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Summary. The theory of animal community organization has 
been dominated by general models based on the Lotka-Volterra 
equations. The predictions of these models are difficult to test 
in particular situations. Moreover, a great deal of ecological 
information is incommensurate with the data requirements of 
these models. A different approach to community organization 
addresses the "ecosystem assembly problem". This problem is 
defined to be that of constructing an algorithm which assembles 
a subset of a species pool in a specified environment. 

A model of ecosystem assembly, based on generative gram- 
mars as used in theoretical linguistics, is described. It was con- 
structed from and validated with data collected by D.H. Morse 
on a guild of foliage-gleaning birds inhabiting spruce forests 
on islands off the coast of Maine. The data were divided into 
two groups. One group, from the years 1967 1970, was used 
for model construction; the second group, from 1971-1975, was 
used to validate the model. 

The model has two major components. One component in- 
serts species onto islands according to the microhabitat used 
by each species and the resources available on each island. A 
second component deletes those inserted species from islands 
on which they were not observed to occur during 196%1970. 
This component is composed of deletion rules that remove spe- 
cies depending on (a) their sizes and resource requirements, (b) 
the sizes and resource requirements of other species present in 
the ecosystem, and (c) the structure of the vegetation on the 
islands. Model validation was performed by comparing the pre- 
dicted distributions of species against observed distributions not 
used in model construction. Model accuracy for the later data 
(1971-1975) was slightly higher than for the earlier data (1967- 
1970), approximately 88% and 84%, respectively. 

The behavior of the model was investigated with several simu- 
lations. These included the effects of the removal of certain 
deletion rules and the effects of the application of the rules 
without regard to their order. Other simulations demonstrated 
the application of the model to the prediction of the effects 
of habitat manipulation and the removal of particular species 
from the species pool. 

Introduction 

The study of animal community organization comprises an en- 
during set of questions concerning a diverse collection of taxa 
and a broad range of ecological phenomena. Four extensive 
approaches addressing these questions can be identified. First, 
a collection of models has developed which are extensions of 

the Lotka-Volterra predation and competition equations (e.g. 
May 1973; Schoener 1976; Roughgarden 1979). By analyzing 
relatively simple equations this approach seeks to predict the 
characteristics of populations that coexist under different condi- 
tions (e.g. variable environments, different biotic interactions). 

In addition to this theoretical approach, three classes of em- 
pirical methods have developed. The first of these uses experi- 
mental manipulations to elucidate the relative importance of 
abiotic factors and biotic interactions in determining the coex- 
istence of species (e.g. Connell 1961). The second empirical ap- 
proach is correlative, relying on the comparison of natural "ex- 
periments" to elucidate relationships between community-level 
measures such as diversity, niche width, niche overlap, and spe- 
cies richness (e.g. Pianka 1974; Willson 1974; Yeaton and Cody 
1974; Rabenold 1978). Often using the results of theory, the 
second empirical approach attempts to test hypotheses of com- 
munity organization with observational data. The third class 
of empirical methods is more recent and is also correlative. 
Unlike the second approach, it has not emphasized the test 
of general theories or community-level measures. This third ap- 
proach uses multivariate statistical analysis to elucidate patterns 
in the spatial distributions of species (Sabo and Whittaker 1979) 
or in the resource utilization differences among species at differ- 
ent sites (James 1971 ; Cody 1978). 

The purpose of this paper is to describe a model of avian 
community organization which is most closely related to the 
second and third approaches. This model attempts to understand 
animal community organization by addressing what I call the 
ecosystem assembly problem. A general statement of this prob- 
lem is : Construct an algorithm such that, given an arbitrary species 
pool and an arbitrary collection of environmental factors, the out- 
put of the algorithm is a list of species associated with the environ- 
ment. 

The ecosystem assembly problem is deliberately stated so 
as to emphasize the need for both generality and particularity 
in the model. The model must be general by being applicable 
to any given environment and species pool. It must also, how- 
ever, produce specific predictions of the spatial distributions 
of particular species. This does not assume that only one process 
(e.g. competition) is important in determining community organ- 
ization. Clearly, many factors, including both biotic and abiotic 
components, are important, and the theoretical framework must 
incorporate these. Although there may be many formalisms in 
which to state an ecosystem assembly algorithm, generative 
grammars, as described below, can both be generally applicable 
and produce specific predictions. Because of these properties, 
the formalism of generative grammars is the framework underly- 
ing the model discussed here. 
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Overview of the Algorithm 

Details of an ecosystem assembly grammar have been published 
elsewhere (Haefner 1977, 1978), and only a brief treatment will 
be presented here. The first of two major components is a set 
of procedures that describes the conditions under which assembly 
occurs. This has two parts: description of the abiotic conditions 
at a site and description of the species pool available for coloniza- 
tion. The second component is a set of procedures that deter- 
mines the set of co-occurring species. In other words, the algo- 
rithm is a grammar that describes the conditions under which 
assembly occurs and, given those, the subset of the species pool 
that is associated with the particular abiotic conditions. 

This report treats only the second component, but to under- 
stand its form, some knowledge of the first is required. In particu- 
lar, since the second component manipulates the species pool, 
the description of species in the pool must be clarified. Each 
of N species in the pool is described (generated) by a set of 
rules of the basic form: 

(i) A ~ B + C + . . . + Z  

(ii) B ~ a + b + . . .  +z. 

Such rules exemplify the basic form of a generative grammar; 
they may be read as: "A is composed of B and C. . .and Z".  
In any particular grammar, each of the rules must be fully inter- 
preted. One model (Haefner 1977) gives an interpretation which 
results in each species being decomposed into an hierarchical 
description of activities and sub-activities (corresponding to the 
upper case letters). Each activity is further described as having 
certain resource requirements (corresponding to the lower case 
letters). For example, such a grammar might contain the rules: 

(i) Reprod ~ Feed + Nestbuild 

(ii) Feed ~ + 0 -3  m) * + (3 6 m) * - (6-9 m). 

(Asterisks indicate the logical "and"  relation.) These rules de- 
scribe a species as performing reproduction with two activities 
(nest building and feeding) and further, that feeding requires 
vegetation heights 0-3 and 3-6 m but not 6-9 m. Additional 
rules would be required to describe nest building requirements�9 

A collection of rules of this type produces an hierarchical 
tree for each species which integrates behavior and habitat re- 
quirements. Figure 1 shows one example of this hierarchical 
structure. A crucial aspect of species descriptions used in the 
statement of assembly rules is behavioral plasticity of resource 
use (Noon and Able 1978). The current ecosystem assembly 

grammar incorporates plasticity by decomposing a species into 
a set of species types. Each species type represents a set of envi- 
ronmental conditions which are required by the species for survi- 
val and reproduction. Plasticity is represented as qualitatively 
different requirements described by alternate species types (e.g. 
different sets of foraging heights). For example, Fig. 1 shows 
a species (Black-throated Green Warbler) which comprises two 
species types (3:1 and T2) and therefore exhibits behavioral plas- 
ticity. 

The following discussion does not emphasize the description 
of species but rather the determination of a set of co-occurring 
species, This latter modeling problem is the specification of a 
collection of rules such that only the '=correct" set of species 
are grouped together in association with a description of the 
vegetation and a set of environmental features. Two basic types 
of rules are important to this modeling problem: species insertion 
rules and species deletion rules. Insertion is modeled as a simple 
transformation rule (Chomsky 1957) that moves a species de- 
scription from the species pool to the current ecosystem descrip- 
tion. The details are not a concern here, but the criterion for 
this movement is that the set of resources required by the species 
is a subset of the set of enviromnental features in the current 
ecosystem description (Haefner 1977). Every species type in the 
pool has an equal opportunity to be inserted�9 

For the data sets I consider here, this insertion criterion 
creates communities at most sites with more species than are 
observed. Consequently, rules are needed to remove some of 
those species inserted initially based on the total environment 
(biotic and abiotic) of each species. Such rules are called deletion 
rules, and a majority of this report describes the form, creation, 
application, and adequacy of a set of deletion rules applied 
to some foliage-gleaning avian insectivores. The analysis was 
performed by examining the available literature for quantitative 
data on the feeding behavior and spatial distributions of the 
species of different bird communities. Using these data, a model 
that assembled communities was constructed; it was subsequent- 
ly validated with additional data not used during model construc- 
tion. 

Methods 

Literature Search 
The available literature was searched for appropriate quantitative data 
from bird communities. Published studies were used if they contained: 
observations of more than one species studied at more than one site, 
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quan t i t a t ive  da ta  on  the behav io r  and  na tu ra l  h i s to ry  of each species 
a t  each site (e.g. feeding s ta t ion  use), and  vegeta t ive  and  ab io t ic  da t a  

for each site. M u c h  of the w o r k  done  on bird commun i t i e s  is no t  
sui ted for mode l ing  wi th  g r a m m a r s  e i ther  because  the research did 
no t  mee t  one or more  of the above  cr i ter ia  or the pub l i shed  art icle 
did no t  con ta in  suff icient  detail .  

The selected s tudies  were separa ted  in to  two g roups :  one group  
was used for  mode l  cons t ruc t ion ,  and  the o ther  was  used to  test  the 
model .  This  r epor t  cons iders  only a smal l  po r t i on  of  the to ta l  ava i lab le  
d a t a  on b i rd  communi t i e s  : those  of  a fo l iage-g leaning  gui ld  of insecti- 
vores  s tudied by Doug la s s  H. Morse .  M o d e l  cons t ruc t ion  cons idered  
da ta  col lected f rom 1967-1970;  tes t ing  used the da ta  of  1971-1975. 

Model Construction 

Morse  (1980) reviewed his s tudies  on the sp ruce -wood  warb le rs  tha t  
i nhab i t  smal l  i s lands  off the coas t  of Maine .  This  15-year s tudy  empha-  
sized fo rag ing  ecology,  ar r ival  t imes,  and  in te rac t ions  wi th in  and  be- 
tween species du r ing  the b reed ing  seasons.  The  Ma ine  is lands are 
smal l  (0.16-3.5 Ha)  and  the forests  on them shor te r  (12-20 m) than  
s imi la r  m a i n l a n d  forests.  The vege ta t ion  is p r e d o m i n a n t l y  spruce  forest  
wi th  pa tches  of  dec iduous  undergrowth .  Other  birds,  p r imar i ly  g round-  
dwel l ing  species,  occur  on the islands.  Because the fo l iage-g leaning  
and  g round  species do  n o t  in terac t  s ignif icant ly,  the la t ter  g roup  is 
no t  cons idered  further .  

The fol iage-gleaners  are p r imar i ly  warblers ,  and  are smal l  (3 .5-  
4.75 inches, Robb in s  et al. 1966), migra to ry ,  and  have  smal l  popu la -  
t ions size (1-6 b reed ing  pairs  per  is land,  Morse  1967, 1971, 1973). 
They  are in t raspeci f ica l ly  ter r i tor ia l ,  and  there is evidence of interspeci-  
fic te r r i tor ia l i ty  (Morse  1967). 

D a t a  f rom M o r s e  (1967, 1971, 1973) were examined  as a basis  
for inser t ion  and de le t ion  rule cons t ruc t ion .  F r o m  these, I extracted 
the quan t i t a t ive  d a t a  on  resource  u t i l i za t ion  and fo rag ing  behav io r  
of each species (male  and  female  combined)  on each is land.  In addi t ion ,  
quan t i t a t ive  d a t a  on the vege ta t ion  and ab io t ic  cond i t ions  of  the is lands  
were also compi led  f rom the studies.  These d a t a  fo rmed  the basis  
for the descr ip t ions  of species and  de le t ion  rules.  

The ava i lab le  da ta  compr i se  the number s  of  seconds  of observa-  
t ions of each species at  d i f ferent  vege ta t ion  heights  (e.g. 3-6  m) and 
feeding s ta t ions  (e.g. smal l  branches) .  The categor ies  and  intervals  
are those def ined  by  Morse.  The  d a t a  were t r ans fo rmed  to f requencies  

for each of  the ma jo r  categor ies  (i.e. he ight  and  stat ion) .  The f requency 
da ta  for each species on each is land were compi led  and  reduced to 
a discrete fo rm of pluses ( + )  and  minuses  ( - ) .  A plus means  the 

i tem (i.e. a pa r t i cu la r  feeding s t a t ion  or vege ta t ion  height)  is requi red  ; 
a minus  means  the i tem is n o t  required.  F o r  example ,  + T I P  indica tes  
tha t  the t ips of b ranches  are requi red  for  feeding. To create this  discrete  
form,  the percentages  wi thin  each m a j o r  ca tegory  (i.e. feeding he ight  
and  feeding s ta t ion)  were  summed ,  beg inn ing  wi th  the m o s t  f requent ly  
used  class of  a given category.  Pluses were ass igned only  to the mos t  
f requent ly  used classes necessary to accoun t  for  80% of the observa-  
t ions.  All  others  were given minuses .  This  is s imi la r  to an expos i tory  
t echn ique  used by  M a c A r t h u r  (1958). The results  of this  process  are 
shown in Table  1. 

The d a t a  showed  that ,  when  some species occurred  on more  than  
one is land,  h a b i t a t  r equ i rements  var ied  accord ing  to cond i t ions  on 
the is land and  the local  compos i t i on  of  the b i rd  communi ty .  Conse-  
quent ly ,  the da ta  were fur ther  m a n i p u l a t e d  to descr ibe behav io ra l  
plast ici ty.  Fo r  every is land on which  a species was observed,  the species '  
discrete represen ta t ions  were col lated,  and  a set of  species types were 
subject ively  def ined for the species. To do this, I sough t  a set of 
species types such tha t  some subset  of the species types, when  com- 
bined,  would  reproduce  the species '  resource  use pa t t e rn  on a given 
is land.  F o r  example ,  species type T2 in Fig. 1 reproduces  the discrete  
fo rm of the resource  use by the B lack th roa t ed  Green Warb l e r  on 
Ind ian  Is land,  and  T1 describes tha t  species '  resource  use on Crane  
Island.  A c o m b i n a t i o n  of T1 and T2 is required,  however ,  to descr ibe 
the resource  use of the B lack- th roa ted  Green  W a r b l e r  on Th ie f  is land.  
Consequent ly ,  the observed resource use by  a species on an is land 
is descr ibed by combina t i ons  of the species '  p las t ic  behav iors  (species 
types). I in te rpre t  species types to represent  sets of species activit ies,  
each of which  a lone  is sufficient  to accoun t  for the survival  and  repro-  
duc t ion  of  the popu la t ion .  Species types do  no t  represent  d is t inct  
groups  of  ind iv idua l s  wi th in  a species. 

The procedure  was repea ted  for each species. Because Fig. 1 is 
a bu lky  represen ta t ion  of the bas ic  in fo rmat ion ,  I have  reduced each 
tree to  one or m o r e  rows of a table  (Table  1). Each row is a condensed  
descr ip t ion  which  can be m a p p e d  on to  the o u t p u t  o f  a genera t ive  
g r a m m a r  (i.e. trees such as Fig. 1). 

The ava i lab le  e n v i r o n m e n t  on an is land was  descr ibed using tech- 

n iques  s imi lar  to those  for the species descr ipt ions .  Is lands  were as- 
s igned one  or more  pa tches  to descr ibe ecotones  based  on quan t i t a t ive  
and  non -quan t i t a t i ve  i n fo rma t ion  in Morse  (1967, 1971, 1973, 1977). 

Table  1. The ecologica l  d i s t r ibu t ions  of  the species poo l  for the M a i n e  islands.  C o l u m n  1 is the length  of  species ; c o l u m n  2 is the r equ i remen t  
for a m i n i m a l  pa tch  size of 4 H a ;  c o l u m n  3 is the r equ i r emen t  for a m i n i m a l  average  vege ta t ion  he ight  of  20 m ;  c o l u m n  4 is the r equ i r emen t  
tha t  a t  least  10% of  the vege ta t ion  occur  wi th in  the in terval  0.6-7.6 m ;  co lumns  5-10 are fo rag ing  he ights ;  co lumns  11-15 are fo rag ing  
stat ions.  A " T "  indica tes  species types of a species. 

Izl A 

N A All ~ 0 0 0 LP rO r,9 o~ ~, N ~ 

B lack- th roa ted  Green  - T1 4-1/4 - - + - + + + _ _ + + _ _ _ 
B lack- th roa ted  Green  T2 4-1/4 -- - + - + + + + + + _ + _ _ 
M a g n o l i a  4-1/4 - - + - + + + _ _ + + _ + _ 
Pa ru la  - T1 3-3/4 - - + + + + + _ _ + _ _ _ + 
Pa ru l a  - T2 3-3/4 - - + - + + + _ _ + _ + _ _ 
Pa ru l a  - T3 3-3/4 - - + - + + + + - + + _ _ _ 
Go lden  Crowned  Kingle t  3-1/2 + - + - + + + . . . .  + + _ 
B lackbu rn i an  4-1 [4 - + + - - - + + + + + + _ _ 
Reds t a r t  - T1 4-1/2 -- - -- + + + + _ _ + _ _ + _ 
Reds t a r t  T2 4-1/2 -- - - + + + + . . . . .  + + 
Y e l l o w - r u m p e d  - T1 4-3/4 - - + - + + + - - + + _ + _ 
Y e l l o w - r u m p e d  - T2 4-3/4 - - + + + + - - - + _ _ _ + 
Y e l l o w - r u m p e d  - T3 4-3/4 - - + - + + + - _ + _ + + _ 
Ye l low 4 - - - + + + - - _ + _ _ + + 
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Table 2. Communities of the foliage-gleaning guild on small islands 
off the coast of Maine. Pluses indicate presence; blanks indicate ab- 
sence 

Species 

Parula + + + + + + + + + + 
( P arula americana) 

Yellow-rumped + + + + + + + + + 
(Dendroica coronata) 

Yellow + + + + + + + 
(Dendroica petechia) 

Black-throated Green + + + + + 
(Dendroica virens) 

Redstart + + + + + + 
(Septophaga ruticilla) 

Golden-crowned Kinglet + + 
(Regulus satrapa) 

Magnolia + 
(Dendroica magnolia) 

Blackburnian + 
(Dendroica fusca) 

An island was assigned two patches if in Morse (1977, his Table 2) 
"overall area vegetated" exceeded "forest area". Major categories 
used to describe patches were: vegetation vertical distribution, presence 
of feeding stations, fraction of vegetation in each of three layers, 
forest size in a patch, and average forest height. Vegetation vertical 
distribution, obtained from quantitative data of Morse, was discretized 
by dividing height into increments of 3 m and assigning a plus to 
those increments accounting for 80% of the total vegetation volume. 
All feeding stations in patches of conifer forests were assigned a plus. 
All other patches (deciduous vegetation) were assigned minuses to 
indicate the absence of conifer feeding stations. 

Following these data reductions, modeling proceeded by imple- 
menting the assembly algorithm (Haefner 1977). Model construction 
used an heuristic procedure. That is, I performed several iterations 
of creating insertion and deletion rules followed by tests of their effects 
on species lists against the observed distributions (Morse's 1967-1970 
data) before a satisfactory collection of rules was obtained. Both the 
substance of the rules and their order were manipulated in this model 
construction process. 

Species distributions were predicted by applying the insertion rule 
and each deletion rule in an established order to every island (see 
Results for an example). The species predicted for each island are 
those inserted species which survive all deletion rules. Not every species 
was inserted on every island. Model success was measured as the 
number of correct predictions divided by the number of observed 
presences and absences in the species/island matrix (Table 2). Model 
construction was terminated when the model's prediction of the ob- 
served species/island matrix was at least 80% correct. 

Model Evaluation 

Following construction, the model was tested against the pooled 1971 
1975 distributional data. Since both the island vegetation and species 
characteristics were assumed not to have changed during this period, 
the test involved only the comparison of the distributions predicted 
by the model with the observed distributions for this period. No alter- 
ations were made to the model, nor was it necessary to recompute 
the predicted species distributions. 

Additional analysis of the model involved examination of the im- 
portance of rule order to the predicted outcome. This was performed 
by forcing deletion rules to operate simultaneously. Unlike the ordered 

procedure, each deletion rule was applied to the inserted species, but 
no species were deleted until all rules had operated. Those species 
marked for deletion earlier were deleted "simultaneously" after all 
rules had been applied. 

Results 

Model Input 

Table 2 shows the distr ibutions of species by island for 1967-1970 
(Morse 1971). Table 3 gives the vegetation description of each 
island in the study. A plus indicates that  the category at the 
top of the table was present in the patch of the island. Several 
islands have patches, and these are indicated by P1, P2, or P3 
following the island name. Pluses in height categories indicate 
tha t  the category was required to account  for at  least 80% of 
the vegetation height  distribution. Presence or absence of differ- 
ent feeding stations in the conifer trees is also indicated, as 
is the size and average height of the forests. 

Table 1 gives an analogous representat ion of  the habi ta t  re- 
quirements of the species types of each species in the species 
pool. The variables used to describe species are: feeding station 
(e.g. the tips (TIP) of conifer branches),  feeding height (in 3 m 
increments), min imum average forest height, m in imum forest 
size, and ratio of vegetation volumes in middle to upper  height 
categories [i.e. (% at 0.6-7.6 m)/ (% a t > 7 . 6  m)]. Also included 
in this table is the size of each species (Robbins  et al. 1966). 
Recall that  this table is only a succinct form of a hierarchical 
tree (Fig. 1) tha t  describes these variables as the requirements 
for certain behaviors or activities (e.g. reproduction).  

Deletion Rules 

Seven deletion rules were derived from Morse 's  data. These rules 
(Appendix) all have the basic form : '~ Delete T /C" ,  which reads: 
"dele te  a species type (T) whenever  it is found in the context 
of C" .  Differences between rules are due to different species 
types and environmenta l  descriptions being substituted for T 
and C. In all rules, T is a set of habi ta t  requirement  features 
for one or more  species types (i.e. a subset of Table 1), including 
a description of size. C is variable across rules; it may contain 
vegetation or patch information,  as well as a description of 
one or more species types tha t  are in the environment  of T. 
All species types satisfying the description of T which are in 
an ecosystem fulfilling the conditions of C when the rule is 
applied are deleted from the ecosystem. Species types are the 
objects that  are deleted; a species has been deleted from an 
ecosystem only when all of its species types have been deleted. 

In addit ion to the condit ions for rule application contained 
in the variables T and C, there may be auxiliary conditions 
stated at the end of the rule. These conditions state necessary 
relationships between variables used in the s tatement  of T and 
C. If  these auxiliary condit ions are not  fulfilled, the rule does 
not  apply. For  example, in Rule 1 the size relations between T 
and species types in C are important ,  and these are stated as 
an auxiliary condition. 

Application of Rules to One Island 

To illustrate the effect of these rules on species distributions, 
their application to Crow Island is discussed in detail. Deletion 
rules are applied in the order described in the Appendix  to 
the species list resulting from the application of the previous 
rule. Rule 1 applies to the species list tha t  results f rom insertion. 
The environment  of Crow Island is shown in Table 3, and the 
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Table 3. The environment  of  patches and islands off Maine. The P~ associated with some islands refers to distinct patches. Columns 1-2 
are quantitative measures of  patch size and average patch height, respectively; columns 3-6 indicate presence or absence of available feeding 
stations;  columns 7 16 describe the vegetation distribution of vegetation height; columns 17-20 are measures of the relative distribution 
of vegetation by height. Asterisks indicate personal estimates not  given by Morse 

Island 

g 

c~ S: 

a, < 
< ~ 

Crotch 0.16 t2 + 
Jim's 0.49 14 + 
Crane P1 0.53 14 + 
Crane P2 2.28 1 * 
Hog P1 100" 20 + 
Hog P2 25* 16" 
Hog P3 10 * 1 * 
Thief P1 1.50 15 + 
Thief  P2 0.14 1 
Ram 0.39 14 + 
Crow P1 0.35 13 + 
Crow P2 0.25 1 * 
Indian 0.69 16 + 
Franklin P1 1.77 14 + 
Franklin Pz 1.72 t * 
Wreck 3.86 14 + 
Haddock P1 1.86 14 + 
Haddock P2 0.71 1 * 

+ + + + + + + + + - - 0.05 0.67 0.29 2.3 
+ + + + + + + + + + 0.13 0.44 0.43 1.02 
+ + + - + + + + + + - - - 0.12 0.25 0.63 0.4 

+ + - 0.9* 0.1" 0.0" - 
+ + + - + + + + + + + + + 0.04 0.18 0.78 0.23 

+ + + + + + - - 0.15" 0,5" 0.35* 1.43 
+ - - 1.0" 0.0* 0.0* 0.0 

+ + + - + + + + + + + - - 0.06 0.36 0.58 0.62 
+ + - 0.9* 0.1 * 0.0" 

+ + + + + + + + + + - 0.22 0.35 0.43 0.81 
+ + + + + + + + + - 0.32 0.36 0.32 1.13 

+ + - - - 0.9* 0.1" 0.0" - 
+ + + - + + + + + + + + - 0.12 0.35 0.53 0.66 
+ + + - + + + + + 0.60 0.02 0.38 0.05 

+ + - 0.9* 0.1" 0.0* - 
+ + + + + + + + + + + - - 0.15 0.52 0.33 1.57 
+ + + + + + + + + + - 0.04 0.67 0.29 2.3 

+ + - 0.9* 0.1" 0.0" - 

h i s to ry  o f  the  app l i ca t ion  o f  inser t ion  and  de le t ion  rules  is g iven 

in Tab le  4. The  first  c o l u m n  s h o w s  w h i c h  species  types  were  

inser ted  and  w h i c h  were  no t .  F o r  example ,  Tab le s  1 a n d  3 s h o w  

tha t  T2 o f  the  B l a c k - t h r o a t e d  G r e e n  warb le r  was  n o t  inser ted  
due  to its vege ta t ion  h e i g h t  r e q u i r e m e n t s  ( >  12 m).  

F o l l o w i n g  inser t ion ,  app l i ca t ion  o f  Ru le  1 is a t t e m p t e d .  Since 

the  vege t a t i on  cond i t i ons  specif ied by  R u l e  1 ( n / m  > 1.4) do  n o t  

ho ld  on  C r o w  Is land,  it h a s  no  effect.  T h e  cond i t i ons  on  the  

con t ex t  o f  Ru le  2 are fulfi l led because  C r o w  I s l and  h a s  two 

pa t ches  (one  con i f e rous  fores t  a n d  one  d e c i d u o u s  u n d e r g r o w t h ) .  

Since b o t h  P a r u l a  T1 and  Y e l l o w - r u m p e d  T2  are m e m b e r s  o f  
the  e c o s y s t e m  a n d  are desc r ibed  as [ +  S M A L L *  + D E C I D  * - 

L A R G E  * - T I P  * - D E A D ] ,  they  are deleted.  

Ru l e  3 does  n o t  app ly  because  the re  are no  species  in the  
e c o s y s t e m  w h i c h  are  [ + S M A L L *  + D E C I D ]  a n d  w h i c h  are suf-  

f icient ly sma l l  to sa t i s fy  the  ru le ' s  contex t .  In  o the r  words ,  there  

are no  species  o f  i n t e rmed ia t e  size to be dele ted  wh ich  are 
b o u n d e d  by  a smal l e r  species  u s i ng  [ + S M A L L  * + D E C I D ]  a n d  

a larger  species  u s ing  [ + S M A L L ] .  T he  species  type  to be deleted,  

in this  case,  m i g h t  h a v e  been  Ye l low a n d  the  larger  species  

type  (LBk) m i g h t  have  been  Y e l l o w - r u m p e d  T1,  b u t  R u l e  2 ha s  

r e m o v e d  P a r u l a  T1,  the  on ly  c a n d i d a t e  for  the  smal l e r  species  

type  (LBi). C o n s e q u e n t l y ,  Ye l low is n o t  deleted.  

Ident ica l  p r o c e d u r e s  are u sed  in app l y i ng  the  r e m a i n i n g  four  

rules.  Ru l e  4 also fails for  the  lack o f  the  p r o p e r  context .  Al l  

o f  Yel low,  Y e l l o w - r u m p e d  T3,  and  R e d s t a r t  T1 a n d  T2 sat isfy  
the  species  type  to be  deleted.  T he re  exists,  however ,  no  suffi-  
c ient ly  smal l  species  type  to fulfill  the  r e q u i r e m e n t s  o f  LBj. 

Ru l e  5 fails to app ly  because  the  on ly  c a n d i d a t e  for  delet ion,  
P a r u l a  T1,  ha s  been  p rev ious ly  r e m o v e d  f r o m  the  ecosys t em.  
R u l e  6 deletes two species  types  (B l ack - t h roa t ed  G r e e n  T1 a n d  

M a g n o l i a )  due  to P a r u l a  T2  ( = L B j )  and  Y e l l o w - r u m p e d  T1 
(=LBR) .  Ru le  7 deletes  n o  species,  because  the  vege ta t ion  o f  
C r o w  I s l and  does  n o t  mee t  the  hab i t a t  r e q u i r e m e n t s  ( n / m  > 1.4). 

Table 4. The history of the operation of the ecosystem assembly gram- 
mar  as applied to foliage-gleaning guild on Crow Island, Maine. Pluses 
indicate presences, a minuses indicate absences. The predicted species 
list is the final column. See text for details 

Species ~ - ~ ~ "~ ~ '~ 

Black-throated Green - T1 + + + + + + 
Black-throated Green - T2 
Magnolia  + + + + + + 
Parula - T1 + + 
Parula - T2 + + + + + + + + 
Parula - T3 
Golden-Crowned Kinglet 
Blackburnian 
Redstar t  - T1 + + + + + + + + 
Redstart  - T2 + + + + + + + + 
Yellow Rump  T1 + + + + + + + + 
Yellow Rump  - T2 + + 
Yellow R u m p  - T3 + + + + + + + + 
Yellow + + + + + + + + 

The  species  l ist  p r o d u c e d  by  these  rules  is t hose  species  wi th  

a p lus  in the  last  c o l u m n  of  Tab le  4. Based  on  M o r s e  (1971 
a n d  u n p u b l i s h e d  d a t a  for  1967-1970),  this  incorrec t ly  places Yel-  

low a n d  R e d s t a r t  on  C r o w  Is land.  The  process  ha s  been  repea ted  
for  the  o the r  i s lands  in M o r s e ' s  d a t a  and  the  resul ts  are s h o w n  
in Tab le  5. P luses  w i t h o u t  circles indicate  species  p re sen t  in b o t h  

the  d a t a  o f  M o r s e  (1971) a n d  the  m o d e l  o u t p u t .  Circles  a r o u n d  

p luses  are o b s e r v a t i o n s  o f  p resences  by  M o r s e  n o t  p red ic ted  
by  the  mode l ,  a n d  as te r i sks  are p red ic t ions  o f  p resences  "not 

repor ted  by  M o r s e  (1971). Based  on  this  ma t r i x ,  the  m o d e l  is 
84 .1% correc t  ( n u m b e r  o f  correc t ly  pred ic ted  m a t r i x  e lements ,  
74, d iv ided  by  the  to ta l  n u m b e r  o f  m a t r i x  e lements ,  88). 
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Table 5. The species distributions predicted by the grammar for all 
islands compared to observations during the breeding seasons of 1967- 
1970. Blanks indicate observed and predicted absence; pluses without 
circles indicate observed and predicted presence; pluses with circles 
indicate observed presence not predicted; asterisks indicate predicted 
presence not observed 

Species 

Parula + + + + + + + + + + 
Yellow-rumped * + + + + + + + @ + 
Yetlow @ * + + + @ + + 
Black-throated Green @ @ + + + 
Redstart * * * * + + * + + + + 
Golden-crowned Kinglet @ + 
Magnolia @ 
Blackburnian + 

Table 6. Comparison of model output and observations made during 
the breeding seasons of 1971 1975. For notation see Table 5 

Species 

Parula + + * + + + + + + + 
Yellow-rumped * + + + + + + + @ + 
Yellow @ + @ + @ + + @ + + 
Black-throated Green + + + 
Redstart * * + + + + + + + + + 
Golden-crowned Kinglet + 
Magnolia @ @ 
Blackburnian + 

Table7. Comparison of 1971-1975 observations with a model that 
does not use Rules 3 and 4 and applies the remaining rules in order. 
Notation as in Table 5 

Species .9 
,-M 

Parula + + * + + + + + + + 
Yellow-rumped * + + + + + + + @ + 
Yellow * + + + + + + + + + + 
Black-throated Green + + + 
Redstart * * + + + + + + + + + 
Golden-crowned Kinglet + 
Magnolia @ @ 
Blackburnian + 

Model Validation 

To test this model, which was derived from data  for the period 
1967-1970, I compared the model  output  to distr ibutional  data  
f rom the period 1971-1975. The results of  this compar ison are 
shown in Table 6. Al though several addit ional  mistakes were 
made by the model, several previous mistakes agree with the 
later data. In the latter category are the correct predictions of 
presences for Redstar t  on Crow, Jim's,  and Thief Islands and 
Yellow on Crow Island. Some absences are also correctly predict- 
ed for the later data :  Black-throated Green is absent on Jim's 
and Crane Islands, and Golden-crowned Kinglet  is absent  on 
Thief  Island. Among  the mistaken predictions of absences are 
Yellow on J im's  and Indian Islands, and Magnol ia  on Thief  
Island. The only new case of  a failure to predict an observed 

absence in this later data  was the absence of Parula  on Crow 
Island. Because of  Parula 's  small size, none of the deletion rules 
remove Parula  once it has been inserted. This matr ix is 87.5% 
correct. Four  of the mistakes involve the unpredicted presence 
of the Yellow Warbler  on four islands. The predicted absences 
are due to either Deletion Rule 3 or 4, and they can be corrected 
by removing these rules f rom the model. When this is done, 
the results are as shown in Table 7. This matr ix  is 90.9% correct. 
For  comparison,  a model wi thout  Rules 3 and 4 correctly pre- 
dicts 83.0% of the 1967 1970 data. 

Discussion 

Simulation Results 

1. Random Model 

Because of the deterministic nature  of this model it is of interest 
to compare  the success of the model  with the success of a null 

hypothesis in the form of a r andom or " n e u t r a l "  model. To 
do this, I related the model predictions of presences and absences 
to the observed presences and absences in 2 •  2 contingency 
table. The null hypothesis is tha t  r andom sampling, assuming 
the probabili t ies of selecting correct and mistaken predictions 
are defined by the marginals  of  the table, will make as many  
or more correct  predictions than the model. The probabil i ty 
that  this null hypothesis is true (Fisher 's exact test, Pielou 1977) 
is very low ( P <  0.001). 

While this result encourages the use of deterministic models, 
other  r andom models can and should be examined. The design 
of meaningful  null hypotheses is complicated in this case, since 
the model manipulates  species types while accuracy is assessed 
using species. There is a positive correlat ion between the number  
of species types used to represent a species and the number  
of islands on which it is predicted to occur (e.g. Table 5). This 
suggests that  the above null hypothesis is not  appropriate.  A 
more rigorous test would compute  the probabili t ies of obtaining 
the observed associations of species using a 2 ~ contingency table 
(Pielou 1977). Because this is computat ional ly  unmanageable ,  
a neutral  simulation model, with the probabilities of placing 
species on islands constrained by the data, could be used. The 
neutral  model  used by Connor  and Simberloff (1979) constrained 
these probabili t ies in several ways (e.g. by the number  of islands 
on which a given species was observed). The choice of these 
constraints,  however, is a subtle issue because they depend 
on bo th  the alternative, non-neutral ,  biological hypothesis and 
on the assumptions that  define the statistical populat ion from 
which the observed sample is drawn. For  example, a model 
neutral  with respect to a competi t ion hypothesis may differ from 
a neutral  model  of a predat ion hypothesis. Alternatively, a neu- 
tral model of  island colonization could assume that  the observa- 
tions are drawn from a populat ion where all species have equal 
probabilit ies of colonizing all islands. The evaluation of any 
neutral  model, therefore, must  include an assessment of the rele- 
vance of  the probabil i ty constraints  to the biological system. 

In the assembly grammar,  except for the habi ta t  requirements 
contained in descriptions of species types, no restrictions are 
placed on the number  of islands onto which any species type 
may be inserted. Nor  are explicit restrictions placed on the 
number  of species types tha t  may be inserted onto any given 
island. The constraints  on a neutral  process that  generates the 
expected distr ibutions should reflect these assumptions.  Fur ther  
applications of  neutral  models to test this assembly g rammar  
are in progress. 
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2. Details of  1971-1975 Comparison 

Predictions and comparisons of presence/absence data can be 
misleading, in that rarity is still presence and not absence. This 
can result in a misleading assessment of the accuracy of model 
output when compared with presence or absence matrices 
(Table 2). Several species have small breeding populations, and 
the model's predictions of their distributions requires comment. 

The model incorrectly predicts the absence of the Magnolia 
Warbler on Thief Island. This species, however, was represented 
during 1967-1975 by only one breeding pair (1975). This indi- 
cates that the habitat on Thief Island may not be well-suited 
for Magnolia reproduction. Thus, although the model made a 
mistake on this island, the result must be considered in light 
of the low population size. 

The deletion rules also predicted that the Yellow-Warbler 
was absent from Indian Island, where the species had only one 
breeding pair (in 1974) during 1967-1975. Thus, the model re- 
sponse may be better than indicated by the simple comparison 
of presence/absence data. 

The same cautions must also be noted in those borderline 
cases where the model was correct. The model correctly predicts 
the presence of Redstart on both Crow and Jim's Islands. How- 
ever, this species' breeding population was only one pair during 
1971 on Crow Island and 1972 on Jim's Island. Further, the 
Yellow-rumped, correctly predicted on Wreck Island, was repre- 
sented by one breeding pair for each of the years 1970 and 
1971. In these cases, then, the model response is probably worse 
than the comparison with qualitative (presence/absence) data 
indicates. 

A second concern is the relative importance of the insertion 
process compared to the deletion process. If no deletion rules 
are used, then insertion alone, based only on habitat require- 
ments, is 69.3% accurate for 1967-1970 and 76.1% accurate 
for 1971-1975. Therefore, some of the correct predictions of 
the model are due to hypothesized habitat incompatibilities (i.e. 
the non-insertion of species types). Both the Golden-crowned 
Kinglet and the Blackburnian Warbler are inserted (and not 
deleted) on Hog Island only, due to hypothesized habitat require- 
ments (large and high forests, respectively). These hypotheses 
may be wrong, and the presence of the Kinglet on Thief Island 
(one breeding pair in each year of 1968-1970) indicates that 
that island does indeed provide adequate habitat for reproduc- 
tion. These data were not available during model construction, 
and this influenced the structure of the model. 

3. Autocorrelation 

Since the validation data were taken from years following the 
data used for model construction, it may be that the accuracy 
of validation is due to autocorrelation in the time series. Small 
sample sizes and the discrete nature of the data prohibit standard 
time series analyses, but an indication of autocorrelation can 
be obtained from several different analyses. First, the species 
turnover rate for the islands (excluding Hog) is 16.7%/year 
(Morse 1977). Relative to other island avifaunas, this is a large 
figure that indicates rapid change. A related method of assessing 
species constancy is by counting the differences in the observed 
distribution matrices (Tables 5 and 6) for the two periods. Eleven 
of 88 elements in the matrices do not match, which represents 
a degree of similarity of 0.875. Assuming autocorrelation is im- 
portant, the expected correct percentage can be calculated as 
follows. Since the model is deterministic and made 73/88 correct 
designations, (73) x (0.875)=63.875 is the number of expected 
correct designations in 1971-1975 due to the similarities of the 

two data sets. In addition, if there is an equal chance of the 
differences between the two data sets being correct or incorrect 
in 1971 1975, then this contribution to correct designations is 
0.5 x 11 = 5.5. Now, while (63.875 + 5.5)/88 = 0.789 is not statisti- 
cally different than the predictions (0.875, P =0.06), it is substan- 
tially less and supports the interpretation that model validity 
is not due solely to autocorrelation. 

A second approach to the problem is to compute the Spear- 
man rank correlation coefficients between years for every species 
for which sufficient data exists. If marked autocorrelation exists, 
the coefficients between all the years 1967-1970 and all the years 
1971-1975 should be significantly different from zero. This analy- 
sis was performed on the presence/absence data for five species 
and the number of significant correlations counted. Eighty tests 
were performed [5 x (4 • there is no data for 1973], and 12 
were different from 0.0 at the 0.05 level of significance. While 
this is more than expected by chance, it does not indicate extreme 
correlation between the two periods. Moreover, since both the 
Golden-crowned Kinglet and the Magnolia Warbler were present 
on only one island for which there is complete data, they were 
not included in the analyses. Their distributions, however, sug- 
gest no autocorrelation: the Kinglet was present only in 1967- 
1970 and Magnolia only in 1971 1975. This analysis has not 
treated Hog Island due to insufficient dynamic data. 

A third approach is to determine model accuracy using 
smaller time periods which are separated by a period of time. 
This was performed for the years 1967-1968 and 1974-1975, 
and model accuracy was 85.2% and 84.1%, respectively. This 
reduction in validation accuracy may indicate that autocorrela- 
tion is a problem, or it may mean that random differences be- 
tween years is important and sample sizes must be sufficiently 
large for a deterministic model to be accurate. That model accu- 
racy did not fall when compared with the data of 1967-1968 
does not necessarily argue against the latter view. This second 
view is supported by noting that the accuracy of the insertion 
rule alone (no deletion rules operating) was 68.2% for 1974-1975 
as compared to 76.1% for 1971-1975. This decrease is expected 
if the bias introduced by subsampling from 1971-1975 is impor- 
tant. 

Finally, there is no striking evidence that a biological mecha- 
nism for autocorrelation exists. Morse (1971) has argued that 
each species of the Maine birds constitutes a single gene pool. 
During 1967-1969 he banded and recorded the individuals of 
three species breeding on seven of the islands (Morse 1971, his 
Table 1). For the breeding seasons for which positive identifica- 
tions were made, there was a potential for 25 instances of an 
individual returning to the same island. Of these possibilities, 
Morse observed five actual occurrences of an individual breeding 
on an island more than once. Of these five, there were no three 
year runs of an individual on an island and no cases of an 
individual returning the third year following an absence. Morse 
does not discuss the incidence of offspring returning to the island 
of their birth. Thus, although autocorrelation is almost certainly 
contributing to the accuracy of model validation, there is statisti- 
cal and biological evidence indicating that it is not the sole 
determinant. 

Rule Order 

The order in which the deletion rules are applied influences 
the response of the model. It is of interest to test the extent 
to which model response is determined by the order of the dele- 
tion rules. Such a test was performed as described in the Methods 
section. 
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When all of the original rules are applied simultaneously, 
the model accuracy for the 196%1970 data drops to 78.4%. 
The impact of rule simultaneity is not evenly distributed across 
all species; its greatest influence is upon the Yellow Warbler 
and Redstart. When rule order is eliminated, the Yellow Warbler 
is predicted to be present only on Franklin Island and Redstart 
absent only on Wreck Island. 

A comparison of the results of simultaneous rule application 
to the 1971-1975 data is approximately the same: 79.6%. Be- 
cause in that data set the Yellow Warbler occurs on more islands, 
the effect of rule simultaneity is greater (percent correct for 
the Yellow Warbler is only 18.2%). Removal of Rules 3 and 
4 followed by the simultaneous application of the remaining 
rules gives better results: 89.8% correct. 

One can conclude from these exercises that species of interme- 
diate size are more sensitive to the order in which these deletion 
rules are applied. These species are deleted depending upon 
which species are present at the extremes of the size spectrum. 
Therefore, the importance of rule order depends on the geo- 
graphical distribution of these sensitive species (such as the Yel- 
low Warbler or Redstart). Correct prediction of widely distribut- 
ed species will not require complex deletion rules, since they 
rarely need to be deleted. Thus, these species will not greatly 
influence the results of other rules in the model. Consequently, 
if species of intermediate size are widely distributed and the 
distributions are accurately predicted by a rule-ordered model, 
then it is likely that the distributions will also be accurately 
described by a rule-unordered model. An example of this is 
the simultaneous application of a model without Rules 3 and 
4 when compared to the 1971-1975 data (89.8% correct). 

Model Application 

The model has been exercised, to this point, with the intent 
of describing the current conditions on the Maine islands. The 
model can also be applied, however, to different, hypothetical 
situations. Such applications are important to any general frame- 
work of community organization because they state predictions. 
These predictions may then be used to test the model or, in 
the case of well-validated models, to aid managerial decisions 
regarding the effects of habitat manipulations on the species 
compositions of ecosystems. To illustrate these two applications 
of ecosystem assembly grammars, two hypothetical situations 
are examined : (a) alteration of the species pool, and (b) habitat 
modification on one island. 

1. Species Exclusion 

In an ecosystem assembly grammar, species can be prevented 
from colonizing an ecosystem by removing them from the species 
pool. This may be done either to describe systems beyond the 
species' geographical range or to simulate the effects of experi- 
mental manipulations. 

Table 8 shows the predicted species distributions of the Maine 
islands if the Paruta Warbler is removed from the species pool. 
This simulation used the complete, rule-ordered model. Parula 
is one of the smallest species in the original species pool and, 
in previous simulations, was a species in the context of many 
deletion rules. Without Parula, many rules do not apply and, 
consequently, fewer species are deleted. The Magnolia, Black- 
throated Green, and Yellow Warblers are the most sensitive 
to the absence of Parula. They are present on many more islands 
when Parula is excluded (compare Table 5). This result suggests 
an obvious experimental test of the model. 

Table 8. Model output when the Parula Warbler is removed from 
the species pool. Pluses indicate presence; blanks indicate absence 

Yellow-rumped + + + + + + + 
Yellow + + + + + + + + + + + 
Black-throated Green + + + + + + + + + + 
Redstart + + + + + + + + + + + 
Golden-crowned Kinglet + 
Magnolia + + + + + + + + + + 
Blackburnian 4- 

2. Habitat Manipulation 

A description of the environment at a site is an input to the 
model. The effects of environmental alteration can be simulated 
by altering these inputs. This may be done to simulate the effects 
of anthropogenie environmental degradation, wildlife manage- 
ment practices, or experimental habitat manipulation. 

To illustrate this, the description of the environment of Indian 
Island was altered to represent selective thinning of the forest 
by cutting all tall trees. For both patches, the forest was described 
as -(12-15 m ) * - ( 1 5  18 m)* -(18-21 m)* - ( > 2 1  m), with 
pluses at other heights, and (% vegetation at 0.6 7.6 m)/(%vege- 
tation at >7.6 m)= 1.52. The species present on Indian Island 
after this environmental manipulation are Parula, Redstart, and 
Yellow-rumped. The Black-throated Green Warbler can no 
longer exist on the island. 

Using a series of such simulations, with the environment 
described as having different forest heights, one could determine 
the maximum degree of habitat manipulation which would not 
cause the deletion of any given species (such as the Black-throat- 
ed Green Warbler). This could be useful in assessing environmen- 
tal impacts. As these impacts become more frequent and as 
the interest in preserving particular communities of organisms 
(e.g. non-game birds, Balda 1975) grows, the ability to predict 
the effect of habitat modifications on species distributions be- 
comes more important. These practical concerns compell us to 
develop theoretical methods that relate directly to the perturba- 
tions imposed upon the systems: habitat modifications and alter- 
ations of species assemblages. Ecosystem assembly grammars 
are one method that formalizes detailed, quantitative natural 
historical information on species and ecosystems and which po- 
tentially has the capacity to make the necessary predictions. 

Evaluation of Approach 

1. Data Requirements 

Construction of an ecosystem assembly grammar is based on 
the comparison of ecosystems from which specific types of data 
have been collected. Few of the published studies on bird com- 
munities, however, can be compared. In addition, economic con- 
straints have caused journal editors to discourage the publication 
of the detailed, quantitative data upon which an article is based. 
Formal modeling of any kind requires that detailed, comparable 
quantitative data be widely distributed. To encourage the contin- 
ued publication of these data, I indicate below the data essential 
for the creation of ecosystem assembly grammars. 

1. Distributions and densities of species on each of several 
sites which possess different environmental conditions. 
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2. Quantitative characterization of the vegetation and abiotic 
environment at each site. 

3. Quantitative data for all species at every site showing 
the degree to which each resource category is used, as well as 
any direct behavioral interactions between species that can be 
documented and quantified. 

4. An estimation of the species pool, in the form of a species 
list, from areas adjacent to the study site. 

In general, most of these types of data are routinely collected 
by astute field biologists (e.g. Emlen 1977). Unfortunately, often 
these data do not appear in print, or, just as often, not all 
of the data are comparable between studies. This latter problem 
could be solved if the specialists in specific taxomic groups agreed 
that a minimal set of observations be collected using standardized 
methods. Clearly, studies with different objectives and species 
will require that different sets of variables be measured. This 
is inevitable, but if community organization patterns are to 
emerge from field studies, those studies must be comparable. 

2. Assumptions 

Two assumptions of the model described here require comment. 
First, the structure of the model (definition and order of rules) 
is fixed, and the effects of the rules are deterministic. This deter- 
minism is contrary to some recent re-evaluations of island bio- 
geographical data (Connor and Simberloff 1979). One manifesta- 
tion of the determinism in the present analysis is the pooled 
data from which the model was constructed and against which 
it was tested. All data from a set of years were lumped into 
two sets. This removes the existing stochastic variation and in- 
creases the likelihood that a deterministic model will be appli- 
cable. To evaluate the importance of randomness, models and 
test procedures should be developed to incorporate yearly varia- 
tions. 

Ecosystem assembly grammars can incorporate random 
events with the construction of a model where insertion is ran- 
dom and deletion is deterministic. In such a model, the set 
of species types inserted on an island would be a random subset 
of those species types whose habitat requirements are fulfilled 
by the available environment. Subsequent deletion of species 
types from this initial list would, in this approach, remain deter- 
ministic as in the current model. Because of the importance 
of the biotic context of the deletion rules, a model with random 
insertion would undoubtedly predict species distributions differ- 
ent from those in Tables 5 or 6. Model validation would require 
comparisons of statistical distributions. 

A second major assumption of this particular model is that 
the population sizes of the species are unimportant in determin- 
ing spatial distributions. This is, of course, a difficult assumption 
to justify in general. The current model, however, is based on 
the initial, simple hypothesis that in this case of small, near-shore 
islands, population sizes are not important in determining the 
geographical distribution of the species. If abundance controls 
species distribution, then this model should be easily falsified. 
Evaluation of the importance of abundance requires assembly 
grammars that incorporate population densities; formulation of 
these should be a priority of future work. 

3. Limitations 

Two limitations of the current approach require discussion. First, 
the procedures described are correlative and cannot claim to 
be descriptions of causal relations. The arbitrariness of the corre- 
lations that emerge from. such a study can be reduced by selecting 
interesting groups of systems to compare. This is the motivation 

behind any study of "natural experiments ". By analyzing islands 
with different vegetation structures and different species lists, 
one hopes to produce correlations that reflect the interrelations 
of available resources, behavior, and resource partitioning in 
determining the species composition of the community. Experi- 
mental validation of these rules is feasible in principle with both 
habitat manipulation and selective removal and addition of dif- 
ferent species. As simulations show, the predicted results of these 
experiments can be stated prior to the manipulation. 

Although the methods used are correlative, ecological hy- 
potheses have been incorporated. First, the basic model structure 
of insertion, based on habitat requirements, followed by deletion 
due to proposed biotic interactions is one implementation of 
the "individualistic approach" to communities and succession. 
Second, the deletion rules hypothesize biotic interactions which 
are contingent upon particular vegetation structure (e.g. Deletion 
Rule 7). This is believed by some (e.g. Abbott 1980) to be an 
important aspect of these interactions. Third, size relations be- 
tween species types are an important element of many of the 
rules, and this is in concord with modern theory. Thus, although 
this is not a model of the biological mechanisms that underlie 
the assembly grammar, the deletion rules, in their specifics, incor- 
porate biological hypotheses. 

The second limitation is the subjective nature of the model 
construction process. This is a feature common to many model- 
ing approaches (e.g. the construction of sets of difference equa- 
tions) and to that extent does not require defense. Nevertheless, 
several aspects of the modeling process reported here are analo- 
gous to parameter estimation in other approaches, and it is 
desirable to develop objective techniques for the automatic esti- 
mation of model elements. The description of species types is 
an example, and the use of multivariate techniques such as factor 
analysis has promise. 

4. Advantages 

Despite the limitations, I believe this approach has some signifi- 
cant advantages. First, this approach can be a procedure for 
the detection of pattern in the organization of bird communities 
that is not obvious from a superficial examination of data. The 
application of standard multivariate statistical procedures are 
either purely descriptive (Sabo and Whittaker 1979) or describe 
patterns in terms of linear combinations of variables that are 
difficult to interpret ecologically (Niemi and Pfannmuller 1979). 
Moreover, grammars have a predictive capability not present 
in most multivariate analyses (but see Cody 1978). A combina- 
tion of grammars and multivariate techniques could be a power- 
ful tool. 

Second, the grammatical approach is general in the sense 
that alternative, competing hypotheses can be stated in the for- 
malism and their different outcomes compared. For example, 
the differences between models that do or do not incorporate 
behavioral plasticity can be examined. Further, this generality 
allows multiple causes to influence model response. For example, 
in the current model both biotic interactions and available vege- 
tation influence the ultimate species distributions when both 
the insertion rule and deletion rules are considered. The impor- 
tance of the interaction between these two factors has been re- 
viewed (Abbott 1980). 

Third, this approach is based on and ultimately validated 
by comparisons of different ecological communities (e.g. differ- 
ent islands). These comparisons can be performed on systems 
having different degrees of similarity. They may be performed 
on systems that have developed on different, but geographically 
close, islands, as reported here using the Morse data. The com- 
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parisons may also be performed on other communities with 
different representatives of the foliage-gleaning guild, e.g. the 
European titmice. Alternatively, they may be performed on simi- 
lar biomes on different continents. Extrapolation of the model 
to other, more distantly related taxa (e.g. Anol is  lizards) is also 
feasible, and would constitute an extremely stringent test of the 
universality of the rules. However unlikely the success of these 
latter comparisons, they can, nevertheless, be performed and 
yield insight into the differences in community organization 
among different taxonomic groups. Model  failure in such a test 
should evoke the desire for new generalizations that subsume 
the variability, not  dismay at the magnitude of the variation. 

Conclusions 

This report has concerned the analysis of avian community or- 
ganization using generative grammars. A collection of insertion 
and deletion rules were derived from published studies and vali- 
dated with a data set not  used during model construction. Several 
simulations were performed that showed: (a) the accuracy of 
the model for the 1971 1975 data is improved when Deletion 
Rules 3 and 4 are removed ; (b) the deletion rules can be reasona- 
bly accurate when they are applied without order; and (c) 
changes in species distributions are predicted when habitats and 
the species pool are altered. 

A solution to the ecosystem assembly problem is the funda- 
mental goal of  this research. This problem is interesting because 
it relates directly to the older problem of explaining the distribu- 
tion and abundance of organisms and to the theory of the niche 
(Haefner 1980). Moreover, the solution discussed here has expli- 
citly used data on foraging behavior and geographical distribu- 
tions. These data are often incommensurate with the data re- 
quirements and predictions of other theoretical approaches (e.g. 
the Lotka-Volterra equations, or systems ecology). Although 
these data often have flaws, as noted above, they can be synthe- 
sized by an ecosystem assembly grammar. 

However desirable experimental manipulation may be, corre- 
lation and comparison of communities will continue to be an 
important form of analysis. For  patterns to emerge from compar- 
isons, the differences between systems must be subsumed by 
general statements. For  comparisons to foster predictions, test- 
able statements about particular systems must be made. Any 
formalism that exploits these data of comparisons must, there- 
fore, both subsume inter-system variability with general state- 
ments and produce specific predictions. One of the attractions 
of generative grammars is their incorporation of both generality 
and particularity. Generality is present, for example, because 
deletion rules are stated without reference to particular species 
names or geographical places. Particular predictions result from 
generative grammars as shown in Table 5. 

In general, substantive empirical generalizations in science 
have a limited domain of applicability; while not referring to 
particular individuals, they are, nevertheless, true of only a finite 
set of  individuals (Nagel 1961), An important challenge, there- 
fore, is to state these generalizations in forms that can be tested, 
define the class of systems in which the generalizations are true, 
and then to provide satisfying theoretical explanations of them. 
As a collection of generMizations, the accuracy and universality 
of these insertion and deletion rules can only be assessed after 
their application to other systems. Undoubtedly, refinement of 
the rules will be necessary, as will definition of the class of 
systems to which the rules apply. This is to be expected: no 
simple set of  rules such as these will account for all the diversity 

of  avian community organization that we observe. Other guilds 
and taxonomic groups will require different rules, but once stated 
these rules may permit our comparisons and analyses to be 
made at more abstract and encompassing levels of generality. 

Appendix 

The seven deletion rules (Figs. 2-8) all have the basic form "Delete 
T/C". This can be translated as: "delete a species type (T) whenever 
it occurs in the context C". T and C are variables which possess 
different values in the rules. The concise statement of T and C requires 
notation that reflects the fact that species types are hierarchical trees 
derived from rewrite rules of a generative grammar (Fig. 1, see Haefner 
1977). Deletion rules are, in fact, transformational rules which alter 
the structure of hierarchical trees (Chomsky 1957). Consequently, the 
hierarchical structure of these trees must be represented by the deletion 
ruIe. The most important aspect of tree structure is the relation between 
the branch points of the tree (activities or categories) and the habitat 
requirements for successful completion of those activities. This rela- 
tionship is represented in the deletion rule by labeled brackets (Fig. 2). 
A bracket enclosing a set of habitat requirements indicates that the 
set is required for the activity for which the bracket is labeled. Parenthe- 
ses enclosing requirements indicate that at least one of the items is 
required by T. Since in general only a part of the hierarchical tree 
is important to any given rule, those irrelevant parts are denoted 
by upper case letters (e.g. X). The standard form of transformational 
rules (e.g. Chomsky 1957) is not used here so as to simplify the presen- 
tation. These deletion rules could be stated in the standard form, 
but no appreciable gain in clarity would be achieved. 
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Fig. 2. The first deletion rule. See text for definitions of notation 
and interpretation 

Deletion Rule 1 

Deietion Rule 1 is shown in Fig. 2. The context of the rule (item C 
in the general formula) contains restrictions on both the vegetation 
structure of the island and the bird community. The vegetation restric- 
tion states that the ratio of vegetation volume between height classes 
0.6 m-7.6 m and >7.6 m must exceed 1.4. This condition restricts 
the application of Rule 1 to those islands with appropriate vegetation 
characteristics. The bird species condition of the context of the rule 
requires the presence of another species with size cq that uses vegetation 
heights 3-12 m and forages on feeding stations of small branches and 
tips of branches (+SMALL, +TIP). The species type to be deleted 
(item T in the general formula) is any species type which (a) uses 
either large or dead limbs (+LARGE, +DEAD) or both, (b) uses 
small branches (+ SMALL), (c) does not require deciduous vegetation, 
and (d) has some size (cq). The auxiliary conditions specify the vegeta- 
tion restrictions (n/m > 1.4) and the necessary size ratios between the 
two species (cq/cq < 1.2). 

The biological interpretation of this rule is that a species type 
is deleted from certain patches if (a) it uses certain feeding stations 
(as stated) and (b) is not sufficiently larger than another species which 
uses another set of feeding stations (as stated). The rule states that 
there is overlap between the two species (both require +SMALL 
and similar height classes). The overlap described, however is neither 
total nor sufficient for deletion; the other aspects of resource use 
and vegetation distribution must also obtain. Therefore, other birds 
Which feed at +SMALL may not be deleted if their total feeding 
distribution is not that cited in the rule. 
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Fig. 3. The second deletion rule. See text for definitions of notation 
and interpretation 

Deletion Rule 2 

The context of the second deletion rule (Fig. 3) does not contain a 
description of a bird species. Its application depends only on the 
vegetation patch structure of the site. This kind of rule is necessary 
because insertion is currently modeled as a " local"  process. In other 
words, insertion occurs on a "patch-by-patch" basis with insertion 
decisions made for every patch without regard to the global distribution 
of patches. Rule 2 applies to patch j, and a species type is deleted 
from that patch if it forages at stations + S M A L L *  + D E C I D *  
~ D E A D .  The context necessary for this deletion is the existence of 
another patch (i) on the island which has an average height less than 
t/2 that of patch j. This is stated as the auxiliary condition for the 
rule. The rule does not apply on islands with only one patch. The 
rule does not place constraints on the sizes of the patches, the frequen- 
cies of two or more patches on an island, or the locations of the 
patches relative to each other. These variables may be important to 
bird distribution, but the present rule is perhaps the simplest way 
of incorporating global spatial heterogeneity into the model. 

The biological interpretation, then, is that an edge species type 
will be deleted from the interior of a patch (j) if that patch has a 
distinct edge. 
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Fig, 4. The third deletion rule. See text for definitions of notation 
and interpretation 

Deletion Rule 3 

Deletion Rule 3 (Fig. 4) involves three species. The context for the 
rule contains two species types which forage at + SMALL* + DECID 
and +SMALL,  respectively. The former is smaller than the latter 
and the ratio of their sizes is at least 1.2. The species type to be 
deleted requires deciduous vegetation and the smaller part of conifer 
branches. The auxiliary condition states that, in order for this last 
species type to be deleted, it must be of intermediate size between 
two other species present in its environment. The biological interpreta- 
tion is that, if a sufficiently wide range in sizes exists between birds 
(ratio greater than 1.2) that forage on small parts of vegetation, then 
an intermediate size bird must be deleted. 
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Fig. 5. The fourth deletion rule. See text for definitions of notation 
and interpretation 
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Deletion Rule 4 

Rule 4 is given in Fig. 5 and is similar in form to Rule 3. The context 
contains two species, the smaller of which requires + D E C I D  and 
the larger of which requires + D E A D .  As with Rule 3, these two 
species must have a ratio of sizes greater than 1.2. The species type 
to be deleted requires dead vegetation but not large branches. This 
species must be intermediate in size between the two species in its 
environment. The biological interpretation of this rule is that the 
smaller of two species using dead vegetation is deleted only in the 
presence of a smaller user of deciduous vegetation. 
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Fig. 6. The fifth deletion rule. See text for definitions of notation 
and interpretation 

Deletion Rule 5 

Rule 5 (Fig. 6) is a different type of rule needed to show the movement 
of a species type from a less preferred habitat if other species are 
absent from the ecosystem. The context states that the system does 
not contain any other species types of a different size than the deleted 
species type and which uses the smaller portions of the vegetation, 
and no dead material. The species type deleted requires small and 
deciduous, but no dead, vegetation. The auxiliary condition states 
the necessary size relations, Biologically, this states that, for those 
members of the foliage-gleaning guild that use small conifer branches, 
deciduous vegetation is less preferred habitat and is used only if another 
species is using the tips of coniferous vegetation. 
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Fig. 7. The sixth deletion rule. See text for definitions of notation 
and interpretation 

Deletion Rule 6 

As with Rules 3 and 4, Rule 6 (Fig. 7) describes ecological relations 
between three species. The context contains two bird species types, 
both using +SMALL,  with the larger also requiring + LARGE. The 
species type deleted is intermediate in size between the two species 
in the context, requires small branches, no deciduous vegetation, and 
either large branches or dead material. The biological interpretation 
of this is that, among those members of the guild which require small 
branches, any species type will be deleted if it: (1) is intermediate 
in size between two others (one an obligate generalist requiring both 
+ L A R G E  and +SMALL),  (2) does not require deciduous vegetation, 
and (3) requires either dead or large vegetation. 
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Fig. 8. The seven deletion rule. See text for definitions of notation 
and interpretation 
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Deletion Rule 7 

Rule 7 (Fig. 8) applies only to those islands that have a vertical vegeta- 
tion distribution as described in the auxiliary conditions (ratio of inter- 
mediate to high vegetation greater than 1.4). In addition, the context 
for this rule is a species type that uses either the smaller portions 
of vegetation (small and tip) or uses a wide range of vegetation stations 
(small and large). The species type deleted by this rule requires identical 
feeding stations and is larger. The biological interpretation of this 
is that, on those sites with mainly low vegetation (n/m > 1.4), large 
species that use the stations stated will be deleted in presence of a 
smaller bird using the same stations. 
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