS, KREP, MYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBHB, FFLT, TSMIN 

PND( 50), PBP( SO), SURV( 50), T S I  (50),  TS2( 50) 

C 
REAL FLOW(75,75), SUM, MAXI,  MAX2 
IF (KYR. EQ e 0) R=5090.0 
I F  (KYK .GT.O) R-RANGE (KSP) 

DO 31 I = l , N I  
DO 3 2  J = l , N I  
I F  ( I .EQ.  J) GO TO 3 2  
D=C)IST( I ,  J) 
I F  (D.LE.R) FLOW( I, J)=EXP(B*D) 
I F  (D.GT.R) FLOW(I,J)=O.OO 

B=-4.60517/R 

3 2  CONTINUE 
31 CONTINUE 

C 
DO 41 I = l , N I  

sub!-0.0 
DO 43 J = l , N I  
I F  (1.EQ.J) GO TO 43 
SUM=SUbl+FLOW( I ,  J) 

I F  (SUM.LT.MAX1) GO TO 44 
I F  (SUM,€Q.MAXl) GO TO 46 
I F  (SUM.GT,MAXl) GO TO 48 

DO 4 5  J = l , N I  
I F  (1 .EQ.J)  GO TO 45 
RECOL ( I, J, 1 ) =FLOW ( I, J) 

45 CONTINUE 
GO TO 50 

46 RECOL( I , I , l )=FBRQ 
DO 4 7  J - l , N I  

42 M A X 1 z l  .OO-FBRD 

43 CONTlNUE 

44 KECOL( I ,  I, 1 ) = I .  00-SUM 
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IF (1.EQ.J) GO TO 47 
KECOL ( I, J, 1 1 =FLOW ( I , J) 

47 CONTINUE 
GO TO 50 

48 RE COL ( I , I ,1) =F BRU 
DO 49 J=l,NI 
IF (1,EQ.J) GO TO 49 
KECOL( I, J, 1 )=(FLOW( I J) /SUMf*MAXl 

IF (SUM.LT.MAX2) GO T O  51 
If (SUM.EQ.MAX2) GO TO 53 
IF (SUM.GT.MAX2) GO TO 55 

DO 52 J=l,NI 
IF (I.EQ. J> GO TO 52 
RECOL( I, J,Z)=FLOW( I, J) 

52 CONTINUE 
GO TO 41 

53 RECOL( I, I ,2)=FFLT 
DO 54 3=1,HI 
IF (1.EQ.J) GO TO 54 
RECOL( I, J,Z)=FLQW( I, J) 

54 CONTINUE 
GO TO 41 

55 RECOL(I,I,Z)=FFLT 
DO 56 J=l,NI 
IF (1.EQ.J) GO TO 56 
RECOL( I, J,2)=(FLOW(I,J)/SUM)*MAX2 

56 CONTINUE 
41 CONTINUE 

RETURN 
END 

49 CONTINUE 
50 MAXZ=l.OO-FFLT 

51 RECOL( I,I,2)=1.00-SUM 
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C 'PRINT1' SUMMARIZES INITIAL CONDITIONS ON THE LANDSCAPE 
C 

SUBROUTINE PRINT1 
COMMON/MOSAIC/ NI, Ml., NAME( 15), IXY( 75,2), DIST(I5,75), 
2 RECO1(75,75,2) , AREA( 75) ,  CORE( 7 5 ) ,  EDGE( 75), CC( 7 5 3 0 )  
COMMON/BIRDS/ NBRD(75,50), NFLT( 75,50) JUV( 75,50), INPOP(75,50), 
2 MSP( 50), RANGt(50), MOBIL(S0) , CLUTCH( 50), BROODS( 50) ,  
3 PND(5O), PBP(50), SURV(5O), TS1(50), TS2(50), MBD(50), 
4 KGtiAt3( 50) PCCI( 50) 
COMMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, IY, 
2 KIP, KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT, TSMIN 
OIMEPjSION NAD J (  75), AAD J( 75) NND( 75) 

C 
C PRINT OVERVIEW OF RUN CONTROL OPTIONS 

WRITE(8,1006) (NAME(L),L=1,15), NSPP, N I  
1006 FORMAT( /5X, 'AVIAN DEMOGRAPHY IN MOSAIC LANDSCAPES' ,//5X, 15A4, 

2 ///5X,'SIMULATION INVOLVES',I5,' SPECIES UTILIZING', 
3 15,' HABITAT ISLANDS') 
IF (KHAB.CQ,O) WKIIE(8,llOl) 

If (KHlhB .EQ. 1 ) WRITE (8,1102) 
1101 FORMAT(/lOX, 'CARRYING CAPACITIES ARE BASED ON TUTAL ISLAND AREA') 

1102 FORMAT(/lOX,'CARRYING CAPACITIES ARE BASED ON TOTAL OR', 
2 ' EDGE AREA') 
IF (KHAB.EQ.2) WRITE(8,1103) 

1103 FORMAT( /lox, 'CARRYING CAPACITIES HRE BASED ON TOTAL, CORE, ' , 
2 ' OR EDGE AREA') 
I f ( K H AB. E Q .1 3 ) WR I TE ( 8,1104 ) 

IF (KEDGE.EQ.0) NRITE(8,llQ6) 

IF (KEDGE.EQ.1) WRITE(8,1107) XBP, XNU 

1104 FORMAT(/lOX,'CARRYING CAPACITIES ARE PROVIDED AS INPUT D A T A ' )  

1106 FORMAT(lOX,'THERE ARE NO EDtiE EFFECTS ON NATALITY') 

110/ FORMAT( lox, 'NATALITY IS OECREASED IN E W E  HABITATS' , 
2 /15X,'BKOOU PARASIrISM MULTIPLIER IS:',F6.2, 
3 /15X,'NEST DEPREDATION MULTIPLIER IS:',F6.2) 

I f  (KFLTS.EQ.0) WRIIE(8,1108) 

IF (KFLTS.EQ. 1 ) WRI 1 E (  8,1109) RSFLT 

IF (K1P.EQ.O) WKITE(8,1110) 

IF (KIP. EQ. 1 ) WRITE (8,1111 ) 

1108 FORMAT( lOX, 'MORTALITY I$ THE SAME FOR BOTH SUBPOPULATIONS8 ) 

1109 FORMAT( lOX,'FLOATER SURVIVAL IS',F5.2, ' TIMES THAT OF BREEDERS') 
1110 FORMAT( lOX,'POPULATIONS ARE INITIALiZED AT 5oX OF CCL') 

1 1 1 1  FORMAT(lOX,'INITIAL POPULATIONS ARE PROVIDE11 AS INPUT DATA') 
C 
I: PRINT AVIAN LIFE-HISTORY PARAMETERS 

WKITE(8,1007) 
1007 FORMAT(///5X,'BIRD SPECIES AND THEIR LIFE-HISTORY ATTRIBUTES:', 

2 / / 1 O X Y ' S P E C I E S ' , 3 X , ' T E R K I T O R Y ' , 3 X , '  NATALITY ',3X, 
3 ' ANNUAL ',3X,' DISPERSAL',/lOX,' CODE',?X,'GH ONE MAX',2X, 
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4 'BASE P ,  BP ' ,3X, ' SURY IVAL I ,  3X, RANGE MOBILITY ' / )  
DO 21 K=l,NSPP 
IF (KEDGE .EQ. 1 ) IP=( PND( K) /XND)+O. 05 
IF  (KEDGE.EQ.0) IP=O 
IF (KEDGE.EQ.1) I$P=(Pk3P(K)/XBP)+0.05 
IF (KEDGE.EQ.0) I8P=O 
MK=RANGE ( K )  
WRITE(8,1008) K, MSP(K), KGHAB(K), TS1(K), TS2(K), CLUTCH(K), 
2 BROODS(K), IP, IBP, SURV(K), MR, MOBIL(K) 

2 5X,I5,3X,I2) 
1008 FORMAT(lOX,I2,1X,H4,2X,IZ~F4.1,F5.l,lX,F5.2,F4.l,~X,2IZ,5X,F4~2, 

21 CONTINUE 
C 
C CALCULATE AND PRINT SPATIAL STATISTICS FOR MOSAIC 

DO 22 I=l,NI 
NADJ( I)=O 
AADJ( I)=O.O 
NNU( I)=99999 
UO 23 J=l,NI 
IF (I.EQ. J.OR.RECOL( I, J,2) .LT.O.Ol) GO TO 23 
NAD J( I)=NAD J( I ) + 1  
AADJ(I)=AADJ( I)+AREA( J) 
IF (UIST(I,J).LT.NND(I)) NND(I)=DIST( 1,J) 

WRITE(8,1009) 

23 CONTINUE 
22 CONTINUE 

1009 FORMAT(///SX, 'THE LANDSCAPE MOSAIC:' 
2 //lOX,'HABITAT ',' LOCI ',2X,' AREA ( H A )  ',ZX, 
3 ' ADJ. ISLANDS',2X,'NEAREST-NEZGHBOR',/lOX,' ISLAND I ,  

4 ' X Y',ZX,'TOTAL CORE EDGE',' NO. AREA', 
5 4X,' DISTANCE'/) 
TOTA=O. 0 
TOTC=O. 0 
TOTE=O. 0 
TOTF=O. 0 
TOTNND=O.O 
REFUGE=O.O 
DO 24 I=l,NI 
WKITE(8,lOlO) I, IXY(I,l), IXY(I,2), AREA(I), CORE(I), EDGE(I), 

FORMAT( 1 2X, I2,3X, 215,1X,3F6.2,3X, I2,2X ,F6.1,8X, 15) 
DO 241 J-1,NI 

2 NADJ( I), AADJ( I ) ,  NND( I )  
1010 

24 1 
... . 

IF (1.EQ.J) GO TO 241 
D=DIST( I ,  J )  
I F  (D.GT.5000.0) GO TO 241 
F=EXP( (-4.605/5000.0)*D) 
TOTF=TOTF+F 
CONTINUE 
TOTNND=TOTNND+FLOAT( WND( I ) ) 
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24 

TOTA=TOTA+AREA( I 1 
POTC=POTC+CORE ( 1 ) 
TOTE=TOTE+EDGE ( I 
I F  (AREA( I) .GEa40,0) REFUGE=REFUGE+AREA( I) 
CONTINUE 
PCC=lOOIO*TOTC/TOTA 
PCE=IOO.O*TOTE/TOTA 
PCR=lOO.O*R€FUGE/TOTA 
S 1 -FLOAT( N I ) 

XNND=TOTNND/SI 
M ELF= loo. O*TOTF ( s I ""2-s I ) 

WRITE(8,1203) T O I A ,  TOTC, PCC, TOTE, PCE, REFUGE, BCR, 
2 XNND, TOTF, RELF 

2 F7.2,' HA ( ' ,F5.2, '%) ' , /15X, 'EoGE AREA:',F7.2,' HA ( I ,  

3 F5.2, '%) ' ,/ lox, 'TOTAL AREA I N  LARGE PATCHES (40 HA J - )  : 'J7.2, 

5 ' BETWEEN PATCHES:',F8.2,I M',/10X,8TOTAL FLOW AMONG PATCHES:', 
5 F7.2, /15X2 'RELATIVE TO MAXIMUM:',,F6.2, ) 

1 2 0 3  FORMAT(//lOX, 'TOTAL HABITAT AREA: ,F7.2, I HA' ,/15X, 'CORE AREA: ' , 

4 ' HA ( ' ,F5.2,  I%) ' , / / lox,  'MEAN ~ € A R E S ~ ~ N E ~ ~ H ~ O R  DISTANCE',  

6 
C 2 RELF 
C 1204 FORMAT(A4,l X , I2,3X ,4F 7.2,3X ,F8.2 F 7.2, F6 2) 
C 
C SUMMARIZE CARRYING CAPACITY PER SPECIES 

k/RITE(7,1204)  ML, N I ,  TOTA, TOTC, TOTE, REFUGE, XMND, TOTF, 

WRITE(8 , lZO l )  
1 2 0 1  FORMAT( ///5X, CARRYING CAPACITY OF THE MOSAIC: I ,  

2 / / lox, 'SPECIES' ,4X, ' ISLANDS' ,2X, 'AREA' ,2X, 'TOTAL CC' 
3 5X, '% I N I T I A L I Z E D ' / )  

26 

1 2 0 2  
25 

C 

1205 

1206 

DO 2 5  K = l  ,NSPP 
CCL=O. 0 
TA=Q, 0 
NHI=O 
DO 26 I=l,NI 
I F  (CC(I,K).LT,TSIYIN) GO TO 26 
N H I = N H I + l  
TH=TA+AREA( I ) 
CCL=CCL+CC( I ,K) 
CQNT I NUE 

WRITE(8,1202) K ,  MSP(K), NHI,  TA, CCL, P C I  
FORMAT( 1 OX, I 2 , l  X ,A4, SX, I2,4X, F6.2 1 X ,F7.2,1 OX ,F6.3) 
CONTINUE 
PRINT USER-PROVIDED i F IXT IAL  POPULATIONS 
I F  (KIP.EQ.0) RETURN 
WRI* IE(8,1205)  
FORMAS(//5X, 'INITIAL POPULATIONS: ' 1  
DO 2 7  I = l , N I  
NRITE(8 ,1206)  I 
FORMMT(/lQX,'HABITAP ISLAND:' ,15,//15X,'SPECIES',2X, 

P C i =  100.O*P C C I  ( K )  
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2 'BREEDERS'/) 
DO 28 KS=1,NSPP 
IF (INPOP(I,KS).EQ.O) GO TO 28 
WH I T E  ( 8,1207)  KS , MSP ( KS ) I NPOP ( I , KS ) 

1207 FORMAT( 15X,IZ,?X,A4,4X,I3) 
28 CONTINUE 
27 CONTINUE 

RETURN 
END 
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c ' N A T A L I T Y '  MAKES RABY BIRDS 
C 

SUBROUTINE NATAL 
COMMON/MBSAIC/ NI, ML, NAME(15),  I X Y ( 7 5 , 2 ) ,  D I S T ( 7 5 , 7 5 ) ,  

RECOL(75,75,2), AREA(75) ,  CORE(75),  EDGE(75) ,  CC(  75,50) 
COMMON/BIRDS/ NERD( 75,50) ,  NFLT( 75 ,50 ) ,  J J V (  75,50) , INPOP( 75,50), 

MSP(5O) , RANGE(50),  MOBIL(  50) , CLUTCH( 50) , BROODS( 5 0 )  
PND( 50) , P$P( 50) , SURV( 50), PSI ( S O ) ,  TSZ(501 ,  MBD( 5 0 )  , 

2 

2 
3 
4 KGHAB( 50), PCCI (50) 

COMMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT, TSMIN 

C 
DO 81 I - 1 , N I  
JUV( I ,KSP)=O 
I F  (NBRD( 1,KSP) .EQ.O) GO TO 81 
NB=NBRD( I ,KSP) 
PF=VND(KSP)*EUGE( I ) /AREA( I> 
BPF=PBP(KSP)*EDGE ( I ) / A R E A (  I ) 
I F  ((KHAB.EQ.l  .OR.KHAB.EQ.2).AND.KGHAB(KSP) .GE.2) PF=PND(KSP) 
I F  ((KHAB,EQ. 1 .OR.KHAB.EQ.Z).AND,KGHAB(KSP) .GE.2) BPF=PBP(KSP) 
I F  (KHAB.EQ.Z.ANQ.KGHAB(KSP) .EQ. 1)  PF=O.O 
I F  (KHU8.EQ.Z.ANQ.KGHAB(KSP) .EQ. l )  BPF=O.O 
DO 82 K='B,NB 

I F  (URAND(IY)  .LT.R) NC=NC+1 
DO 83 KC=I,NC 

I F  (KEDGE,EQ.Q) GO TO 84 

NC=BROODS (KSP ) 
R=BROODS( KSP) -FLOAT( NC) 

CLTCH=CLUTCH( KSP 

IF (UKAND(IY).LT.PF) GO TO a3 
c DO PREDATION - H I T  OR MISS 

C DO BROOD PARASITISM - I T  COSTS ONE FLEDGLING 
I F  (URAND( I Y )  .LT.BPF) CLTCH-CLTCH-0.30 
I F  (CLTCH.LE.0.00) CLTCH=O.OO 

IF  (URAND(IY).LT.R) KJUV=KJUV+l 
JUV ( I ,KSP 1 = JUV ( I , KSP ) +K JUV 

84 K JUV=CLTCH 
RzCLTCH-FLOAT( K JUV) 

83 CONTINUE 
82 CONTINUE 
81 CONTINUE 

RETURN 
EN13 
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C 'MORTALITY' K I L L S  BIRDS 
C 

SUBROUTINE MORTAL 
COMMON/MOSAI C /  N I ,  ML 

RECOL(75,75,2), AREA(15),  CORE(75),  EDGE(75) ,  CC(75,50) 
COMMON/BIRDS/ NBRD(75,50),  NFLT(75 ,50 ) ,  JUV( 75,50)  , INPOP(75,50) ,  

MSP( 50), RANGE( 501, F/IOBIL( 50), CLUTCH( 501, BROODS( 50) 
PND( S O ) ,  P B P (  50), SURV( 50), T S 1 ( 5 0 ) ,  TS2(  50), MBD( 5 0 )  
KGHAB( 50) , PCCI (50) 

NAME ( 1 5 )  , I X Y  ( 75,2) UI ST ( 75,75) , 
2 

2 
3 
4 

COPIMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPKT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT,  TSMIN 

C 

c 

92 
93 

C 

94 
95 

C 

C 

96 
C 

91 

I 

DO 91 I = l , N I  
I F  (NBRD(I,KSP).EQ.O) GO TO 93 
NB=NBRD( I ,KSP) 
K I L L  SOME BREEDERS 
DO 92 K=l,NB 

CONTINUE 
I F  (NFLT(I ,KSP).EQ.O) GO TO 95 
IF FLOATERS HAVE LOWER SURVIVORSHIP, ADJUST SURVIVAL PROBABILITY 
I F  (KFLTS.EQ.0) SF=SURV(KSP) 

NF=NFLT( I ,KSP) 
K I L L  SOME FLOATERS 
DO 94 K=l,NF 

CONTINUE 
I F  (JUV(I ,KSP).EQ.O) GO TO 91 
JUVENILE MORTALITY IS 50% THAT OF ADULTS 
S J=O. 50*SURV(KSP) 
NJ=JUV( 1,KSP) 
K I L L  SOME JUVENILES 
DO 96 K = I , N J  
IF  (URAND(1Y) .GT.SJ) JUV( I ,KSP)=JUV( I ,KSP) -1  
CONTINUE 
JUVENILES NOW BECOME FLOATERS BEFORE DISPERSAL 
NFLT( I ,KSP)=NFLT( I ,KSP)+JUV( I ,KSP) 
CONTINUE 
RET 1) R N 
END 

IF  (URAND( I Y )  .GT. SURV [ KSP) ) NERD( I ,KSP)=NBRU( I ,KSP) - 1 

IS (KFLTSLQ. 1) SF=KSFLT*SURV(KSP) 

IF (URAND(IY).GT.SF) NFLT( I,KSP)=NFLT( I , K S P ) - ~  
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'DISPERSAL'  RECOLONIZES THE ISLAND§ BY DISPERSING EACH B I R D  

RANDOM NUMBER AND COMPARING I T  TO A ROVING WINDOW THAT 
SLIDES ALONG THE APPROPRIATE ROW OF THE 'PROBLY' MATRIX 

INDIVIDUALLY AND PROBABILISTICALLY,  BY DRAWING A UNIFORM- 

SUBROUTINE DISPRS 
COMMON/MQSAIC/ N I  , ML, NAME( 15), I X Y  ( 7 5 , 2 ) ,  D I S T (  75,75), 

RECOL(75,75,2), AREA(75), CORE(75) ,  EOGE(75), CC(75,50) 
COMMON/BIRDS/ NBRD(75,50), NFLT(75,50) , JUV( 75,50),  INPOP(75,50) ,  

MSP( 50), RANGE(50), MOBIL(  50), CLUTCH( SO), BROODS( SO), 
?NU( 50), PBP( 50) ,  SURV( SO), 131 (50) , TS2( 5 0 ) ,  MBD( 50), 

2 

2 
3 
4 KGHAB( 5 O ) ,  PCCI (50) 

COMMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRU, FFLT,  TSMIN 

DIMENSION NCOL( 50) 
REAL MIN, MAX 
DO 101 I = l , N I  
NCOL( I ) =O 

DO 102 I = l , N I  
I F  (NBKU(I,KSP).EQ.O) GO TO 106 
NB=NBRD( I ,KSP) 
DO 103 N=l,NB 
J= 1 
M I N=O . 00 

X=IJRAND ( I Y )  

I F  (J.GT.NI) GO TO 103 
MIN=MAX 
MAX=MAX+RECOL( I, J, 1 )  
GO TO 104 

101 CONTINUE 

MAX=RECOL( I, a, 1 ) 

104 I F  (X.tiE.MIN.ANU.X.LT.MAX) GO TO 105 
J= \J+ 1 

105 NCOL( J)=NCOL( J)+1 
103 CONTINUE 
106 I F  (NFLT(I,KSP).EQ.O) GO TO 102 

NF=NFLT( I ,KSP) 
00 107 N-1 ,NF 
J= 1 
M IN=O. 00 
MAX=RECOL( I ,  J,2) 
X=URANU(IY) 

108 I F  (X.GE.MIN.AND.X.LT.MAX) GO TO 109 
a- a+ 1 
I F  (J .GT.NI)  GO TO 1 0 7  
M I  N-MAX 
MAX=MAX+RECOL( I ,  J,2) 



C-17 

ti0 TO 108 
109 NCOL( J)=NCOL( J)+1 
107 CONTINUE 
102 CONTINUE 

C 
C REASSIGN BREEUER/FLOATER SUBPOPULATIONS 
C 

DO 111 I=l,NI 
NBRD( I,KSP)=O 
NFLT( I ,KSP)=O 
IF (NCOL(I).EQ.O) ti0 TO 111 
NC=NCOL( I) 
DO 11.2 KB=l,NC 
B=FLOAT( NBRD( I ,KSP)) 

IF (R.LT.TSMIN) GO TO 113 
IF (R.LT.l.O) GO TO 114 
NBRD( I ,KSP)=NBRD( I,KSP)+l 
GO TO 112 

1 13 NFLT( I ,KSP)=NFLT( I ,KSP)+l 
GO TO 112 

114 X=UKAND( IY) 
IF (X.LE.K) NBRD( I,KSP)=NBRD( I,KSP)+l 
I F  (X.GT.R) NFLT( I ,KSP)=NFLT( I,KSP)+l 

112 CONTINUE 
111 CONTINUE 

RETURN 
END 

R=CC( I ,KSP)-B 
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C 'REDISP '  REDYSPERSES FLOATERS AFTER I N I T I A L  COLONIZATION 
C I N  THE SAME MANNER THAT 'DISPERSAL'  WORKS 
C 

SUBROUTINE REDISP 
COMMON/MOSAIC/ N I  , ML NAME( 15) , I X Y  ( 75,2)  DIS%( 75,751 

2 

2 
3 
4 KGHAB( 50) PCCI (  50) 

COr4MON/CONTKL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KMAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT, TSMIN 

RECUL(75,75,2), AREA(75) ,  CORE(759, EOGE(75),  CC(7!5,50) 

MSP(50)  , RANGE( 50), MOBIL( 50) ,  CLUTCH( 50) , BROODS( 501, 
PND( 50) , PBP(S0)  , SURV( S O ) ,  T S l ( 5 0 )  , TS2( 50) , MBD(50) , 

N/BIRDS/  NBRD( 75,50), NFLT(75 ,50 ) ,  JUV(75,50) ,  INPOP(75,50) ,  

C 
DIMENSION NCOL(5O) 
REAL MIN, MAX 
MOB=M(BB I L ( K SP ) 
Dl1 121 K=I,MOB 
DO 1 2 2  I = l , N I  
NCOL ( I ) = Q  

DO 123 I = I , N I  
I F  (NFLT(I ,KSP).EQ.O) GO TO 1 2 3  
NF=NFLT( I ,KSP) 
DO 124 N=I,NF 

1\1 IN=O. 00 
MAX=RECOL( I , J,2) 
X=UHAND( I Y )  

Jz J-t. 1 
I F  (J .GT.NI)  GO TO 1 2 4  
I4 I N=MAX 
MAX=MAX+RECOI-( I , J ,2)  
GO TO 1 2 5  

122 CONTINUE 

a= I 

125 I F  (X.GE,MIN.AND.X.LT.MAX) GO TU 1 2 6  

126 NCOL( J)=NCOL( J)+1 
1 2 4  CONTINUE 
123 CONTINUE 

c 
C REASSIGN BREEUER/FLOATER SUBPOPULATIONS AFI-ER EACH BOUT 
C 

DO 1 2 7  I = l , N I  
NFLT( I ,KSP)=O 
I F  (NCOL(I ) .EQ.O) GO TO 126 
NC-NCOL( I )  
UO 128 KB=l,NC 
B=FLOA'T( NBRD( T ,KSP) ) 

1F (R.LT.TSMIN) G l l  TO 129 
R = C C (  I ,KSP)-R 
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IF (R.LT.l.O) GO TO 130 
NBRD( I,KSP)=NBRD( I,KSP)+l 
GO TO 128 

129 NFLT( I ,KSP)=NFLT( I ,KSP)+l 
GO TO 128 

130 X=URAND( IY) 
IF (X.LE.R) NIIRD( I,KSP)=NBRD( I,KSP)+l 
IF (X.GT.R) NFLT( I,KSP)=NFLT(I,KSP)+l 

128 CONTINUE 
127 CONTINUE 
121 CONTINUE 

RETURN 
END 



C - 2 0  

c ' P R I N T Z '  WRITES POPN STATUS PER ISLAND PER YEAR 
C 

SUBROUTINE PRINT2  
COMMON/MOSAIC/ N I  , ML , NAME ( 15), I X Y  ( 75,Z) , D I S T (  75,75), 

RECOL( 75,75,2), AREA( 7 5 ) ,  CORE( 75), EDGE( 7 5 ) ,  C C (  7 5 3 0 )  
COMMON/BIRDS/ NBRD( 75,50), NFLT( 75,50) JUV( 75,50), INPOP( 75,50), 

MSP( 50), RANGE( 50) MOBIL(  50), CLUTCH( 5 0 ) ,  BROODS( 50), 
PND( 5 0 ) ,  PSP( 50) , SURV( 50), T S l ( 5 0 )  , TS2(  50), MBD( 50) , 

2 

2 
3 
4 KGHAB( 50) PCCI (50) 

CUMMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT, TSMIN 

CHARACTER"4 MSP 

WRITE(8,1012)  KSP, MSP(KSP) 
1 0 1 2  FORMAT( / l o x ,  'SPECIES'  $13, I : ' ,A4) 

WRITE(8,1013)  KYR 
1 0 1 3  F0RMAT(/15XS 'SIMULATION YEAR: ' , I 4 )  

WRITE(8,1014)  
1 0 1 4  FORMAT( /15X, ' ISLAND'  ,4X, 'AREA' ,4X, ' C C '  ,6X, 'BREEDERS FLOATERS' / )  

LBRD=O 
LF LT= 0 
00 1 6 1  I = l , N I  
I F  (NBRD( I,KSP).EQ.O.AND.NFLT(I,KSP).EQ.O) GO TO 1 6 1  
WRITE(8,1015)  I ,  A R E A ( I ) ,  CC(I ,KSP),  NBRD(I,KSP), NFLT(1,KSP) 

LBRD=LBRD+NBRD( I ,KSP) 
LFLT=LFLT+NFLT( I ,KSP) 

WRITE(8,1018)  LBRD, L F L T  

C 

1 0 1 5  FORMAT(17X,12,4X,FQ.2,1X,F6.2,7X,I3,6X,I3) 

1 6 1  CONTINUE 

1018 FORMAT(/lOX, ' T H E  LANDSCAPE SUPPORTS',I4, ' BREEUERS AND1,14, 
2 ' FLOATERS')  

RETURN 
END 
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C ' P R I N T 3 '  WRITES SPECIES PER ISLAND (TRANSPOSES P R I N T 2 )  
C 

SUBROUTINE P R I N T 3  
COMMON/MOSAIC/ N I  , ML 

RECOL( 75,75,2), AREA( 75), CORE( 7 5 ) ,  EDGE( 75) ,  C C (  7 5 3 0 )  
COMMON/BIRDS/ NBRD( 75,50), NFLT( 75,50) , JUV( 75,50), INPOP( 75,50), 

MSP( 50) , RANGE ( 50) , MOBIL(  50),  CLUTCH( 50), BROODS( 50) ,  
PND( 50), PBP( 50) , SURV( 5 0 ) ,  T S 1 ( 5 0 ) ,  TS2(  50) , MBD( 50), 

NAME ( 15) , I X Y  ( 75,Z) , D I S T (  75,75) 
2 

2 
3 
4 KGHAB ( 50), QCCI  ( 50) 

COMMON/CONTRL/ NREPS, KREQ, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XIID, 
3 FBRD, FFLT, TSMIN 

C 
WRITE( 8,1020) KYR 

DO 60 I=l,NI 
WRITE(8,1021)  I ,  A R E A ( I ) ,  EDGE( I ) ,  CORE(1) 

1020 FORMAT(//5X, 'SPECIES ASSEMBLAGES PER ISLAND, YEAR', 14) 

1021 FORMAT(/ lOX, 'HABITAT ISLAND:',15,//15X,'AREA:',F7.2, 
2 ' HA (EDGE:',F6.2,', CORE:' ,F6.2, ' ) ' ,  
3 /15X, 'SPECIES'  ,3X, 'BREEDERS FLOATERS' / )  

N S I = O  
NBI=O 
DO 61 KSP=l,NSPP 

I F  (NBRD(I,KSP).EQ.O) GO TO 62 
NB I =NB I +NBRD ( I ,  KSP ) 
NSI=NS I+ 1 

IF (NBRD( I ,KSP) .EQ.O.AND.NFLT( I ,KSP) .EQ.O) GO TO 61 

62 WRITE(8,1022)  KSP, MSP(KSP), NBRD(I,KSP), NFLT( 1,KSQ) 

61 CONTINUE 
1 0 2 2  FORMAT( 15X, 12, lX,A4,5X,I3,6X,I3) 

WRITE(8,1023)  NSI ,  N B I  
1023 FORMAT( //15X, 'THE ISLAND SUPPORTS' ,133 ' SPECIES, AND', 

2 14,' NESTED P A I R S ' )  
60 CONTINUE 

RETURN 
END 
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C ' I P O P N I  I N I T I A L I Z E S  ISLAND POPULATIONS FOR EACH SIMULATION 
C 

SUBROUTINE IPOPN 
COMMON/MOSAIC/ N I ,  ML, NAME(15), I X Y ( 7 5 , 2 ) ,  D I S T ( 7 5 , 7 5 ) ,  

2 

2 
3 
4 

COMMON/CONTKLJ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 Y I P ,  KHAB, KPRT, KFLTS, RSFLT, KEUGE, XBP, XND, 
3 FBRD, FFLT, TSMIN 

I F  (KIP.EQ.0)  GO T O  2 0 0  
I F  (KIP.EQ.l.AND.KREP.EQ.1) GO TO 206 
I F  (KIP.EQ. 1 .AND,KREP.GT. 1)  GO TO 209 

C KIP=O: BEGIN WITH RANDOM I N I T I A L  POPULATION 

RECOL(75,75,2), AREA(75),  CORE(75), EOGE(75),  CC(75,50)  

MSP( 5 0 )  RANGE(SO), MOBIL(  5 0 ) ,  CLUTCH( 50) , BROODS( SO), 
PND( 50) , PBP( 50) , SUKV( 50) , PSI ( S O ) ,  TS2( SO), MBD( 5 0 )  , 
KGHAB( 50) , PCCI (50) 

IRDS/ NBRD( 75,50) , NFLT( 75,50),  JUV( 75,50) , INPOP( 75,501 , 

C 

200 DO 209 KSP=l,NSPP 
CCL=O. 0 
DO 202 I = I , N I  
CCL=CCL+CC( I ,KSP) 

IMP=PCCI (KSP)*CCL 
KPOP=O 
DO 203 I- 'B,NI 
NBRD( I ,KSP)=O 
NFLT( I ,KSP)=O 

I F  (X.EQ.l.OO) GO TO 204 
I -X*FLOAT( N I  ) 31 
B=FLQHP(NBRD( I ,KSP) ) 

I F  (R.LT.TSMIN) GO TO 204 
Y=URAND( I Y )  
I F  (Y.LE.R) GO TO 205 
I F  (Y.GT.R) GO TO 2 0 4  

205 NBZD( I ,KSP)=NBRD( 1 ,KSP)-+ 1 
KPOP=KPOP+I 
I F  (KPOP.LT. IMP)  GO TO 2 0 4  

2 0 1  CONTINUE 
GO TO 2 1 2  

206 DO 2 0 7  I = I , N I  

2 0 2  CONTINUE 

203 CONTINUE 
2 0 4  X=URAND(IY) 

R-CC(  51 ,KSP)-B 

C K I P = l :  READ I N I T I A L  POPULATION AS INPUT DATA 

READ(3,1019) ( INPOP( I ,KSP) ,KSP=l ,NSPP) 
1019 FQRMAT(4X,3312/4X,1512) 

DO 2 0 8  KSPz.1 ,NSPP 
NBRD( I ,KSP)=INPOP( I ,KSP) 
NFLTI I ,KSP)=O 
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208 CONTINUE 
207 CONTINUE 

GO TO 212 

DO 211 KSP=I,NSPP 
NBKO( I ,KSP)=INPOP( I ,KSP) 
NFLT( I ,KSP)=O 

209 DO 210 I = l , N I  

211 CONTINUE 
210 CONTINUE 
212 RETURN 

END 
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C 'HOME' REASSIGNS BRD/FLT STATUS BEFORE DISPERSAL 
C 

SUBROUTINE HOME 
COMMON/MOSAIC/ N I ,  ML, NAME(15),  I X Y ( 7 5 , 2 ) ,  O IST(75 ,75 ) ,  

COMMON/BIRDS/ NBRD(75,50), NFLT(75 ,50 ) ,  JUV(75,50), INPOP(75,50) 
2 RECOL( 75,75,2),  AREA( 7 5 )  CORE( 75) ,  EDGE( 75),  CC(75,50)  

2 
3 
4 KGHAB( 50), PCCI ( 5 0 )  

COMMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLP, KEDGE, XBP, XND, 
3 FBRD, FFLT, TSMIN 

MSP ( 50), RANGE ( 50) , M08I L ( 5 0 )  , CLUTCH ( 50) BROODS ( 50),  
PND( S O ) ,  PBP( 50), SURV( 50), TS1(50), TS2(  50 ) ,  MBD( 50), 

C 
DO 2 2 1  I = l , N I  
NB=NBRD( I ,KSP)+NFLT( I ,KSP) 
NBRD( I ,KSP)=O 
NFLT( I ,KSP)=O 

DO 2 2 2  KB=1 ,NB 
B=FLOAT( NBRD( I ,KSP)) 

I F  (R.LT.TSMIN) GO TO 2 2 3  
IF (R.LT.l.O) GO TO 2 2 4  
NBRD( I ,KSP)=NBKD( I ,KSP)+ l  
GO TO 2 2 2  

2 2 3  NFLT( I ,KS?)=NFLT( I ,KSP)+l  

IF (NB.EQ.O) GO TO 2 2 1  

R=CC( I ,KSP)-B 

GO .ro 2 2 2  
2 24 X=URAND ( I Y )  

I F  (X.LE.R) NBRD(I,KSP)=NBRD( I ,KSP)+ l  
I F  (X.GT.R) NFLT(I,KSP)=NFLT(I,KSP)+I 

2 2 2  CONTINUE 
2 2 1  CONTINUE 

RETURN 
END 
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C 
C 

'PUNCH' WRITES A PATCH X SPECIES (ROWXCOL) MATKIX TO DEC 

SUBROUTINE PUNCH 
COM14ON/I~IOSAIC/ 1'41, ML, NAME( 15), I X Y ( 7 5 , 2 ) ,  D I S T ( 7 5 , 7 5 ) ,  

COMMON/BIRDS/ NBRD( 75,50) , W L T (  75,50) , JUV( 75,50)  , INPOP( 7 5 3 0 )  , 
2 

2 
3 
4 

COMMON/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT, TSMIN 

KECOL( 75,75,2) , AREA( 7 5 ) ,  CORE( 75), EDGE( 7 5 ) ,  C C (  75,50)  

MSP ( 50) , RANGE ( 50) , MOB I L ( 50) , CLUTCH ( 50) , BROODS( 50) , 
PND( 5 0 )  , PBP( 50) , SURV( 50) , T S l ( 5 0 )  , TS2( 50), MBD( 50), 
KGHAB( 50) , PCCI (50)  

C 
DO 2 3 1  I = l , N I  
WRITE(7,3001)  ML, KREP, I, A R E A ( I ) ,  (NBRD(I,K),K=l,NSPP) 

3001 FORMAT(A4,1X,12,13,F7.2,3X,1314/4Xy1714/4X, 1714) 
2 3 1  CONTINUE 

KETURN 
END 
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C ' U T I L I T Y '  PUNCHES OR WRITES USER-SPECIFIED STATS OR WHATEVER 
C 

SUBROUTINE U T I L T  
COMMON/MOSAIC/ N I ,  Mb, NAME(15), I X Y ( 7 5 , 2 ) ,  D ISP(75 ,75 ) ,  

C OMMO N / B I R D S / N BR D ( 7 5 , 5 0 ) , N F L T ( 7 5 5 0 ) I) JU V ( 7 5 , 5 0) , I N P 0 P ( 7 5 50 ) , 
2 

2 
3 
4 

COMMQN/CONTRL/ NREPS, KREQ, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLPS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT,  TSMIN 

RECOL( 75,75,2) , AREA( 7 5 )  , CORE( 7 5 )  , EDGE( 75 )  , CC(75,50) 

MSP(50) , RANGE(50) , MOBIL(5O) , CLUTCH( 50) , BROODS( 50) , 
PND( 50) , PBP(50) ,  SURV( 50) , T S l (  50) , TS2( 50) , MBD(50)  , 
KGHAB( 50) , PCCI (50)  

I F  (KYR.EQ.l)  WRITE(6,3002)  KREP 
3 0 0 2  FORMAT( ' 1  ' ,4X, 'NEOTROPICAL MIGRANTS ( %  OF TOTAL) I ,  

2 /5X, 'KEPLICATE: ' , I5 , / /1OX, 'YEAR' ,5X, '% NTM") 
NT= 0 
MIGT-0  
UCI 191 I = l , N I  
DO 1 9 2  KS=l,NSPP 
NT=N I'+NBRD( I ,KS) 
I F  (MOBIL(KS) .EQ.3) MIGT=MIGT+NDRD( 1,KS) 

1 9 2  CONTINUE 
1 9 1  CONTINUE 

PMT- 1 00. O*FLOAT ( MI GT) /FLOAT ( NT ) 
WRITE(6,3003)  KYR, PMT 

3003 FORMAT( 10Xy I4 ,6X ,F5 .2 )  
C 

c 
I F  (KYR . LT. NYRS) RETURN 

WRITE ( 6,3004) 
3004 FORMAT( ' 1  ' ,4X, 'SPECIES PER PATCH, YEAR 3 0 :  I / )  

WRITE( 6,3005) KREP 
3005 FORMAT( /5X , 'REPL. ICATE : , 15,  / / 1  OX , I ISLAND ' , 5X , 'AREA' , 5X, ' NSPP I , 

2 3 X , ' G S P P ' , 3 X , ' C S P P ' , 3 X y ' € S P P ' , 3 X , ' N O N F ' / )  
DO 193 I - 1 , N I  
NTS=O 
NGS= 0 
NCS; 0 
NES=O 
NONF = 0 
DO 194 J=l,NSPP 
I F  (NBRD(I,J).EQ.O) GO T O  1 9 4  
NTS=NTS+I 
I F  (KGHAB ( J) .Et] e 0) NGS=NGS+I 
I F  (KGHAB( J )  .EQ. 1) NCS=NCS+l 
I F  (KGWAB( Jl.GE.2) NES=NES+l 
IF (KGIiAB( J) .EQ.3) NONF=NOhF+l 

WRITE(6,3006)  I, AREA(I), NTS, NGS, NCS, NES, NONF 
1 9 1  CONTINUE 
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3006 FORMAT'( 1 Z X ,  IZ,kiX,F6.2,6X, I2,5X, I2,5X, 12,5X, 12,5X, 12) 
193 CONTINUE 

RETURN 
END 
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c 
C 

'REP STATS' WRITES AVERAGE OUTPUTS ( P R I N T 2  AND PRINT3) OVER REPS 

SUBROUTINE KSTATS 
COMMON/MOSAIC/ N I ,  ML, NAME(15),  I X Y ( 7 5 , 2 ) ,  DIST(75,75), 

COMMON/BIRDS/ NBRD( 75,50), NFLT( 75,501, JUV( 7 5 , 5 0 ) ,  INPOP(75,50),  
2 RECOL( 75,75,2), AREA(75) CORE( 7 5 ) ,  EDGE( 75), CC(  7530) 

2 MSP( 50) RANGE( 50) MOBIL(  50), CLUTCH(50),  BROODS( 50), 
3 PND(50) ,  PBP(50) ,  SURV(SO), T S 1 ( 5 0 ) ,  TS2(50), MBD(50),  
4 KGHHB( 50), PCCI (50) 

COMMQN/CONTRL/ NREPS, KREP, NYRS, KYR, NSPP, KSP, I Y ,  
2 K I P ,  KHAB, KPRT, KFLTS, RSFLT, KEDGE, XBP, XND, 
3 FBRD, FFLT,  TSMlN 

2 
DIMENSION B(75,50,10), XB(75,50), SDB(75,50), XTOT(50) ,  

DO 3 0 1  I = l , N I  
SDTOT( 5 0 )  , C C L ( 5 0 ) ,  XNS( 75) , SDNS( 75)  

3 0 2  
30 1 

C 
C 

3 0 5  

304 
C 

307 

306 

00 3 0 2  J=l ;NSPP 
B ( I ,  J,KKEP)=FLOAT(NBRD( I ,  J ) )  
CONTINUE 
CONTINUE 
I F  (KKEP. L T  + NREPS) RETURN 

CALCULATE MEAN, STD. DEV., PER SPECIES, PER ISLAND 
REPS-F LOAT( NREPS) 
DO 303 J=1 ,NSPP 
YOTSUM-0.0 
TOTSSQ=O.O 
CCL( J)=O. 0 
DO 304 I = l , N I  
SUM=O.O 
SSQ=O. 0 
CCL( J)=CCL( J)+CC( I , J) 
DO 305 K = l  ,NREPS 
SlJM=SUM+B( I ,  J,K) 
SSQ=SSQ+B(I ,J,K)**2 
CONTINUE 
XB( I ,  J)=SUM/REPS 
SDS(1 , J)=SQRT( (SSQ-(SUM**2/REPS))/(REPS-1.0)) 
GONT I NU E 
CALCULATE MEAN, S.D., FOR MEVAPOPULATIONS 
DO 306 K = l  ,NREPS 
BT=O. 0 
DO 307 I = I , N I  
BT=BT+S( I , J,K) 
CONTINUE 
TOTSUM=TOTSUM+BT 
TOTSSQ=TOTSSQ+BT**2 
CONT l NUE 
XTOT ( J )  =TOISUM/REPS 
SDTOT( J)=SQRT( (TOTSSQ-(TOTSUM**Z/REPS))/( REPS-1 e o ) )  
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303 CONTINUE 
C FIND MEAN NUMBER OF SPECIES PER ISLAND 

00 308 I=l,NI 
SUMNS=O. 0 
SSQNS=O. 0 
DO 309 K=l,NREPS 
SP=O. 0 
00 310 J=l,NSPP 
IF (B(I,J,K).GT.O.O) SP=SP+l.O 

SUMNS=SUMNS+SP 
SSQNS=SSQNS+SP**2 

XNS( I )=SUMNS/REPS 

310 CONTINUE 

309 CONTINUE 

SONS( I)=SQRT( (SSQNS-(SUMNS*"2/REPS))/(REPS-l.O)) 
308 CONTINUE 

C OUTPUT 'PRINTZ': SPECIES ABUNDANCES 8Y SPECIES 
WRITE(8,4001) NREPS, NYRS 

DO 321 J=1 ,NSPP 
WRITE(8,4002) J, MSP( J) 

IF (XTOT(J).EQ.O.O) GO TO 323 
WRITE ( 8,4003) 

4003 FORMAT ( / 1 5X, ' ISLAND ' ,5X, ' AREA ' ,5X, ' BREEDERS ' ,5X, ' STD . DEV . ' /) 
DO 322 I=l,NI 

WRITE( 8,4004) I ,  AREA( I), XB( I ,  J) , SDB( I ,  J )  

4001 FORMAT(///5X,'SIMULATION RAN',I3,' REPLICATES FOR',I3, 
2 YEARS EACHt,//5X,'MEAN ABUNOANCES PER SPECIES IN FINAL YEAR:') 

4602 FORMAT(/lOX,'SPECIES',I3,5X,A4) 

IF (XB(I,J).EQ.O.O) GO TO 322 

4004 FORMAT ( 17X , I2,6X F6 2,6X ,F 7.3,6X ,F7.3) 
322 CONTINUE 
323 RCC=lOO.O*XTOT( J)/CCL( J) 

WRITE( 8,4005) XTOT( J), SDTOT( J) RCC 
4005 FORMAT(/15X,'TOTAL METAPOPULATION:',F8.3,6X,f7.3, 

2 /15X,'RELATIVE TO MAX CCL:IyF9.3,'%') 
321 CONTINUE 

C OUTPUT 'PKINT3': SPECIES ASSEMBLAGES PER ISLAND 
WRITE ( 8,4006) 

DO 331 I=l,NI 
WRITE(8,4007) I ,  AREA(I), CORE(I), EDGE(1) 

4006 FORMAT( //5X, 'MEAN SPECIES ASSEMBLAGES PER ISLAND'/) 

4007 FORMAT(//lOX,'HABITAT ISLAND: ',14,//15X,'TOTAL AREA:',F7.2, 
2 ' HAB,/15X,'CORE:',F7.2,5X, 'EDGE:',F7.2,//15X,'SPECIES', 
3 5X,'BREEDERS1,5X,'STD. DEV. ' / )  

DO 332 J=l ,NSPP 

WRITE(8,4008) J, MSP( J), XB( I ,  J), SDB( I ,  J) 
IF (XB(I,J).EQ.O.O) GO TO 332 

4008 FORMAT( 15X,I2,lX,A4,5X,F7.3,6X,F7.3) 
332 CONTINUE 
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WRITE(8,4Q09) XNS( I ) ,  SUNS( I )  
4009 FORMAT(/lSX,'MEAN NUMBER OF SPECIES:',F6.2,' (S.D.  : I ,  

2 F6.2 , ' ) ' )  
331 CONTINUE 

STOP 
END 



C-31 

C 
C 

FUNCTION URAND(1Y) RETURNS A UNIFORM RANDOM NUMBER ON ( 0 , l ) .  

REAL FUNCTION URHND( I Y )  
INTEGER I Y  
INTEGER I A ,  I C ,  ITWO, M2, M, M I C  
UOUBLE PRECISION HALFM 
REAL S 
DOUBLE PRECISION DATAN, DSQRT 
DATA M2/0/, ITWO/2/ 
I F  (M2.NE.0) GO TO 20 
M= 1 

M=ITWO*M2 
I F  (M.GT.MZ) GO TO 10 
HALFM=M2 
I A=8*IDINT( HALFM*DATAN ( 1. DO) j 8 .  D0)+5 

10 M2=M 

I C = Z * I  U IMT(  HALF M*( 0.5UO-DSQRT( 3. DO) /6. DO) ) -t 1 
M I C= ( M2- I C ) +M2 
S=O.S/HALFM 

20 I Y = I Y * I A  
IF  (1Y.GT.MIC) I Y = (  If-M2)-P12 
IY=IY+IC 
I F  ( (  I Y / Z )  .GT.M2) 
I F  ( IY .LT.0)  IY=( IY+MZ)+MZ 
URAND=FLOAT( I Y ) * S  
RETURN 
END 

I Y = (  IY-M2)-M2 
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