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INTRODUCTION 

This thesis is unusual in that it consists partly o f a 

joint contribution by Professor E. O. Wilson and myself. It 

falls naturally into three parts, to be published and referred 

to throughout this thesis as follows: 

I: Background and experimental design -

Wilson and Simberloff, 1968 

II: Results and preliminary conclusions -

Simberloff and Wilson, 1968 

III: Implications of this experiment for zoogeog­

raphy in. general, including a discussion of 

previous models and presentation of a new 

model -

Simberloff, 1968 

Both Professor Wilson and myself participated fully in all 

aspects of the experiment proper; the seniority of author­

ship for parts I and II reflects as accurately as possible 

the division of labor on the various sections of the work. 

The reason for the collaboration was that the project was 

simply too complex and time-consuming to be performed by a 

si~gle invest~gator. 

Part III, the longest section, is wholly my own produc­

tion. Although I received criticism and counsel from 
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Professors Wilson and W. H. Bossert, my reliance on their 

advice was no greater than seems normal for doctoral candi­

dates. All faults are entirely my own. 
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Io Defaunation and Monitoring Techniques 



AD s 'I1P...A c11 
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A technique for insular defaunation utilizing methyl 

bromid e fumigation was evolved . 

Seven islands i.n Florida Bay, of varying distance and 

direc -ion £rom potential zoogeographic source areas , were 

censused exhaustively. 'I1hG small size (45 ft . diameter ) and 

ecological simplicity of these islands, which consist solely 

of red mangrove {Rhizophor~ mangle) tJ".'ees v:i th no s1Jpratidal 

ground , allowed the determination of all resident species. 

The ccmpletc~ness of the censuses was corroborated by 

c h loropicrin fumigation . 

6 

'1°he breedi!}g land fauna of these i.slar~ds is composed 

almost exclusively of terrestrial arthropods, with 20-50 

species u sually present. Surveys o f these taxa in the Florida 

Keys, with emphasis on mangrove inhabitants, were made during 

1967. 

The seven experimental islands were defaunated in early 

1967, and were then monitored for colonists for 17-20 man­

hours every 18 days. Precautions were taken to prevent 

contamination by investigators and to insure recording o f 

crepuscul ar and nocturnal forms. 



IN'l1RODUCTION 

rrhe firt:'t attempt to formulate a quantitative theor y 

wh'ch would unite an ever-increasing mass of insular biogeo­

graphic data was made by ~acArthur and. Wilson (1 963), who 

postulated an equilibrium number of species on an island 

determined by the intersection of unique immigration and 

extinction curves drawn against the number of species already 

present. In addition to speculation on the forms of these 

c urves and effects of varying the parameters island area and 

distance from source area, they derived the equation 

where 

A 

(1) to.9o 
mean S 

X 
1.1515 

§_the hypothetical equilibrium nwnber of 

species on an island 
A A 

mean S _ the mean of s. for a number of identical 
l 

islands 

X _ the extinction rate (or turnciver rate, since 

an equilibrium requires that extinction 

immigration) in number species per time at 

equilibrium 

t 0 • 90 _ time required for number of species present 
A 

to increase from Oto 90% of S. 

Later the smne authors elaborated upon the general 

shapes of irnm _igration and extinction curves, discussed 



colonization rates and curves, and predicted the distribution 

of survival times of species colonizing an i sland (MacArthur 

and Wilson, 1967). 

Data to test these hypotheses are scarce. Most biogeo­

graphic information consists of distributions of numerous 

taxa which, when comb ined wit1?, information furnish ed by the 

fossil record (scant or non-existent for numerous taxa in 

many instances) and geology, c an lead to d escript ions of 

static situations {broad patterns of distribution, zoogeo­

graphic r~gions, etc.) and hypotheses about the essentially 

lo?g-term processes responsible for them {e.g., Darlington, 

1957). 

Such theories, though occasionally su9gestive for 

specific groups, fail to explain the existi?g taxonomic 

distributions and the underlying colonization mechanisms 

for most of the myriad islands of all sizes dotting the 

globe. Dealing mainly in_ geologic time, they neglect the 

short-ra?ge {even daily) events which la~gely determine the 

parameter s of colonization on ma ny islands and which become 

increasi~g ly more important than evo1ution as distance of 

island from source area decreases. In particular, they do 

not provide a test for the existence of an equilibrium number 

o f species or for the accuracy of equation 1. 

The literature on biotic dispersal, both anecdotal and 

systematic, provides information on the relative importance 
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in immig-ration of active and passive transport and a wealth 

of data on agen s of the latter (e.g., Wolfenbarger, 19'16). 

Migrations i .nvo1ving overwater disper sal ca.n even be tr2.e1ed 

to specific meteorological events (French, 1964). For no 

isl-nd, ho,~ver, is the timG cours~ of colonization by even 

a l ar.ge fraction of the inha bitants known. The sheer ntunber 

of records of lo~g distance overw~ter dispe~sal implies that 

imm_igration xate.s are probably h~gh--especiB.lly for o~gi_ nisms 

capable of a .nemochorous transport... But the shape and 

determinants of the immigration curve cannot be deduc0c1; at 

best a lower limit m~ght be_ given. 

More complete and illumina ti?g information is given by 

experiments involving colonization of artificial "islands." 

Maguire {1963) investigated the colonization of sterile 

bottles of fresh water placed at distances up to 400 yards 

f rom the. source area (a pond ) . When his data from bottles 

a t d ifferent distances are s.urnmed and a correction is made 

for putrefaction the colonization curve o f speiies visible 

at 4 5X magnification versus timE, is monotonically increasi!1g 

and concave downv-,rard, approaching a.n equilibriwn asympoto-· 

tically--in accord ~ith the ro~gh shape predicted by MacArthur 

and Wilson (equation 2 ) : 

( 2) S ( t ) = § (1-e-Gt ) 
I 

where S (t ) is the number of species on the island at time t 

and G is a constant. 

9 
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The coloniz a tion of glass slides by fresh water diatoms 

was studied by Patrick (1967). Sterile slides we re suspende d 

in a spring. 11 Island 11 area was varied through u se of slides 

of different surface area, while increasing "island" 

distance was simulated by decreasing the amount of water 

flowi~g over the s~ides. The latter procedure, while 

decreasi ng irnrnigration rate, is not strictly analogous to 

the decrease in i rom~gration rate on distant islands envisioned 

by MacArthur and Wilson (1967), for they postulate that the 

proportion o:E various species arno!lg the propagules would be 

different on far and near islands, in addition to fewer 

prop~gules of all species landi!}g on a distant island. 

Patrick's decreased water flow causes fewer propagules, but 

in the same proportions as previously. 

Patrick's results confirm certain aspects of the MacArthur­

Wilson theory, in particular the effects of island area on 

colonization and extinction rates and the broad dependence 

of extinction rate on species density. Most of her islands 

were colonized quickly at first and then m~ch more slowly 

and irregularly (partly in accord with equation 2), but the 

experiment did not provid~ good evidence on the existence 

and characteristics of an equilibriurn S. 

A number of artificial and more or less permanent 

constructs more closely approximate true oceanic islands. 

For some, turveys of certain taxa at given points in time 



were detailed but in no instance v.1ere a sufficient ntm1 er 

of good surveys at proper intervals made to draw accurate 

coloniza ion curves and to _ give reliable ata on turnover 

rate and a possible equilibrium number of species . Notable 

11 

are the Dutch polders; the Wieringermeer Polder in particular 

was closely studied faunistic~lly and especiall.y floristically 

by Feek~s (1936) and Sc aank (1935-3 8). Because of the 

quickly increas·ng land mass and subsequent cultivation an 

equilibrium or even meaningful colonization curves were 

precluded , but interesting data were collec· ed on the order 

of colonizi~g taxa and the pattern of replacements and 

extinctions. 

"Spoil areas"--islands formed by material dre?-ged from 

channels--are com.111on in many areas and, as with polders, 

their dates of inception are known. All are temporary, 

eventually washi~g into the sea, but they often exist long 

enough for colonization with breeding to occur. We have 

examined four such islands of rock, crushed coral, and coral 

sand between Key West and the Dry Tortugas and found them 

colonized by a very small subset of the total Florida Keys 

flora and ant fauna. The repeated appearance of the same 

species may provide information on the distribution of 

dispersal (and hence inm1igration) capabilities, but because 

of the small total number of species and physical instability 

of the islands they have limited value in a study of the 



time course of colonization and existence and mechanisms of 

maintaining ,.-,n equilibri1..un S. 

The same limitations apply to nunataks--newly ice-free 

areas in the midst of glaciers--and iri addition there may 

fo r some taxa be contamination from organi sms surviving 

glaciation. These considerat ions notwithstanding, Einarsson 

(1967) has described colonization of several 11 new11 nunataks 

by plants. His data for Braedrasker nunatak do not indicate 

extinctions , but in both mosses and vascular plants the 

coloniz ation curve apparently shows an initial lag, then 

increases linearly and eventually becomes mildly concave 

downward. An equilibrium had not been reached by 1966, 

5 years after the land first became ice-free. 

Evidence from naturally formed oceanic islands is 

scarce and no single study is sufficiently complete to 

examine immigration, extinction, and colonization simulta­

neously. 

Botanical maps of the Dry Tortugas made in 1904 

(Millspaugh, 1907) and 1916 (Bowman , 1918) _ give information 

on extinction rate and its relation to area (MacArthur and 

Wilson, 1967). Although the surveys were not of comparable 

thoro~ghness, the latter was fortunately the more complete; 

lower limits for extinction can therefore be derived. The 

curve of extinction rate versus number of specles present 

on islands of similar area supports roughly the MacArthur-

12 



Wilson prediction of a monotonically increasing, upward 

concave sha .e. Nevertheless, only 4 points are available 

and all are rotgh estimat s. Furthermore, the fitted curve 

deviat.P.s widely from the intermediate points. Although 

these data tell nothi!)g about the existence of an equilibrium, 

most oft e islands involved are considerably older and more 

stable than the artificial ones described earlier and the 

floras discussed can therefore be interpreted as having 

arisen fr01n prolonged colonization and species interaction. 

The island of Krakatau exploded in 1883 with the 

probable ex.tinct~ion of all fauna and most or all flora. 

Knowledge of the pre-catastrophe fauna is limil.ed to a 

sketchy description of molluscs {von Martens, 1867). In the 

25 years after eruption, few zoologists visited the island. 

Their records which tend to be anecdotal and incomplete, are 

summarized by Dammerman {1948). Jacobson (190 9) in 1908 

briefly monitored all but the microfauna of Krakatau, After 

this initial effort, various specialists examined a few taxa, 

more or less casually and at odd intervals. Then, in 1919 21 

and 1932-34, Da.mmerman made extended and ·more comprehensive 

surveys. The Krakatau information can be summarized as 

follows: 

1) For no taxon were more than three surveys made, 

and what information is available is of uneven completeness 

and reliability. 
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2} No points are available on a colonization curve 

until at least 25 years after defaunation, and certainly not 

enough points for any tax on to interpolate a ct1rve convi.nci?gly. 

3) A W8alt.h of data, largely unexploited, exists a out 

colonization and extinction of individuals ecies which m~ght 

profitably be compared to similar evidence from other islands. 

4) It is particularly regrettable that the mass of 

information on insects and spiders is too unsys • ematic .to 

have quantitative s~gnificance. 

Obs ervations of birds are probably the most reliable 

zooge~graphic legacy of Krakatau, and MacArthur and Wilson 

(1967) have used the results of three monitorings (1908, 

1919-21, 1932 - 34) together with the hypothesis of the existence 

of an equilibrium to make several calculations. Their most 

important result was that if the avifauna after 3.0 years was 

between 67% and 100% of the hypothetical S (which seems 

reasonable from a consideration of species-area relationships), 

equations (1) and (2) imply a turnover (extinction) rate at 

equilibrium of 0.77-1.15 species/year. No inference can be 

made about the shapes of extinction and imm_igrat.ion curves 

versus either time or number of 
. . 

species. 

The floral colonization of Krakatau, described by 

Docters van Lee uwen (1936), showed in_ general an approximately 

linear increase in number of species present between 1883 

and 1934. MacArthur and Wilson (1967) note that this 
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linearity implies parallel imm~gration and extinction curves 

and ascribe the effect either to the immense species pool 

on Java and Sumatra or to succession. 

Islands newly risen by any means from the sea are 

s terile so far as terrestrial biota is.concerned, and 

several of these supply interesting but quantitatively insuf­

ficient data. rrhe North Sea. island of Mernmert, near the 

mouth of the Ems River, arose from an intertidal sand bank 

between 1890 and 1895, forming in the end a supratidal area 

of at least 5 sq. km. with dunes 8 m. high. After 1907 the 

area was arti£icially increased. Data en colonization by 

birds were_ gathered by Leege (1938) and on insects by Alfken 

(1924). The birds apparently have high irnn1~gration and 

extinction rates; unfortunately surveys were too intermittent 

and not designed so as to yield. good numerical data. The 

evidence on insects is even more frustrati~g, consisting of 

frequent, very sketchy early monitori~gs that yielded u~eful 

information only on the taxonomic affinities of some early 

colonists, followed by a single exhaustive survey in 1917-18. 

The volcanic island of Anak Kr aka tau, which first appear.ed 

near Krakatau in 1928, is another example of newly emerged, 

sterile land. Although its shape was altered by several 

eruptions (even in this decade) the area remains about 

1 sq . Jan. and the highest point approximately 100 m. 

Damrnerman emphasized the remarkable piological opportunity 
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which the birth of Anak Krakatau presented, but a sufficient 

r esearch progra1n was not organized. Al though colonization 

and its study were complicated by eruptions which occasionally 

sterili zed the i sland , it is unfortunrite that more f requent 

monitor i ngs were not performed and that more attent ion . was 

not given to the time course of invasion. A list of the 

birds, insects , and arachnids on Anak Krakatau is given by 

Dammerman (1948j. No quantitative conclusions can be drawn, 

however& The botanical surveys suffer f rom similar short­

comi!J.gs. 

Surtsey, a volcanic island sou th of Iceland, first 

appeared in 1963 and has grown to a present area of about 

2.5 sq .. km. and he~ght of about 200 m. From its birth it 

has been studied intensively, investigations bei~g performed 

even amidst. falli~g lava bombs. The Su r tsey Re search 

Society wa.s formed at an early date and its focus has shifted 

progressively toward biology as volcanic events cease 

(Hermannsson 1 1967). All aspects of the flora and fauna of 

Surtsey and its surroundi~g area are being studied actively, 

with results to date publishe d in the Surts~y Research 

Progress Report III (1967) and Proceedings of the Surtsey 

Research Conference (1967). Colonization by all organisms 

has been hindered by eruptions on Surtsey and on two adjac ent 

temporary islands, but for several taxa the beginnings of 

colonization and perhaps extinction curves can-be drawn. 



Our definition of colonization and a discussion o f this and 

other biogeographic terms j_s deferred until Part II of this 

series. It will be seen that the near ness of Sur tsey to 

source areas makes a precise mathematical interpr etation o f 

the early information for birds and terrestrial arthr opods 

difficult. Tentative graphs of the data on the latter 

gathered b~, Liidroth et al. (1967 an¢! pers. comm.) show an 

upward concave beginning for the plot of number of species 

versus time. 

In marked contrast to all previous opportunities, the 

bi~geor_; r aphic potential of Surtsey is being fully exploited. 

The principle difficulty with Surtsey is that its pres1med 

source areas-~-Iceland and the Westman Islands--are species ­

poor in both flora and fauna, especially so compared to the 

Indonesian ne~ghborhood of Kr aka tau. 'I1his implies that, 

if there is an equilibrium, § will be very low and certain 

mathematical characteristics of associatP.d curves may be 

artifacts of the low number of species involved. Fridriksson 

(1967) predicts that colonization will proceed with exceptional 

slowness on Surtsey and extinction rates ·will be high 

compared to those on Anak Krakatau because of the harsh clima~e 

and poor growth conditions on the former. It would seem, 

however, that the species pool of Iceland will contain a 

much larger proportion of species preadapted to survival 

under arctic ~onditions than is so for Indo 1esia . Furthermore, 



one would expect succession on Surts~y o be simpler than 

on the Krakatau islands. If the MacArthur-Wilson theory is 

,,, 

essentially correct, Son Surtsey will be low but t 0 • 90 , 

from equation (1), may well be no larger t.lan on a tropical 

island of comparable size and distance -from the source area. 

The lower§ would tend to decrease t 0 • 90 , as would a high 

extinction rate. 

With the si~gle exception of Surtsey, then, there has 

been a notable failure to capitalize upon the development 
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of new (or sterilized) islands. The infrequent natural 

occurrencG of such events tends to render quantitative bio­

geographic theory the increasingly more intricate and esoteric 

product of abstract speculation and of enla~gement and sophis­

tication of untestable hypotheses. What is needed, clearly, 

is a means of producing islands similar to natural ones or 

of sterilizing pre-existing islands. Such a method must 

initially allow replication as well as variation in such 

p~rameters as distance from source area and size of island. 

Later, it could be develo ed to study such problems as the 

effects of steppi~g stones and archipelagos on colonization 

or the importance of size of species pool. A first experi­

ment would not even have to treat the entire biota of the 

islands concerned, if the total number of species involved 

were large enough to avoid complications associated with 

small numbers, and if colonization by entire la~ge taxa 



o uld be studied in order to ensure against conside ring only 

those spec.:i.es whose pecul ·-a.r biology makes them prominent in 

some way in a colonization expe riment. 

THE ISLANDS 

As one travels thro~gh the Florida Keys toward Key West 

on the Overseas H~ghway {U.S. Route 1) he sees numerous 

small, approx imately circular islands, particular ly on the 

Gulf of Mexico side in Florida Bay. These occur in such 

la!ge numbers and widely varying configurations, and further­

more are so readily accessible, as to constitute a potential 

natural "la.boratory" for experimental ·biogeography. 

A closer examination of the islands with dia.rneter 
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35-65 feet (e.g., Figure 1) shows that they are almost always 

completely composed of red ma!lgrove (RhizoJ?__h~ !_!lang.:le) trees, 

with very rarely a small black ma!lgrbve (Avicennia nitida) 

bush included. There is only occasionally supratidal land, 

and this usually in areas of weak tide. Such land is only 

intermittently supratidal, since duri~g prolonged winds of 

10 knots or more it is completely flo~ded for days on end. 

The islands are between 15 and 30 feet h~gh and consist of 

one to a few mangrove trees. Altho~gh individual iilands 

may differ in several minor respects such as number of large 

trunks and amount of dead bark they are on the whole rema rk­

ably similar physica lly, so much so tha t we re an investigator 



Figure 1: Island E3 
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not thoroughly f amiliar with small mangr ove islands he might 

have t r ouble t e lling certain of them apar t but for their 

respect ive locations. 

A fruitful defa unation experime nt with the s e islands 

would require: 

i} that there be e~ough accessible islands to 

permit replication and to allow us to vary the parameter 

distance from nearest source area. 

ii) that the animal diversity be sufficient to 

allow mathematically meaningful results. 

iii} that the extremely small size of these islands 

compensate for their relative nearness to source areas to 

produce a distance effect. 

In June 1966 we first set out to see whether these 

requirements were met. Using maps (the U. S. Coast and 

Geodetic Survey series and the U. s. Geological Survey 

series) and aerial phot~graphs we located promising areas 

for exploration. Possible experimental islands were then 

examined by boat. 

We found that accessible islands of the proper size 
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were nwnerous at all distances up to 200 yards from the 

nearest source area. Beyond 200 yards small islands were 

rare, although la!'ger islu.nds (diameter 150 feet and_ greater} 

were plentiful. Persistent exploration yielded a very few 

small islands at distances from one quarter of a mile to 

I 



one mile from nearest source area. 

'£he questions of animal diversity and distance effect 

were approac ed from two directions. First, we made c areful 

f aunistic strveys of islands chosen for possible defaunation. 

Secondly, since the breeding f auna of i slands this size 

consists abnost entirely of insects and spiders, we assembled 

a reference collection of terrestr ial arthropods of the 

Florida Keys. This collection , made with t he assistance of 

M.r. Robert Silberglied, ser ved two main functions. It 

enabled us to identify colonists on the experimental islands, 

and it provided a measure of the size of the species pool of 

the presumed source area, the entire Florida Keys. 

Animal diversity on the small mangrove islands was 

certain ly adequate for statistical purposes. About 75 

insect species (.of an estimated 500 that inhabit the 
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mangroves and an estimated tota l of 4000 that inhabit all the 

Keys) cormnonly colonize these small islands. There are also 

15 spe cies of spiders (of a total Keys complement of perhaps 

125 s ,Jecies) and a few scorpions, pseudoscorpions , centipedes, 

millipedes, and terrestria l isopods. Single islands contain 

at a ny_ given moment 20-40 species of insects and 2-10 species 

of spiders . 

Many birds visit the islands , some for extended periods , 

either to roost or to forage. 

nests on ~slands this sma ll. 

However , very f ew build their 

The only bir d species observed 
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to breed on our experimental islands were the green -heron, 

white-crowned p~geon, and_gray kingbird. These have not 

been included in the censuses to be presented later. Snakes 

occasionally swim to small mangrove islands to slough their 

skins, especially water snakes of the genus Natrix. Finally, 

when islands are located on shallow mud banks raccoons may 

wade or swim to them, presrn ably to forage for crabs. 

On the basis of their distance and direction from 

ne~rest source area, their size, and their accessibility, 

the islands listed in Table 1 were cho~en for the defauna~ion 

attempt. As a control one island was chosen in the vicinity 

of each series and was censused with the experimental islands. 

At the time of the final monitoring of the experimental 

islands the controls were censused ?-gain to ascertain whether 

any long-range change in the fauna of small mangrove islands 

in Florida Bay had occurred during the course of the experi­

ment. An explanation of the census method and rules for 

determining the number of species present will be given in 

Part II of this series. 

The two series of islands form natural groups. Each 

consists of islands of similar size, structure, and location. 

Series 1 lies within the Great White Heron National Wildlife 

Refuge, in a r~gion north of Sugarloaf Key (Map 1). Series 

2 is in the Eve~glades National Park near the Calusa Keys 

north of Islwnorada (Map 2}. E7 was chosen to test a method 



TABLE le Parameters of experimental islands 

Series 1 

Series 2 

Island 
Name 

El 

E3 

ST2 

E2 
E6t 

E7 

E8 

E9 

ElOt 

Diameter 
(feet) 

35 

40 

35 

40 
sot 

25 

60 

60 

35t 

Distance From 
Nearest Source 

(yards) 

583 

188 

167 

2 
aot 

. ' . . ' 

15 

1300* 

415 

40 t 

* "Stepping Stone" 51 620 yds. away 

In·:tial Number 
Art:iropod 

Species 

25 

31 

29 

43 
30t 

29 

29 

41 

20t 

t Control island; all parameters approximate and uncorrected 

Location 

Off Squirrel Key 
In Rattlesnake Lumps 
Off Saddlebunch Key 
Off Snipe Keys 
In Johnston Key 
Mangroves 

Nr. Manatee Creek 

Between Calusa Keys 
and Bob Allen Keys 
Between Calusa Keys 
and Bob Allen Keys 
Nr. Bottle Key 



of defaunation and is in Barnes Sound south of the Glades 

Canal (Map 3) o 

The coefficient of correlation for island series 1 

between "distance from nearest source " and "number of 

arthropod species 11 is -.83, and this SLrong indication of 

a distance effect is obviously corroborated {n the E8-E9 

series. Qualitative differ ences in faunas of increasi~gly 

distant islands were even more striki~g than quantitative 

2S 

ones. For many groups --especially ants and spiders--the 

decrease in ntL."Tlber of species with increasing distance is 

accomplished so regularly that one can _ guess accurately not 

only how many species will be on an island but also which 

species~ Some notably poor dispersers, for example centipedes 

and pseudoscorpions, were found almost exclusively on near 

islands. 

Islands of this size can be remarkably long-lived. All 

Rhizophora mangle trees, and particularly those on low, small 

islands, have numerous aerial roots--both brace roots _ growing 

out from the main stem and prop roots growing down from 

branches. The latter can eme!ge from as h _igh as 4 m. above 

the water (LaRue and Muzik, 1954 ) and in time can become as 

thick as the main stem. These prop roots may eventually 

develop "brace" roots of their own and frequently it becomes 

impossible among a group of "trunks" to disti~guish the 

ma_in st.em. 

I 



Map 1: Islands of series 1 



0 

~Mallo!;!! K~ 

~ 
~ E2 al 

¢::::::J 6 Squirrel K~ 

·¢:::::l E 1 

1000 0 

~ 
Barra«ufa K~s ' 

~ 
~ 

@ 

{tLiin¼ 

0 

.•.-:' 
@ 

~ 

~~E6 

~ 

0 / J/appJJ Jack.)(.ry f§j 

@ 

Dr~uez k!_9 

I 

:z. 
1000 2000 3000 4000 

t 

tP 
Rattlesnake 
Lumps 

Eb.~ It} 
-~ 

3 Miles 
sooo Yards 

0 
~ 



Map 2: Islands of series 2 
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Map 3: Island E7 
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Rhiz.212~~a produces viviparous fruits that_ grow on the 

tree until they become la~ge, long, pointed seedlings. When 

they ·drop, frequently from the upper canopy, some evidently 

plant themselves where they fall, the · sharp, hard point of 
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the hypocotyl thrusting securely into the mud (Davis, 1940). 

Mangrove swamps are therefore . often quite thick, and on small 

islands there may be several trees. Stems, thickened prop 

roots, and brace roots intermingle so that it is impossible 

to distinguish how many trees are present, which are which, 

which is the initial one (even if it is still present ) , and 

which are the main stems. 

For these reasons bori~gs to determine ~ge of small 

mangrove islands would be of questionable value. On the 

other hand maps of the Florida Keys, especially of the 

Sugarloaf Key-Key West area, have been remarkably detailed 

and accurate with respect to small mangrove islands for at 

least a century. From these we have ascertained that E7 and 

all the islands in series 1 have existed for at least 25 

years. For the other experimental islands we have been 

unable to find sufficiently accurate maps to determine 

longevity. The size and shape of individual islands may 

change, even drastically , but in general the islands survive 

the climatic catastrophes to which they are repeatedly 

subjected. For example, Map 4 shows our exper1mental island 

El (Blake ' s Key ) and surrounding area as it appears on a 



Map 4: Island El and surrounding region 

1851 

---



0 

' 
4 

~ Q 

-~ 
~ -'-') ~ 

~ ~ C ' 

~uJ ~ 
• ~ 

c::, 

~ ti 0 •• 

~ ..... ...... 



Map 5: Island El and surrounding region 

1964 
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map for which the topography was executed in 1850, while 

Map 5 shows the Sili~e island r~gion on the current Coast and 

Geodetic Survey map (1964). 

'I1he implication of this evidence of lo~ Jevity is that 

the faunas £ound initially on the experimental islands were 

the product of many years ' colonization. As the experiments 

subsequen·Lly showed, their minimum ages _ greatly exceed the 

time required to reach equilibrium from a start of zero 

species. 

DEFAUNATION 
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We first attempted to defaunate the islands by an 

expedient method--a spray with a short-lived residual effect. 

On July 9-10, 1966, two experimental islands (El and E2) 

were sprayed until drippi~g with the followi~g mixture: 

per 50 _ gallons fresh water, 

4 oz. parathion 

16 oz. diazinon 

12 oz. Pylac (a sLicki~g agent) 

The islands were examined briefly one day later and 

altho~gh all the surface and bark fauna and most borers 

were discovered to have been killed, the following live 

animals were found in thin hollow twigs. 

El: Scleroderma macrogaster (Bethylidae)- 1 wasp 



El: Crematogaste~ ashmeac1i (Formicidae) ~ worker, 

larvae 

E2: ?Styl~l~:etu~ biust~_ (Cerambycidae) -· 2 larvae 

Paracryptocerus varians (Formicidae) - 2 colonies 

Tapinoma littorale (Formicidae) - 1 colony 

To ensure that these survivors were not killed, eitl ,9r 

by a delayed effect of the insecticide or by a residue of 

the spray, th2 islands were examined more thor~ 1 ghly nine 

days after spraying. The followi!1g live , apparently healthy 

animals were found at that time: 

El: ? Stylole_ptu_~ biustus (Cerambycidae ) - 2 l arvae 

E2: ?Styloleptus biustus (Cerarnbycidae) - 1 larva 

Caterpillar (Lepidoptera ) 

Xenomyrmex flor i danus (Formicidae ) - 2 colonies 

The sizes of the ant colonies and beetle larvae preclude 

t heir havi~g imm~grated duri!lg the nine days following 

sprayi!lg. 

In short , a spray cannot be expected to penetrate all 

the hollow tw~gs of a Rhizophora island. Therefore some 

t wig-dwellers will probably survive, particularly if they 

inhabit narrow tw~gs (Tapinoma and Xenomyrmex ) or ·else pack 

their tunnels tightly with powdery ~xcreta (Stylol~ptus ) . 

Had we attempted to kill these survivors by using a spray 

with a long-lived, powerful residue, we would have sacrificed 

the b~ginni!lg of the colonization curve, since immigrants 



may be killed by the residue. Because we had to be . certain 

that all colonists, or at .least all but those belongi~g to 

a small number of known taxa, would be destroyed, we 

reluctantly abandoned the spray technique. 
. 

We next turned to the much more difficult alternative 

technique of fum~gation. Since a fum~gant is by definition 

a gas the residual effect is n~gl~gible. Furthermore , since 

we were now dealing with gas molecules rather than liq~id 

droplets, presumably even the inhabitants of hollow twigs 

would be contacted. The_ gas would enter crevices accessible 

to air, provided the exposure were long enough and dosage 

sufficiently high. This is of course the basis of the 

standard method used by professional exterminators on 

termites and other wood-bori!}g insect pests. 

Fumigation of livi!1g plants is a relatively uncharted 

area. The effect on the plant seems almost always -harmful , 

but experiments by past investigators have generally be~n 

unsystematic and details of treatment are rarely given 

precisely. The biochemical effects of fumigants on plants 

are poorly known, dam~ge usually being described in terms 
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of the physical appearance of the plaht shortly after fumiga­

tlon (Page and Lubatti , 1963). To our knowledge, the only 

prior fum·gation of mangrove was by B. P. Stewart (pers. comm.), 

who used methyl bromide on small plants. With 2 lbs./1000 

cu. ft. for 2 hours at 90° F. and 2.5 lbs./1000 cu. ft. for 



2 hours at 80° F he found that all insects apparently were 

killed, altho~gh some did not die until 48 hours after 

fumig tion. Also no data were taken on mortality in roach 

e9gs. Damage to the plant was limite~ primarily to you!lg 

leaves and twigs. The latter effect accords with the_ general 

findi!1g of P~ge and Lubatti (i963) that_ growing stages of 

both plants and insects are more susceptible to fum~gation 

than are resting st~ges. 

Our problem was exacerbated by the fact that the 

Rhizophora tree spri!1gs directly from water. This eliminated 

otherwise p romisi!1g fumigants that are h~ghly soluble in 

water such as hydrogen cyanide; these substances would 

either dissipate out under the fum~gation tent through the 

water base or concentrate to an unknown extent in the water 

under the tree instead of the air around it. Either effect 

would greatly complicate the maintenance and measurement of 

gas concentration. 

Consequently, the followi!1g four, relatively insoluble 

fumigants were selected for field testing: 

Pestmaster Soil Fnmigant-1 (methyl bromide 

98% wt.; chloropicrin 2% wt.) 

Acritet 34-66 (acrylonitrile 34% vol.; carbon 

tetrachloride 66% vol.) 

Dow Ethylene Oxide {ethylene oxide 100%) 



,-
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Vikane (sulfuryl fluoride 95% wt.; inert 

. ingredients 5% wt.) 

All field tests were performed on small Rhizophora trees in 

Matheson Hammock Park, Coral Gables, by National Exterminators 

of Miami, Florida,/ under the direction of Mr. Steve Tendrich 

in consul ta.tion with the authors. Aclditional tests on the 

mortality of mangrove colonists were performed at National 

Exterminators' laboratory in Miami. 

The problem consisted of determini!)-g for each fum~.gant 

the intersection of two sets of points in a two-dimens ional 

space, one axis bei~1g duration of fumigation and the other 

concentration of fum~gant. The third obvious dimension, 

temperature, remained at 75°-85° F. outside the tent. The 

first point set was that of all duration-concentration pairs 

causing no more than bearable damage to the tree. The second 

set was that. of pairs lethal to all ma~grove colonists. 

We soon discovered that any measurable concentration 

of either Acritet or Vikane caused extensive, ·apparently 

irreversible damage to red mangrove. Ethylene oxide, too, 

had to be discarded because of intolerable tree damage at 

low dosages. 

Continued work with methyl bromide showed that at 

22 oz./1OOO cu. ft. for 2 hours dam~ge to the tree consisted 

only of about 10% browned leaves after one week with no 

later worsening. This duration and concentration killed all 

j 



mangrove colonists (includi?g such r~sistant forms as roach 

esgs and lepidopteran cocoons) with one possible exce ption: 

our experimental technique did not allow us to ascertain 

whether all cerambycid and curculionid beetle larvae were 

killed. When data from all tests at this duration-concentra­

tion are lumped t~gether, over 95% of cerambycids and 80% of 

weevils when d~g out of their burrows 1-10 days after 

fumig·ation were dead. The remainder all died with_' n 2 days 

o f removal. Monro and Delisle (1943) report that many 

insects are active soon after exposure to methyl bromide but 

succumb in time (some lepidopterous larvae persisti~g for 

two months), and that this delayed effect is especially 

common in fumigations at the low concentrations used in our 

own field tests. This peculiarity is confirmed by Chisholm 

(1952) for Japanese beetle larvae and other insects. 

It would thus be tempti~g to ascribe the death of these 

few larvae to a delayed ef£ect of the furn~gant, and ind~ed 

the results from our experimental islands _(given in Part II 

of this series) s~sgest that the cerambycids were eliminated. 

In a control experiment, however, consisting of the removal 

of five unfum~gated ceram1?ycid larvae· (Styloleptus: biustus) 

from their respective burrows, all died within 5 days without 

any additional treatment. Thus it is uncertain whether the 

subsequent death of the few larvae removed alive from the 

test trees was due to delayed action of the fwn~gant or simply 



to desiccation or some other effect of removal from their 

excavations .. 

The essential physical damage to the trees was a 

browni!3-g 0£ leaves and shoots and occasionally heavy oozing 
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of sap. At 60 oz./1000 cu. ft. the leaf browning was manifest . . 

upon tent rem.oval, but at 35 oz ./1000 cu. ft. and less there 

was little or no immediate browni!1g· The effect typically 

became evident at about 24 hrs. and worsened in terms of 

fraction 0£ leaves browned through 72 hrs., by which time 

up to 90% of the leaves were brown and after which no further 

browning occurred. Browni!1g did not occur randomly through-

out the leaves. Instead, whole sections of the tree becaine 

completely brown while others remained almost unscathed. 

The upper canopy was always more severely browned, but there 

seemed no other pattern to which sections were damaged. 

Abscission of browned leaves began within a week and, 

often aided by wind, was usually complete within 8 weeks. 

At this time damaged trees looked superficially dead except 

for those green sections (if any) that remained unaffected. 

Closer exarnination showed that the damaged trees could be 

conveniently divided into three classes, as follows. 

For those trees where browning of leaves and shoots 

appeared complete by 72 hrs. the dam?-ge was irreversible. 

Within a f.et;J months bark began to peel and tw~gs with green 

wood could no£ be found. A year later there was no evidence 



of r evivification. 

class. 

Island EB unfortunately falls in this 

On ether trees, including island E7, a large majority 

of the leaves and shoots were browned but a small cont inuous 

section remained unaffected$ Here the dam~ged part apparently 

died, while the small healt1y section continued to produce 

shoots and green leaves. It should be noted that the numerous 

prop roots of !.{hizop~o!?-. ensure that any sectio 1 of a tree 

containi~g at least one major branch will be rooted directly 

to the substrate. 

Trees less severely damaged (60% or fewer browned 

leaves) showed the following pattern of recovery. Unaffected 

sections remained uncha~ged, while leaf abscission in most 

of the dam~ged sections was accompanied by the sprouting of 

new shoots directly from almost all branches. New green 

leaves appeared on a few of the branches from which brown 

leaves had fallen. Within two months the trees appeared 

normal except for occasional patches in the extreme upper 

canopy that remained bare. Island El, which 2 days after 

fum~gation appeared to have about 50% brown leaves, recovered 

as just described so that after one month it did not appear 

to have incurred more damage than similar trees do _duri~g 

heavy storms, and two months after defaunation seemed quite 

normal except for a small bare patch in the upper canopy. 

At no time did bark crack or peel. 



In most am~ged trees of the first two classes - -where 

either the ,hole tree or all but a small section was 

irre rersib.ly d .e.stroyed ·--there was copious oozing of sap for 
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up to a wee ·_ after fum.igation. Such oozing was never observed 

in untreated trees, nor in those furr. .igated trees which showed 

good recovery. 

The action of methyl bromide on living plants has 

probably been studied more thoro~ghly than that of any other 

ftun~.gant~ b {t as with all such work the majority of publica­

tions deal l~..rgely in purely physical and visual terms. 

Mainwari!lg (1961) has examined the physiological responses 

of several plants to methyl bromide and his numerous observa­

tions imply that its major ef feet is auxin inhibition. 'I'his 

hypothesis seems consistent with all previously reported 

effects of m-ethyl bromide fumigation (Page and Lubatti, 1963). 

The damage which we describe seems too drastic and certainly 

too immediate to be attributed solely to auxin inhibition, 

although the presence of such a biochemical action cannot be 

ruled out. 

Whatever the biochemical effect of methyl bromide on 

Rhizop.E_(?,_~~ mangle, it apparently had the expected Q1 o of 2-3. 

Our initial tests in Matheson Hammock were conducted on small 

plants in a swamp dominated by large treess Consequently 

they were well shaded and the temperature inside the fumigation 

tent remaine d · within 5 ° F. of the air temperature (7 5 ° -8 5 ° F.'.) • 



The experimental islands ob iously could not be sha~ed, and 

even on overcast days the _temperature inside the tent 

(undoubtedly increased considerably by heat absorption 

through its dark outer surface) was at least 90° F. On 
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sunny days the inner temperature was so high that the covering 

alone, without fumigant, caused burning of leaves, especially 

those touchi~g the tent and in the u per canopy. Indeed, 

it seems probable that the generally more severe damage to 

the upper canopy throughout this experiment was caused by 

higher temperature, especially since methyl bromide gas has 

a density (3.974 _ g./1. at 20° C. ) considerably greater than 

that of air. Its concentration would consequently be 

expected to decrease toward the upper canopy. 

Air humidity is much less important than temperature 

in its effect on fum~gation dam~ge to plants (Page and 

Lubatti, 1 963); our experiments were almost all conducted 

within a narrow humidity ra~ge (65%-90%) and the effects of 

varying this parameter were not studied. 

Two experimental islands fumigated during daytime were 

both dam~ged--E7 severely and El less so (see above). Massive 

use of dry ice was impractical because of transpo~tation 

problems , and increased circulation inside the tent had no 

effect. To reduce damage associated with heat we therefore 

fumigated all . other islands at n~ght. Concentration was 

increased to 28-30 oz./1000 cu. ft. with no observable 

additional dam~ge. 



'l'he chemical means for def aunation having been chosen 

and tested preliminarily, we were left with an overwhelming 

physical probl8m--ho·w to fumigate an entire isla.nd? 

Assumi~·g that we could somehow get the fumigation tent, 

an 80' x 80' piece of plastic-impr~gnated canvas with additional 

side pieces for la~ger islands, onto an island, the tree 

could not support the weight without major limb breakage, 

since even our special half-weight tent. weighed 600 lbs. It 

was evident that some sort of superstructure was needed, one 

which would surround and rise over the island to remove most 

o r all of the tent weight from the tree. 

Perhaps the most obvious idea, that of constructing a 

permanent framework and lowering it over the islands by 

transport helicopter, was discarded because the expense of 

buildi~g such a framework was not justified by our small 

number of islands. 

We next considered a temporary framework to be assembled 

in the field, presumably a rectangular solid which would 

cover an entire island. One such method for which the frame 

was built and tested--in Miami and then over small mangrove 

islands near Key Largo--employed the structure in Figure 2. 

The steel center support of this framework, the remainder 

of which wa.s constructed of l~ghtweight aluminum expressway 

sign supports, was anchored on the tree or in the substrate 

near the center of the island. This method proved to have 

• 



Figure 2: Partial framework of expressway 

sign supports 
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s everal drawbacks on islands with rm1ddy substrates, the most 

important being the difficulty of keepi~g the four legs from 

sinking to different depths in the mud. 

A second, more promising method utilized a temporary 

full framework (shown nearly complete in Figure 3 ) of 

construction scaffoldi~g set ~n planks. Preliminary work 

with this method justified a full-scale test and on October 

10, 1966, island E7 (Map 3) was defaunated to test both the 

scaffoldi.~1g framework and previously determined fumigation 

specifications. 

All work was done in the daytime, at a temperature of 

about 80° F. Planks to prevent the framework from sinking 

into the mud were placed underwater in a square around the 

i sland and held ·manually until the first tier of scaffolding 

(which was sufficiently heavy to keep them from floating) 

was placed on them. The remaini!}g tiers were added, one 

side at a t ime, until the island was surrounded by a cube 

o f scaffolding. F~gure 3 shows the framework complete 

except for the upper tier of scaffoldi!}g in the r~ght rear 

corner and the square walkway of planks around the very top 

of the structure. 

The tent was then raised by block and tackle to the 

top of the framework and lowered over the island (Figure 4). 

Methyl bromide was intr duced from 100 lb. cylinders through 

two shooting stations at opposite sides of the island 8 ft. 
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Figure 3: Scaffolding over Island E7; complete 

except for top walkway 

Figure 4: Fumigation tent over Island E7 





above the water. Each station emptied into a metal tub 

mounted with a fan to disperse the _ gas. The chloropicrin 

(added to the odorless methyl bromide as a safety measure) 

precipitated and dripped into burlap sheets at the bottom 

of the tubs. Concentration was measured frequently by~ 

Gow-Mac thermal conductivity meter with a self-contained 
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pump attached to a testi~g station 8 ft. above the water and 

well away from the two shooting stations. The fans and meter 

were powered by a 12 1/4 hp. portable gasoline-run AC gener­

ator located on a nearby workboat. 

The methyl bromide concentration was increased from 

0 to 22 oz./1000 cu. ft. over 30 min., then kept at 22-25 

oz. / 1000 cu. ft. for 2 hours. The gas was released through 

seam openings for 45 min. and the tent was then removed. 

E7 was monitored by the method to be described shortly 

(but with considerably more twig breakage ) for 2 hburs 

immediately after defaunation and for the complete next day. 

The results generally confirmed the evidence from the Matheson 

Hammocl' tests. Of the original 23 observed colonists, 11 

were recovered all dead, frequently in large numbers and 

all life stages. The details are_ given in Table 2. The 

only live animals found were larvae of two deep-boring 

beetles, and these ·formed only a small fraction of the original 

population, as shown by the following recovery d~ta. 



§~Y ... :. .. ..c? .. !~:t-~~ biustus 

{Cerambycidae) 

Pseudoacag~_ sp. 

(Curculionidae) 

live 

2 

2 

dead 
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One of the two live cerambycids was extremely sluggish and 

died an hour after removai. The other cerambycid and the 

two weevils seemed healthy, though one of the weevils became 

torpid and died 9 hours after removal. 

The tree was severely dwnaged as described on p. 39. 

Within two months 85% of the foliage was dead , although the 

single livi!)g section has remained unchanged to the time of 

publica.tion. 

In sum, the gas worked essentially as expected and 

this aspect of the fumigation was left uncha!}ged in subsequent 

defaunations, except that the work was hence£orth done at 

n~ght in all but one instance. The scaffolding fiamework 

had dis.advantages, chief amo!lg them bei!}g the large crew 

necessary to erect it (at least five men) and the number of 

pieces and we~ght of the equipment. This nece~sitated 

numerous boat trips between E? and our staging area near 

Manatee Creek. Moreover, the shallow water alo!}g the route 

precluded the use of large craft. This problem turned out 

to be greatly a9gravated on the other experimental islands, 

most of which were considerably further from a convenient 

staging area. 
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TABLE 2. Colonists on E7 during defaunation 

INSECTS 

Embioptera: 

Orthoptera: 

Coleoptera: 

Psocoptera: 

Hemiptera: 

Lepidoptera: 

Hymenoptera: 

ARACHNIDS 

Araneae: 

Acarina: 

OTHER 

Chilopoda: 

Isopoda: 

' ' ' ' . . . . . . ' ' ' .. 

gen. sp.* 

Latiblattella nc sp. 
CycloJ~>tilurn SJ? o 

Tafa·1·1sca lur·1da* 

·p seudoacalles sp. v 

Leptostylus sp. 
Styloleptus •biustus ' 
Tricorynus sp. 

Archi•psocus pan·ama 

Pseudoco·ccus sp. 

Nernapogon sp.* 

Casinaria texana 
Carnponotus florida·nus* 
Carnpon·otus pTan·atus * 
Paracryptocerus varians* 
Pseudornyrrnex elongatus* 
Xenornyr:mex floridan·us* 

Ariadna arthuri 
Eustala sp. 
Leucauge venusta* 

Galurnna Spo 

Rhyscotus sp.* 

*discovered dead after fumigation 

' discovered mostly dead after furn~gation (see text) 
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Consideration was therefore given to sacrificing the 

complete framework for a partial one, possibly a si!)-gle 

tower risi?g far enough over an island so that most of the 

tent we~ght would rest on the tower instead of the tree. Such 

a method would not afford the protection ~gainst wind_ given by 

a complete framework, but would require much ·1ess equipment 

and, hopefully, a smaller work crew. 

)\gain there were several alternatives, and a number 

of permanent towers (such as broadcasti!lg towers and various 

construction booms) were studied. They seemed in general to 

be much larger and heavier than we needed, and would require 

a sizable ba~ge for transport--but the shallow water and 

travelli!lg distances involved made this unattractive. 

Furthermore, it soon became apparent that a tower method 

would entail considerably more aerial and acrobatic skill 

than we possessed. 

National Exterminators therefore contracted a steeple­

jack full time to devise and to implement a tower method for 

fumigation of islands. After a month of experimenting on 

islands near Key Largo, the following procedure was adopted ·. 

A collapsible 30-ft. triangular steel tower was erected 

in the center of the island, either propped on a large root 

or forced deep into the ground. The steeplejack then 

climbed to the top and threw out three guide wires which were 

fastened down with mudscrews or stakes, depending on the 



substrate. Using a block and tackle, one man on the tower 

and one on the island lifted the rolled tent until it formed 

a tria!1g l e over the island. The tent was then carefully 

unrolled down the_ g ide wires until the island was covered 

(Figures 5 10) . 

Whereas wind had little effect upon manipulation of 
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the tent in the scaffoldi!)g methoc1, it was impossible to 

unfurl the tent from the tower in winds greater than 8 knots. 

Sandbags and stakes were used with both systems to help keep 

t ent edgbS submerged. 

Equipment used in the tower method was identical to 

that describe~ on p. 44 for the scaffoldi!1g method, and was 

similarly situated. The procedure was identical except 

t hat gas was administered from 1 lb. cans instead of 100 lb. 

cylinders and concentration and duration were increased to 

2 8-33 oz. / 1000 cu. ft. for 2 1/2 hours on all islands but El. 

After ftlffi~gation the methyl bromide was released through 

tent seams as with scaffolding, but i n the tower system tent 

removal was more difficult. At l ow wind speeds the tent 

could be laboriously refurled and gradually lowered to the 

boat. We fortuitously discovered that high winds, instead 

o f causing extensive damage as we expected , could actually 

aid tent removal. The windward side of the tent was lifted 

by poles to about 8 ft. above water , whereupon sufficient 

wind entered the tent to lift it up ave~ the tree and to 
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Figure 5: Tower over Island E2 

Figure 6: Tent being lifted onto tower by 

block and tackle 
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Figure 7: Tent in furled position over 

Island E2 

Figure 8: Tent opened over guide wires 





Figure 9: Island E2 partially covered 

Figure 10: Island E9 covered by tower method 
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drop it, pru:tly extended, into the water on the leeward side 

of the island. Air trapped beneath the tent was sufficient 

to float it. It was then tied to a boat and pulled offshore, 

where it was manually lifted from the water. 

El was fumigated in the daytime. For all remaining 

islands the tent was unrolled no earlier than 60 minu es 

before sunilo"vn, the fumigation was conducted between 8: 00 - 12: 00 

P.M., the gas was removed by 1: 00 A.M.· , and the tent was 

either off the island or refurled within 90 minutes of dawn. 

Effects on the ma~grove trees of the fumigated islands are 

noted in Table 3. 

The total destruction of the mangrove on EB was probably 

due to two factors. First, since E8 is located on a wide, 

shallow mud bank the boat was anchored 110 yds. from the islanc. 

'rhe meter pump drew the_ gas this distance to the meter (on 

the boat). It seems likely in retrospect that the pump had 

insufficient power and that consequently our readings (of 

28-33 oz./10OO cu . ft. ) represented only part of the actual 

concentration ~-ithin the tent. Secondly, because of 

difficult w-orki.!lg conditions (darkness, soft mud , and the 

frequent appearance of sharks) the gas could not be released 

until 3 hours at readings of 28-~33 oz. had passed, instead 

of the planned 2 1/ 2 hrs. The use of EB a.s an experimental 

island was discontinued. 

All islands were examined immediately after tent: removal 
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TABLE 3 . Extent of damage to foliage a nd subsequent recovery on experiment al 
islands • 

Island I Fumigation 
Date 

Time Extent of Damage Location Recovery of Fol iage 
Damage 

(Burnt Leaves) 

El I 3/13/67 day 50% general complet e in 2 months , 
except for . extreme 
upper canopy 

E2 I 3/7/67 night 10% upper canopy complete in 2 months 

E3 I 3/17/67 night 5% upper canopy complete in 2 months 

E7 I 10/10/66 day 85% all except one none 
section 

E8 I 4/17/67 night 100% complete none 

E9 I 4/7/67 night 20% upper canopy and little in upper canopy 
one other complete elsewhere in 
section 2 months 

ST2 I 4/20/67 night 5% scattered complete in 2 months 

\..Jl 
(..,1 
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to ensure tha t the fum~g a tion had been effective. No 

living animals wer e found on El, E2, EB, and E9. The results 

from E7 have already been described. A si~gle live 

curculionid larva was recorded on E3. • On ST2 one livi~g and 

at least 100 dead polyxenid millipe de s (Lophoproctinus 

?bartschi) were observed. Altho~gh we have no further direct 

evidence and know of no work on methyl bromide fumigation of 

millipedes, we suspect that all millipedes not destroyed 

immediately were killed by the delayed effect of methyl 

bromide discussed earlier. At no time in the later coloniza-·· 

tion of ST2 (or any other defaunated island, for that matter, 

and L?phoproctinus was found originally on El, E2, E3 , and 

ST2) was Lophoproctinus◄ present, and an especial attempt at 

the first monitori~g of ST2 to find polyxenids yielded only 

dead ones. 

In sum, we feel that this fum~gation technique kills 

a ll mangrove arthropods with the single possible exception 

of deep-boring beetle larvae. 

MONITORING TECHNIQUE 

Precautions were taken a~ all monitorings to prevent 

contamination of the experimental islands. At all islands 

except E2 (where this procedure was impractical because of 

the depth and nature of the bottom and unusually h~gh 



frequency of sharks } boats were never bro:u,ght in contact with 

or tied to the islands but rath~r rere anc1ored at least 40 

ft. offshore. Before wading to an island experimenters 

examined clothing, equipment, and persons for animals, which 

were destroyed. To lessen the chance of phoresy invest~gators 

simply immersed themselves briefly early in the experiment 

but lat.er substituted thorough spraying with "Off" insect 

repell,ent ( 1 ,N--diethyl-meta-toluamide) . All equipment used 

on the island w,as sprayed weekly with a short-lived insecti­

cide. 

Absence of sup/atidal land simplifies the environment 

of the typical small mangrove island greatly. The following 

microhabitats dominate an island: 

hollow twigs 

livi~g branches and twigs 

dead bark and tree holes 

leaves and flowers 

green shoots 

fruits 

Because of the extremely small size of the experimental islands 

it was possible to study most microhabitats exhaustively for 

the predefaunation censuses. For example, on E3 we broke 

and examined 3500 of an estimated 5000 small hollow twigs, 

collected 90% of the fruits, and looked under at least 80% 

of the dead bark. Rhizophora has numerous limbs and our 

islands were relatively low, so that the greatest part and 

frequently all of the upper canopy was safely accessible if 

one climbed judiciously. 
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Our continued work in ma~grove, after our surveys of 

El, E2, E3, E6, and E7, b~t before the surveys of ST2, E8, 

E9, and El0 and before any defaunations, led us to believe 

that our study of the leaf and shoot fauna had been deficient. 

From that time_ greater emphasis was placed on these micro-

habi tats. During fur.a _iga tion we had serendipi taus evidence 

for the completeness of our or~ginal surveys (with the 

exception just noted). The fumigant included 2% chloro_picrin, 

which drives out even deep-boring and hollow twig-dwelling 

arthropods (cf. Lauer , 1965). In our experiment the animals 

either fell into the water or remained hanging from branches 

by spines or silk, tenuously and conspicuously. Those which 

fell generally rema.ined afloat and, when a tent seam was 

opened after fumigation, flowed out in a stremn where they 

could be seen easily with a flashlight and collected on a 

screen. 

This technique was especially effective on E8, E9, _and 

ST2 and indicated_ greater densities of both insects and 

spiders than we had suspected. Only on F8, however, were 

animals found that had not been noted in the or.iginal surveys. 

These consisted of four beetles: 

Staphylinidae: gen. sp. 

Carabidae: Bembidion sp. nr. contractum -- -
Carabidae~ Tachys occulator 

Oederneridae: Oxacis sp. 



Of these the first three were apparently livi!lg in a patch 

of temporarily supratidal mud, which wa? subme!='ged ?-gain two 

weeks later during a strong wind. Oxasi~ sp. is believe d to 

have bee 1,. a transient. 

Defaunated islands we re monitored every 18 days 

(approximately) for a 2 day pqriod. The original census 

method was usad with less break~ge of tw~gs and peeling of 

dead bark. At each monitoring period approximately 10% of 

all hollow twigs were broken, and with this treatment the 

n umber of hollow twigs seemed to remain constant throughout 

the experiment. Only when gentle lifting failed to allow 

vision was dead bark remov~d and then only a part was peeled 

offe Small amounts of carbon tetrachloride and ammonia and 

tapping with a steel probe were used effectively to drive 

animals out from underneath bark and inside hollow tw_igs with­

out damage to tre~ or colonist. Great care was taken to 

prevent the monitoring from being destructive and from 

altering the proportions of the respective microhabitats on 

an island. 

Most colonists could be identified in the field because 

of the small subset of the Keys fauna which invades small 

mangrove islands and the completeness of our reference 

collection. Those which could not be recognized with 

certainty were treated in one of two ways. If the animal in 

question was obviously part of a sizable population, as with 
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:r.nany psocids and thrips, a small collection · was made, one 

that did not exceed 2% of the estimated minimum size of the 

population. When an unknown colonist was not part of a large 

population we phot~graphed it with a Medical-Nikkor lens on 

a Nikormat FS camera. 

It was quickly discovered that the rate of finding 

colonizing species, at first v ery high, declined approximately 

linearly to near Oat about 14 man-hours o f searching: 

d
2

S _ C < O, t < 14; dS _ O, t > 14 
dt 2 dt 

S - total# spp. seen during monitoring 

t - time searchi?g, in man-hours 

C - constant 

Beyond 14 man-hours previously unrecorded colonists were 

rarely found ·- a very few would be expected from immigration 

within the monitori?g period. Graph 1 depicts the cumulative 

number of species observed vs. time for three representative 

monitorings. Different sizes of islands, weather conditions, 

and especially varying. population siz?s caused minor differences 

in the curves, but despite great change in species density 

thro:ughout the experiment the curves remained remarkably 

similar ; the above approxbnate equations continued to hold. 

A 2 day monitori?g period (17-20 man-hours ) was therefore chosen. 



Graph 1: Cumulative species counts for 

three monitorings 
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Because of the simplicity and very small size of the 

experimen al islands we felt that all coloni·ts havi?g 

crepuscular or nocturnal act'vity wer being recorded during 

the diurnal monitoring. The anyphaen_id spider Aysh~ sp. and 

ant Paracrxptocerus varians are both strictly nocturnal, yet 

both were recorded during the . day in their retreats. 

Sim~larly the crepuscular braconid wasp Macr centrus sp. and 

largely nocturnal ants ~amponotus floridanus and Tapinor~ 

littorale were repeatedly observed. 

To ensure that nocturnal and crepuscular colonists were 

not escapi?g detection several monitori?gs were performed 

at dusk and during the first few hours of darkness, suitable 

precautions (such as narrow beam lights) bei?g taken to 

prevent attraction of night fliers to the islands. No 

colonists were found which had not been recorded at the 

preceding diurnaJ monitori~g. 
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ABSTRACT 

The colonization of six small ma~grove islands in 

Florida Bay by terrestrial arthropods was monitored continu­

ally for one year after defaunation. 

Both the observed data and climatic considerations imply 

that seasonality had little effect upon the colonization 

curves of species present vs. time. By 250 days after . 

defaunation the faunas of all but the most distant island 

had returned to a state not unlike that on untreated islands 

in species number and composition, al tho\1g·h population 

densities were still abnormally low. Early colonists included 

both weak and strong fliers, but the former, particularly 

psocopterans, were usually the first to produce la~ge popula­

tions e Amo~g these same early invader s v-.rere the taxa 

displayi~g the h~ghest extinction rates and also the_ greatest 

variability in species composition on the diffe:cent islands. 

Ants, the ecol~gical dominants of mangrove islands, were 

among the latest to colonize , but did so with the highest 

d~gree of predictability. 

The colonization curves plus static observations on 

untreated islands imply stro!lgly that a dynamic equilibrium 

number of species exists for any island. The colonization 

curves are b e lieved best explained as the product first of 

colonization involvi~g little if any interaction and then 

:, 



a _ gradual decline as interaction becomes important, termi­

nating in a lasti~1g dynamic quilibrium. Equations are 

given for the early immigration, extinction, and colonization 

curves. 

Dispersal to these islands is predominantly through 

aerial transport, both active_and passive . Extinction of 

ear ly colonists is probably rarely related to biotic inter­

action but rather to such physical factors as drowning or 

lack of suitable b reedi~g site. As population sizes increase 

it is expected that competition and predation will become 

more important. Observed turnover rates showed wide variance , 

with most values between .05 and .so spp./day. True turnover 

rates are probably much higher, with .67 spp./day the extreme 

lower limit on any island . 
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SPECIES COUNTS 

For the species counts and discussion which follow these 

definitions will be used: 

Colonization: the existence of at least one 

propagule of a species on an island 

Extinction~ the dis-appearance of a species from 

an island 

Invasion: the arrival of one or more propagules 

on an island 

Irnm~gration: the arrival of a prop~gule on an 

island unoccupied by the species 

Propagule: the minimum number of individuals of 

a species capable of breedi~g and popu­

lation increase under ideal conditions 

for that species (unlimited food supply 

and proper habitat, no predators, etc.) 

The distinction between invasion and imm~gration should be 

noted. It is incorrect to speak of an immigration rate for 
, 

one species, since an immigration rate for an island is in 

units of spp./time. A species can have an invasion rate on 

a_ given island, however - thi? is simply the number of 

propagules of that species landing per unit time. 

In analyzi~g species counts made at discrete intervals, 

as in our monitorings, every species for which at least one 

propagule exists is designated a colonist. It is also 



designated an immigrant if it was not a colonist at ·the 

preceding count; every in 1igrant i.s also, y definition, a 

colonist.. This definition says nothing about whether foo_d 

and a breeding site exist; a species whose propagu elands 

on one of our islands is a colonist even if it is doomed 

to quick extinction for purely physical reasons, for example 

the absence of a suitable nest site for a _ given species of 

ant in the Rhizophora. 

Because of the relative nearness of our experimental 

islands to source areas and, to a lesser extent, their small 

size and ecol~gical simplicity, ambiguities concerni!).g the 

state of colonization sometimes exist which would not arise 

if we were dealing with such truly distant and la~ger islands 

as Tristan da Cunha or Easter Island. Even in these places 

a very few birds might be seen rather frequently which are 

transients and do not breed on the islands, but in_ general 

any animal for which a prop~gule would be recorded on the 

island would "know" it was on an island. The island is not 

simply an extension in some sense of the mainland. 

In our experiment a small percentage of the animal 

species, less than 10% of _all species s~ghted, behave as 

tho~gh the distances to the experimental islands ar~ not 

qualitatively different from the same distance overland. 

We wish to discount these species in our calculations, unless 

insularity becomes important in a specific instance. 
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~vo classes of species can be recognized in this 

connection . Se eral species of i nsects (cicadas, odonates, 

hunting bees and wasps ) treat small a~grove islands as part 

of a fine-_rained foraging area, travelling readily and 

frequently ,unong several islands and adjacent shore r~g ions. 

A species of the wasp genus Polistes for~ges regularly over 

small mangrone islands but rarely nests there. When nesting 

does occur the wasps apparently restrict their foraging 

la~gely to the nesti~g island. Only an extant nest qualifies 

the Polistes as a colonist. In similar cases actual breedi~g, 

rather than j ust the presence of sufficient animals to breed 

under the most favorable conditions, was employed as the 

criterion for colonization. Transient adult butterflies, 

particularly Ascia monuste and Phoebis aga~ithe (Pieridae) , 

in the course of active migration over and beyond the 

experiment:al islands occasionally skim briefly through an 

island proper but do not stop to breed there. These will not 

be considered colonists for reasons similar to those used 

to discount f ine:-,grained foragers. 

A second difficulty associated with ·the nearness of our 

islands concerns intermittent breeding by strong-flying 

insects combined with continuous foraging by adults . The 

moth Automeris io (S aturniidae ) forages frequently on small 

mangrove islands and occasionally deposits eggs. The life 

cycle from egg to adult of Automeris on R_hizophora is about 



2 1/2 months, nd if (as may have happened on E3) adults 

breed on an island at intervals greater than that extinction 

ra-tes would apue r to be )11· h J.: - g • For after a brood matures, 

the survivors_ generally al1 disperse from the island and no 

new adults may breed thexe for a period. This is obviously 

not extinction in its classical sense--it is not caus8d by 

competition for food or space, predation, climatic ca· ·astrophe , 

etc.--but it does accord with our strict defini .ion ~iven 

above. This situation was fortunately rare, almost entirely 

restricted to a few Lepidoptera; species of this type will 

be considered colonists, with one immigration only and no 

extinction, until a definitive and extended absence is recorded. 

The behavior of the very few nesting birds listed earlier 

would place them in this category but they were nevertheless 

discounted in our analysis. 

A few arthropods live in and among Rhizophora roots at 

or below the water level, some foraging on mud at low tide. 

These include the isopod Li1ia ~otica, an unidentified 

arnphipod, and three insects: Trochopus plurnbeus (Hemiptera: 

Veliidae), Axelsoni~ littoral.is (Collernbola: Isotomidae), 

and Anurida Maritima (Col lembola: Poduridae). These will 

b~ excluded from the species counts because they a~e 

essentially part of a surface marine community and apparently 

do not interact significantly with the arboreal mangrove 

fauna. All are ubiquitous around small mangrove islands and 
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cannot be eradicated with certainty. 

The impermanent mudbanks on EB and E9 that remain wet 

but above water for s everal weekc in calm weather harbor a 

peculiar marine arthropod community, listed in Table 1. Most 

of the species are concentrated in washed up and wet debris 

and algae. That all but the ~arwig L bidura riparia are 

virtually marine and do not breed on the islands is indicated 

first by their never havi~g been collected on ~2jzopho£ 

(even when the mud is submerged and debris washed away by 

wind-driven h~gh tide), second by most species having been 

observed swimmi~g from one patch of mud or debris to another, 

and finally by the swift recolonization by large populations 

of most species observed after extinction caused by extended 

flooding. L. riEaria is the only species found on the islands 

proper, and it is probably the only one whose energetic 

interaction with the mangrove and its arboreal fauna is 

significant. All the others apparently feed on seaweed or 

washed-up detxitus, or else prey upon those which do. 

Consequently~.: Eiparia alone is considered a colonist. 

The tree snail Littorina angulifera and tree crab 

Aratus 12isonJi inhabit all but the upper canopy of small 

ma~grove islands but will not be counted for the following 

two reasons. Neither can be removed--Littorina is unaffected 

by 50 oz./1000 cu. ft. of methyl bromide for 3 hrs., and 

Aratus simply drops to the water and may swim under the tent -



TABLE 1. Arthropod community of intermittently submerged 
mudbanks on small mangrove islands 

INSECTS 

OTHER 

Collembola 

Poduridae: 

Deriaaptera 

gen. sp. 

Labidur idae: • Labidura· ripa•ria 

Coleoptera 

Carabidae: Bemhidion sp. nr. co·ntractum 
Tachys occulator 

Corylopb.idae: Anisome·ristes sp. 
Ptiliidae: Actin•o·pte-r-yx· 'fucico·la 
Staphylinidae: gen. sp. 

Hemi ptera 

Saldidae: Pentacora sphac el'ata 

Acar i na 

Veigaiaidae: 

Isopoda 

Oniscoidea: 

Veigai a sp. 

Ligia ex·otica 
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and both have planktonic larvae. Again, the inte raction of 

these species with the remainde r of the arboreal community 

appears superficially not to be significant. 

Our de..finition of a propagule dictates that anima ls 

with zero reproductive value (e.g., a male ant landi~g on 

an island after a nuptial flight) not be considered colonists. 

Al tho~.1gh birds were not counted here, bird para.si L.es 

which est~blish breedi~g populations on the isla nds rathe r 

than wholl).7 on the birds were listed as colonists. 

Specifically# the hippoboscid flies Olfer sia sordida and 

• Lynchia albip_enhi~ (whose puparia are commonly found in tree 

crevices) and the tick Argas Eadiatus (all st~ges of which 

live under dead ma~grove bark) were counted. 

Finally, except for the rare larvae and pupae, all 

Diptera were excluded. Monitori~g of flies proved too 

difficult to warrant faith in the accuracy of species counts, 

and the extre .. me scarcity of immature stages indicates that 

small mangrove islands rarely support breeding dipteran 

populations~ 

Deep boring beetles were deemed valid colonists in this 

series. The uncertainty of extinction discussed above 

notwithstandi~g, the data imply that the few initially 

surviving cerat~bycid larvae were destroyed by a delayed 

effect, and that the weevils may have succumbed in the 

same way. In · any event there are but four species involved, 



and rarely were more 1.-han two found on a si!1gle island. 

Conservatism was employed in counti!1g acceptable 

colonists. In all instances of uncertainty about the 

number of species of a _ given taxon present the minimwn 

possible number is taken~ For example, occasionally the 

records for one monitoring revealed two t.hrips, NeurothrieE. 

magnafemoralis and Liothrips sp. (both Tubulifera), as well ·- -
as larval thrips identifiable only to the subor er Tubulifera. 

Since the larvae could conceivably be ascribed to one of the 

two species known present, only two species are recorded ·for 

this period. Similarly the observations on El (V-29 -67) of 

a moth caterpillar Bema lY,dda. (Phycitidae ), • nd a srnall adult 

moth similar to Berna but seen too briefly to be so recorded 

with certainty yield a species count of one only, since both 

individuals could belo?g to one species. 

The presence of an immature animal need not imply 

breeding on an island; spiderli~gs balloon more readily.than 

adults, and any insect larva could be blown or rafted to an 

island, altho~gh for some, of course, the probability of this 

is quite low. Similarly, an adult female does not constitute 

a prop~gule or part of one if she has· not been fertilized, 

is not of a parthen~genetic species, and no male is present. 

Nevertheless, we assume here that an adult female, an adult 

of indeterminate sex, and an immature animal each imply the 

presence of a propagule. Adult males are not so count~d. 



The ac:companyi!lg tables (2-7) of coionists on EJ, E2, 

E3, ST2, E?, and E9 show he complete course of colonization 

on the defaunated islands. They are based over 90% on direct 

observation. In certain instances (hatched bars on the tables) 

animals were assurned present through one or more rnoni tor ing 

cycles when not actually observed. To ensure consistency in 

such interpolations the rules given in Table 8 were followed. 

SEASONALITY 

We must first discuss whether any aspects of the 

colonization depicted in Tables 2-7 (and Graphs 1-3) are 

artifacts 0£ the particular season at which defaunation was 

performed .. That is, if all the islands were fumigated in 

September instead of March would the tables and derived 

curves be qualitatively different? 

This ,~ould obviously be so in much of the United States, 

where dispersal st~ges of most insects and spiders occur at 

short, distinct periods (usually in the summer ). The Florida 

Keys are subtropical, however, with the ~ean temperature of 

the coldest month (69.6° F.) only 14° F. lower than that of 

the warmest month. Frost has never been recorded. The mean 

humidity of the driest month is but 8% lower than that of 

the most humid. Rainfall is less hom~geneous, September­

October averaging about 6 inches and December~-January only 



Table 2: Colonists on Island El 



INSECTS 

ARACHNIDS 

OTHER 

THYSANURA 
ORTHOPTERA 

DERMAPTERA 
COLEOPTERA 

THYSANOPTERA 

CORRODENTIA 

HEMIPTERA 

NEUROPTERA 

LEPIDOPTERA 

DIPTERA 

HYMENOPTERA 

ORDER UNK. 
ARANEAE 

ACARINA 

JSOPODA 
DIPLOPODA 

Lepiemidae 
Blaitidae 
Gryllidae 

Labiduridae 
Anthicidae 
Curculionidae 

Phlaeothripidae 
Thripidae 
Peripeocidae 

Peocidae 
Aleyrodidae 
Coccidae 
Miridae 
Chryeopidae 

Eucleidae 
Heeperiidae 
Lymantriidae 
Olethreutidae 
Phycltidae 
Ftineidae 
Pyralidae 
Saturniidae 
Hippoboecidae 

Bethylldae 
Chalcidae 
Eumenidae 
Formlcidae 

IchneumODidae 

Fam. Unk. 
Araneidae 

SalUcidae 
Fam. Unk. 
Argaaidae 
Aecidae 
DermanyHiltae 

Galumnidae 
OrlDatulidae 
Phytoeelidae 

Polyxenldae 

Lepillma lip. 

Latiblattella n. ep. 
CyclopWum lip. 

Tafalleca lurida 
Labidura riparla 
SaplntWI fuMpee 
Cryptorhynclua minutiBBlmUB 
PBeudoacallea ep. 
Gen. ep. 
Neurothrlpa magnafemoraua 
PBeudothripa inequalia 
EclapeOCWI Bp. ql 
PeripSOCWI pauUani 
Peripaocua atagnlvagua 
PeripSOCWI ep. C 

PBocidus texanue 
Tetraleurodea ap. 
Ceroplutee lip. 
PBallua conepurcatue 
Chryaopa collarill 
Chryeopa rufllabria 
AlarocUa alouonlae 
Phocidee batabano 
Orgygia detrlta 
Ecdytolopha lip. 

Bema yc1da 
Nemapogon ap. 
Gen. ap. 
Automerla lo 
~nchia albipennla 
Olferela eordida 
Scleroderma macroguter 
Brachymerta psyche 
Pachodynerua nuidena 
C&mponotull tortug&nWI 
Colobopaia_ ap. 
Crematoguter uhmeadi 
Peeudomyrmex elongatua 
CalUephtalte• ferruglneua 
Caainaria texana 
Gen. ap. 
Euatala ap. 1 
NephUa clavlpea 
Hent&ta palmarum 
Gen. ap. 
Argu radiatus 
Arctoeelua ap. 
Ornitnonyaaua bursa 
Pellonyaa1111 ap. 
Galumna ap. 
Schelorlbaiea ap. 
Amblyaetua lip. 

IUlyacOQ18 ap. 
L,opboproctlnua bartacbl 

q_~~ ,,.,.,. <,'b 11 <:JJ<, ,,-?, \~ \ ,~'?> ,ro1 \~to 1,0),,.7,,,,,,11,,.,11,"'17,,'tJJir 1,~o 



Table 3: Colonists on Island E2 



►: lllllt ll'Tt:trA 
I •HTlf4. IPTt:U,\ 

TL•r:11L'mhjkl:.I,• 
l\lallitl.lL' 

·r,•tti~onUdut• 
Kah1l1.•rmitJd11t• 

Anol,licfa,, 
Anthit"Jd:.k.• 
Ruprt>t11kklt.• 

Chi,·lk1m1..•lkla1..• 
(,Ul.'ltjktiH.• 
Curc.•ull,1nkla,,• 

l.:im~-rid:1L• 
< 'lit..>dl•m,•11dat• 

1-'am. Unk. 
TlfY~AN<)l1TEHA Phh11..•uthrJpJda1..• 

Thrlpidac 
Fam. Unk. 

<"OllllOOt:NTIA Ca<-cilliwc 
l.<'j>ldup11oddac 
l.iputk.-c)idac 
Pt.•ril)IIOl.•idllt.' 
PHo,·klat.• 

llt:MIPTt:nA ,\t.-analonJidaL• 
,\l1..,·rodkla1..· 

Cicadcllidac 
Cixiidac 
Flalldac 
Miridat.• 
Pa1..,..doc0t.·ckla1..• 
Trt.,iduchkklt• 
Fum. Unk. 

Nt: UHUl'TEJIJ\ Ch~·11<,pidac 

1.t:PIDOPTt:RA Crl...'OITldridat.• 
Ht'&periida,• 
Noc.-tuida1..• 
<)h.'\hrcutkb.· 
PhyciUdac 
J>linl.'Jdul• 
P~.-ralida1..• 
SaturnHdut.• 

DIPTERA Cecldom)·ldac 
Culiddac 
Syrphidat' 
Fam. Unk. 

HYMENOPTERA Belh)'lidac 

Braconidac 

Cha.lccdectidac 
Chnlcidat.• 
Enc...,.·rtklae 
Eumcnidal• 
t:upclmldac 

Formicidat• 

lehncumunklal' 

AIIACHNIDS ARANt:AE 
SphL-cidac 
Arancidat.• 

IYrllt: R 

,\CARINA 

ISOl'<lOJ\ 
DIPI.Ol'<M>A 

ClubhNJidac 

Gnaphosidac 
l.ln)·phlidac 
Salticid:.lt.' 

Sel{CBll')Jdal.' 

TctragnathJdac 

Thcrkllidac 
Acarkbt.• 
Bdcllld:lc 
Ch~-ylctld:w 
De rman~••■td:w 
t-:ntonyssidae 
Galumnklac 
OrJbatulidue 
Phvtoaciidnc 
Tciranychkku.· 

lit•n, IJJl. 
,\i:hk,pk'ryx "I'• 
l.atiblullt.•llu n. •11. 
l.atihlattt•lla 1,•hni 
C)"l•lopUham 1ft). 

(..),·i·14,xfphu 111p. 
f'\1·oc..•twri• ~ryllcidt.•K 
Tal'ult111eu lurid11 
Turpilfo r,wtrutu 
l\ululL'l'llll'II juutdJ 
N,•1)1,•rm1..•• t·&111tun,•uK 
Trkor)·nu• •P· 
SaapJn&uH fulv_,.,.,. 
,\t:t1..•1K-'c• aum"'.Catu 
Chr)·1-.tl.1othrJ• 11,-xfwu-iutuat 
Chr)·»oholhrt" l r.tnc,.it~~rica 
,\lax.ta ap. 
~t~·lul,•.-u• hiu•lu• 
(il.•n. •P· 
<.it•n. •P· 
CryJ)lorh~·rK•ta.• mlnutilu1imWJ 
l'ttl•udooculh•• atp. 
Mkruna111,i• f lorklun:t 
Copidttn •utun1Hs 
(l,(Ul'JH Hp. 

(lx)'<"'Pl» Hp. 

Puc.•1..•ilJJ)II rhizophoruc 
TriHChidiWI alumu 
Gen. ttp. 
UothrlJJII n. aap. 
l"'cudothrlpo ln<-quall11 
Gc.•n. •v. 
C.IL>t.·llhm a,p. n~, 
t:Chmcptc~·x hat,.'\.'ni h 
Gen. •P· 
Pcripauw.·u• 11p. 
l'lluc:ldu» k·xiu1u11 
Acanalonla latJfnm• 
Alcurothl'ixu11 •V• 
11-.a.ruJl•yrudt.•tt 111>. I 
P-.a.ruJt.'yrotJt.•• •P· ~ 

Tclral1.-urudct1 t1p. 
8':uphy1.t,piut1 ttp. 
IJcn. sp. 
Plutoidimu, pur11.·latu1-1 
l>tf:.1llut1 cont1JAll'l':tlu1-1 
J>tfcudot.•o,.'CuH 111>. 
Nt•urotm,•ta hr1..•,·kt.'l)H 

G4.•n. •P· 
Chr~·•t!IXI t.'1t)l;1ri» 
t'hr~·•op1 cxlcrna 
ChryHop1 ruruahrh, 
C~·dta •V• 
Phocklt.'ti I.Julal>.11 .. , 
~Mipoll• "P· 
t:C.-dytult,pha Mp . 

Ot.•mn ydda 
Nt.•m:tpt'l,:-on 1-1µ. 
Gt.•n. •1>. 
AuhHlll'l'i• to 
lien. Hp. 

Al.ode• tut.•nlurh~·"'·ta.• 
(icn. Hp. 

lien. •P· 
Ccphalunomfo wut,•r1-1t,,nt 
Sc:lerudcrma ma..•r1-.cua1t1..•r 
Aptlntck!• ht.•mi11..'Ul•a1.• 
Cutlthormtu11 hJfa11,•latu1t 
JwtcroapJlu11 •P · 
lphiuulax L'l)h.-u• 
t:UChr~·•Ju •p. 
Gen. ■p. 
Ooencyrtu■ ■ubmt•lalUcu• 

Pachodynt.•ru■ na.a,kk•n11 
Mt:lapclm;t 8chwar1.I 
NcunaatatUIJ IIP• 
Gen. •V• 
CumponotWJ 0t1rldunu11 
Cumponot1&11 1.t1rtui,cnnuH 
Crt.•rnat.o,ca&tt.>r u.shmt.>adJ 
MonomorJum llorJcolu 
Puracryploccru■ varJ1ll'la 
P.,cudomyrmt'X clonw:atua 
Pat.•udomyrmt.'X "Oavklula" 
Tap&nomn IJltoraJ1..• 
Xcnom~·rJ1ll.>x nurklanwa 
Ollltephhtltc■ fcrrut;incua 
C4111naria tcxanu 
Trypoxylon coll&num 
ArKlopc argcntutu 
t:u■talu ap. I 
t:u■tala •J>. i 
Ga■Wraconlhu cllJpeo~• 
C,cn. ap. 
NcphUJo cla,·jpt.o• 
Anyphaena ap. 
Ay11ha sp. 
Oen. •V• I 
Gnupho11u 11P. 
Mciuncl.U. Mp. 

llullu• 11p. 

Jlcntr.ia pu..lmarum 
Mclacyrl.NI umaw 

Gen. •P· II 
Ariml.nu ar1hur1 
).CUl."UUl,,'l..' \-Cnu■la 

Tetr.l)(Mlha ap. 
C,cn. ■p. 
Rhizo,clypta.11 cu)lw..• 
Gen. IJ>. 
Ch ,_victim wcllai 
C .!11. ■p. 

t:ntonyuu■ ■p. 

C.U.lumna Mp. 

S.:hduribW.t•• •P· 
Amt.1.vlM.'JUl:I 11p. 

Tclru.nych1.11:1 sp. 
Rhvaculu11 •V• 
IJ. .... huproct.ln1.11:1 lmrtn•hi 



Table 4 : Colonists on Island E3 



INSECTS 

ARACHNIDS 

OTHER 

COL LEM BOLA Poduridae 
EMBIOPTERA Teratemblldae 
Ol!TIIOPTERA Blllltidae 

Gryllldae 

JSOPTERA Kalotermltldae 
COLEOPTERA AnobJld&e 

Anlhlcldae 
Bupreatldae 

Cerambycldae 
C11rc11Uonldae 

Lalhrldlldae 
Oedemerldae 

ScolyUdae 
THYSANOPTERA Phlaeothrlpldae 

Thrlpld&e 
Fam . Unk. 

CORRODENTlA IJpoacelldae 
Perlpaocidae 

Paocldae 
HEMIPTERA Aleyrodldae 

Anthoco r1dae 

Clcadellldae 
I,ypeldae 
Membracldae 
Mlrldae 
Nabldae 

NEUROPl'fflA Chryaopldae 

LEPIDOPTEIIA E11cleldae 
Geomelrldae 
He-rlldae 
Olethreu.Udae 
PhyclUdae 
Ptlneldae 
Salurnlldae 

HYMENOPTERA Bethylldae 

ARANEAE 

ACARINA 

DIPLOPODA 
JSOPODA 

Braconldae 

Chalcld&e 

Encyrtidae 
Eulophldae 

Eumenldae 
Eupelmldae 

Formlcldae 

Ichneum onldae 

Scelionldae 

Spnecldae 
Vespldae 
Arancldae 

CIUl>ionldae 

Gnaphosldae 
Saltlcldae 
Segestrlldae 
Tetragnntnldae 

Therldlldae 
Acarldae 
Ascldae 
Dermanyssidac 
E11podldae 
Gal11mnldae 
Orlbatulldae 
Pbytoselldae 
Polyxenldae 

Gen. ap. 
Dlradill■ carlbbMna 
Latlblattella n, ap. 
Cyclopt U um apectablle 
Talallaca J11rlda 
Kaloterm .. Joutell 
Tr lcorynua ap. 
Saplnt11a fulvlpea 
Actenodea auron>tala 
Chryaobothrla t ran".u,1,artca 
Stylolei,tua biuatu■ 
Cryptorhyncbu• m1,..uaal11111a 
Paeudoacallea ap. 
Melanophthuma Oorldana 
Oxacia ap. 
Oxycopill .... 
Trlachldlu atama 
lillplothripa Davlpea 
IJothripa n. ap . 
Neurothrlpa magnafemoralla 
Paeudolhrlpe lnequalla 
Gen. ap. 
IJ~cella b,atrychophll• 
Ectopaocopala cryptlmertae 
Ectopaoc11a ap. c 
Perlpaocua Pll"lianl 
Paockl,a teu1111s 
Tetr.tleurodea ap. 
Dlllourlell,a afer 
Oriu ap. 
!lcapllytopl11a ap. 
Gen. ap. 2 
Gen. ■p. 
Paal111a conapu rcatll■ 
Cartha■l• deco ratua 
Cnry■opa collarill 
Chry■opa extenia 
Cnryaopa rulllabrla 
Alar.>dill abuonlae 
Oxydla ap. 
Phoclde■ bataban<> 
Ecdytolop!a ap. 
Berna ydda 
Nemapogon •P• 
Aulomerl■ lo 
Neaepy rla n orldanu■ 
Scleroderma macropater 
Gen. ap. 
Heteroapllu■ ap. 
lphlaulax oplcua 
Macrocentr11a •P• 
Brachymerla payche 
Gen. ap. 
Gen. ap. 
EntedonUnl ap. 
Mellttobla chalybll 
Pllchodyneru• nuldena 
Gen. '"1>· I 
Gen. ■p. 2 
Colobopal.e ap. 
Crematoguter uhmeadl 
Monomorlum Oortcola 
Paracryptocerua varlana 
Paratrecnlna bo11roonlca 
Paeudomy rmex elongatua 
Taplnoma lit torale 
Xe.nomyrmex Oorldanll■ 
Calllapblaltea ferruglneu 
CUlnarta tellllll& 
Prolaryconua •P· 
Telonemua ap. 
Trypoxylon colllnum 
Gen. ap. 
Euatala ap. I 
Gaateracanlllll elllpaolde• 
Anyplwmaap. 
Ayala ap. 
Sergl.0111■ ap. 
Henl&l.a palmarwn 
Arladna artburl 
Leucauge ve,..ata 
Tetragnatba antlllana 
Gen. ap. 
Tyropbagllll putreacenllae 
Aaca ap. 
Gen. ap. 
Ellpodea ap. nr. tualfer 
Galumna ap. 
Schelorlbatea ap. 
Amblyaelua ap. 
LopbOproctln• bartachl 
Rhyacolua Bp. 



Table 5: Colonists on Island ST2 



INSECTS 

ARACHNDlll 

OTHER 

EIIBJOPTERA 
ORTHOPTERA 

IBOPTERA 
COLEOPTERA 

THYSANOPTERA 

CORRODENTIA 

HEMIPTERA 

NEUROPTERA 

LEPD>OPTERA 

DIPTERA 

HYMENOPTERA 

ARANEAE 

ACARJNA 

CHELONETIIIDA 
PAUROPODA 
DIPI.C)PODA 

Teratembildu 
Blawdae 
GrylUdae 

KalotarmWdae 
Anol>Udae 
AnWcldae 
Bupreatldae 
Cel'IUDbycldae 
Curcullomdae 

Lathrldildae 
Oede-rtdae 
Phlaeothrlptdae 

Tbrlpjdae 
LlpoaceUdae 
Pel1paocidu 

Paocldae 
Aleyradidae 
L,ypeldae 

ChryllOptdae 

Eucleldae 
Geometrldae 
Heaperlldae 
L,ymaatrUdae 
OlethreuUdae 
Pbyc!Udae 
PUneldae 
Py-Udae 
Fam. Unit. l 
Fam. Unk. 2 
BethylJdae 
Brac0111dae 

Chalcldae 

Eumenldae 
Eupelmldae 
Formlcldae 

Jchneumonldae 

Spbecldae 
Apocrlta 
Araneldae 

Clublonldae 

Saltlcldae 
Sege■trlldae 

Tetrapathtdee 

Therldildae 
A■cldae 

Bdellldae 
Eupodldae 
Orlba1ulldae 
Pbytoaelldae 
Velgalldae 
Fam. Unk. 
Chcllferldae 

Polyxemdae 

Dlr.UU. carlbbeua 
Latlblallella n. tip. 
CyclapWwn ■p. 
Cy rtaxfpba ■p. 
Taf■ll■ca lurid■ 

Kalalermea Jautell 
Trloorynu ■p. 
Gen. ■p. 
Gen. ■p. 
9'Ylolepu■ blll■ tu■ 
CryJitorllyncl, ■p. 
Paeud-■11.e■ ■p. 
llelanapllthalma florldana 
Otyoopi■ ■p. 

ll■plodlrlp■ flavfpe■ 
U~lp■ n. ■p. 

PNudothr-- 1Dequ■lJ■ 
Llpo■oeU■ boatrycbopldla 
~OCll■■p. 
Per-.ocu■ pa11l111D1 
Per-.- ■tacn1v..,. 
Paocidu■ teunu■ 
Tetraleurode■ ap. 
Bll■■u■ ln■ularla 

Gen. ap. 2 
Chryaopa collarl■ 
Chryaopa externa 
Chryaopa rufllabrla 
Alarodiaal-nlae 
Gen. ■p. 
Phocldeebatabuo 
Orgypa detrlta 
Eodytolopla ■p. 

Bemaydda 
Nemapogon •P• 
Gen. ■p. 
Gen. ■p. 
Gen. ap. 
Scleroderma macroga■ter 
Jphlau.1111: epicu■ 
Macrocentrue •P· 
Gen. ■p. 
Brachymerta p■yche 
Gen. ep. 
Pacbodyneru■ Malden■ 
Gen. ■p. 
c■mponotu■ norldanu■ 

Colobop■la ■p. 

Crematop■ ter ubmendl 
Crematoga■ter atldneOlll 
Paracryptoceru■ varlane 
Paelldomyrma elcmptu■ 
Teplnoma Uttorale 
Xenomyrmex fiorldanue 
camepblaltee rerrupneu■ 
Culnartatexana 
Trypmtylon colllnum 
Gen. ep. 
Eu■tala ■p. l 
Eu■tala ■p. 2 
Gut.eracaatha elllp■olde■ 
Nepbila clavlpe• 
Anypbae na ep. 
.t\Y■lavel• 
Hentzla palmarum 
Arladna anhurl 
Leuc:auge veou■ta 
Tetragnatla ■p . 

Tberldlon ep. 
Arcto■eiu■ ■p. 

A■ca ■p. 

Bdella IIP• 
Eupode■ ap. nr . fuslfer 
Schelorlbatee •P· 
Ambly■elllll ■p . 

Velpla ■p. 

Gen. ep. 
Tyrannochellfer n. ■p. 
Gen. sp. 
Lopboproctln• banscbl 



Table 6: Colonists on Island E7 



INSt;cn; 

ARACHNIIl6 

OT11t;11 

t:MIIIOl'Tt:nA Tcralemblklllc 
<lRTlkll'Tt:IIA Dlattldac 

Gryllldae 

nt:111tAl'Tt:11A Lahldurldae 
cou:1wn:nA A-lldae 

Anthlclclae 
11up, ... 11dae 

Cerafflb:n:ldae 

CucvJldae 
Curcullonldae 
Oedemerldae 
Scydmaenldae 

Tll\'SANOPTERA Phlaeothrlpldae 

Thrlpldae 
CORRODENTIA Archijlaocldae 

~lldae 

Myopaocldae 

P9ocldae 

HEMJPTERA Nabldae 

P9eudococcldae 
NEUIIOPTERA Chryaopldae 

LEPJDOPTERA H-rlldae 
LymRNrlldae 
Olethreulldae 
Phycltldae 
Ptlneldae 

HYMENOPTERA Betbylldae 

Bracon.ldae 

Chalcedectldae 
Chalcldae 
Eumenidae 
Formicklae 

Ichneumonldae 

Scellonldae 
Sphecldae 
Ve■pldae 

ARANEAE Araneldae 

Clublonldae 
Dh:tyr.­
G....,-ldae 
Piaaurldae 
Sllltlcldae 

Sege■lrlliae 
Tetrllt(ftalhldae 

Thcrldlldlle 

Thomt■lduc 

Uluburkluie 
t'am. Unk. 

ACAlllNA Acarlduc 
A■cJdue 

DcrmW1ya■id11u 
Galumnldae 
Phytoaelldae 
Saprotelyphldac 
Tydoldae 

Cllt; UINt:TnJDA Chclllerldac 
L'IOl'UlA 
c1111.01'(JllA OryldDo 

Gen. ■p. 

l.allblllllella •• ■p. 
~·clupUlum ■p. 
T■.rall■ca lurlda 
l.abldura rtparla 
Trlcorynu■ ■p. 
Gen. ■p. 
Aclenode■ MUNIIOtaf.a 
Ch,.,.-hrl■ tra .... -rtca 
Gen. ■p. 
Leplo■ tyl• ■p. 
lllyloleplua biu■lua 
Gen. ■p. 
~le■■p. 
Gen. ■p. 
Gen. ■p. 
Haplolhrlpa Ravlpe■ 
Neuro&hrlpa nwpa[emoralla 
P9eudothrfpa l_,all■ 
Arc~_,,,. 
Emb6d-ocu■ l•Jcep■ 
~la -rychophli• 
Llchenomlma ■p. b 
Gen. ■p. 
Ect_oc_la cry)llomerlae 
Ec1-ocua malndranl 
Perfpaocua -•1an1 
Perfpaocu■ ■tapl•­
Perlpeocua ■p. b 
Pertpaocua ■p. c 
Paockl1111 Wxanua 
P9ocld• ■p. nr. W.i&n■lua 
P■ocldu■ ■p. I 
-- ■p.l 
CRrlhula decor­
M_r..,lphorua belfrapl 
l'Hudococcua ■p. 
Chry■<9■ eollarl■ 

Chry■- rufllahrl■ 
~-no 
Orl)'gla detrlla 
Ecdytoloplla ■p. 
Bemaydda 
lle- ■p. 
Cephalonomia waterat.ont 
8cleroderma macr..-.r 
Apanlele■ hemlleuc■e 
liJhiaulu eplcu■ 
Euchryala ■p. 
Gen. ■p. 
Pllchodynena■ 11Uldena 
~Dorldanu■ 
camponotu■ planatu■ 

Cremalopater,~­
lly-r■ ....,.or 
Paracrypl.oc:enaa var.lana 
Par•recblna bourbonlca 
Paeudomyrm"" e1.,,..aua 
Psem:lomyrm• "OavkluJa•1 

Xenomyrmex norklanm 
Calllephlalte■ ferrusl-
Cuinarla texano • 
Prolaryconu• ■p. 
Try-Ion colltnum 
Gen. ■p. 
Ar1lope 11J11enl■ ta 
Eu■tala •P· I 
Eu■tala •P· 2 
Gu&erac&Nha eUip■olde• 
Mangora ■p. 
Nephlln clavlpea 
¾•ha ■p. 
Dlclyna ■p. 
Serglolua ■p. 
Dolomede• •P· 
Henl&la palmarum 
M11evla vltlata 
Pllruphldil'P'I• 0avu■ 
Stoldla ou raLa 
Arludna arthurl 
J,L-UCU.Ull" v~nuata 
Telragmll"' unlUlarm 
ArxY rude■ ncpl,Uae 
Thcridkm adwnaonl 
Thcrldlun alrapunctalwn 
Ml■umonu.- IIIP· 
Ulolx•rua -.,. 
Gen ap. 
Tyr~pu11 ......... u..., 
Proclohwl- h.ypudllel 
l'roW>hu,I- ~1<•""-­
<>rnithon.,· .. u■ huraD 
Gaharnm ap. 
Ambly■elu■ ■p. 

C.en. ap. 
Trluphl_vdw• •P· 
'l')'rlllllklChclllcr ■p. 
Rhyacotu• ap. 
Orphl,a,.,. b""'U lllruo 



Table 7: Colonists on Island E9 



INSECTS 

AIIACHNIDS 

OTIJt: Jl 

Ol!TIIOPTt:JIA 

Dt:l!MAPTl-:l!A 
COI.Elll'Tl-:l!A 

THYSANOPTEllA 

CORRODENTIA 

HEMIPTERA 

NEUROPTERA 

LEPIDOPTERA 

DIPTERA 

HYMENOPTERA 

AllANEAE 

ACAIUNA 

ISOPODA 
Clfll.OPOOA 

Gryllldae 

l ,al>iduridae 
Anoblidac 

Anlhicidae 

Ouprcatid..1.e 

Canlharidac 
Ccrambycldae 
Curculionidae 

Lath ridlidae 
(>edcmcridae 
Fam. Unk. 
Phl ·,eothripidae 

Thrtpldae 
Caectlildae 
Lachesillldae 
Lepldopsocldae 
Llpoocelldae 

Perlpsocidae 

Psocidae 

Trogiomorpha 
Anthocortdae 
Clxlldae 
Mlrldae 
Pentatomldae 
Fam. Unk. 
Chrysopidae 

Eucleidae 
Olethreuildae 
Phyclildae 
Psychldae 
Ptlneldae 
Pyralldae 
Saturnlldae 
Fam. Unk. 
Hlppoboscldae 
Fam. Unk. 
Braconldae 

Chalcldae 

Eulophldae 
Eumenidae 
Eupelmtdae 
Formlcldae 

Jchnewnonidae 

Pteromalidae 
Sphecldae 
Vespldae 
Araneidne 

Cluhlonidae 
Olcty nidae 
Gnaphosidac 
Linyphltdac 
Lycosidac 
Salllcldac 
Scytodldae 
Tetragnathidae 

Therldiidac 
Uloboridae 
Arg-.1sidae 
Ascldac 

Ddellldac 
Carpoglyphldac 
.trylhracldae 
Galumnidllc 
PhyloseUdae 

Oryldae 

Cyclopillum sp. 
Cy rtoxipha confusa 
Orocharis sp. 
Labidu ra riparia 
Cryptorama minulum 
Tricorynus sp. 
Saplnlus fulvlpeo 
Vacusus viclnus 
Actenodcs auronotala 
Chrysobothrls lranqueb4rica 
Chaultognathus marginatus 
Styloleptuo blustuo 
CryptorhynchJs mlnutlsslmus 
Pseudoacalles sp. 
Holopa.rnmecua sp. 
Oxacis sp. 
Gen . sp. 
Haplothrlps navtpes 
Neurothrlps magnafemoralls 
Pseudothrlpo lnequallo 
Caecilius sp. np. 
Ulchesllla n. sp. 
Echmepteryx hagen! b 
Belaphotroctes okalensts 
Embtdopoocus lallceps 
Llposcells sp. not bostrychophllus 
Eclopsocus sp. 1:4< 
Perlpsocus stagnlvagus 
Psocidus lex.anus 
Psocldus sp . I 
Gen. sp. 
Dufourtellus a!er 
Ollaruo sp. 
Psallua conspurcatUB 
Oebaluo pugnax 
Gen. sp. 
Chrysopa collarls 
Chrysopa externa 
Chrysopa rufllabrls 
Alarodla slossonlae 
Ecdytolopha sp. 
Berna ydda 
Olkellcus abbottll 
Nemapogon op. 
Tholeria. reveraalis 
Automeria to 
Gen. sp. 
Olfersla sordlda 
Gen. sp. 
Apanteles hemlleucae 
Apanleles marglnivenlrls 
Calllhormlus blfasclatus 
Ecphylus n. sp. nr . chramesl 
Iphlaulax eplcus 
Gen. op. I 
Gen. sp. 2 
Gen . op. 3 
Gen. sp. 4 
Euderua ap. 
Pachodynerus nasidena 
Gen. sp. 
Brachymyrmex sp. 
Camponotus noridanus 
Camponot1111 sp. 
Crematogaster llShmeadi 
Monomorium noricola 
Paracryptoceru.a variana 
Pseudomyrmex: elongatus 
Pse\Klomyrmex ''Ravidula'' 
Taplnoma llttorale 
Xenomyrmex noridanua 
Gen. sp. 
Calltephlaltes Cerruglneus 
Castnarta texana. 
Urolepls ruflpes 
Trypoxylon colltnum 
Pollstes sp. 
Arglope argenlata 
Erlophora sp. 
Euotala sp. 
Gasteracantha elllpsoldes 
Mctepelra labyrlnthea 
Nephlla clavlpeo 
Ayoha sp. 
Dlclyna sp. 
Scrbriolus ap. 
Mcioncta ap . 
J'irata op. 
llenlzia palmarum 
Scylcdcs sp. 
L,eucauge venue La 
Tetragnatha antillana 
Tctragnatha sp. 2 
Gen . ap. 
Uloborus sp . 
Argas radi:ltus 
I..asioaei u a ep. 
Molicharcs sp. 
DdeUa sp. 
Carpoglyphutt lactiti 
Sphac rolophuo op . 
Galumna ap. 
Am!Jl.vsoius sp. 
llhyscotus op . 
Orphnat..-us IJrasllianus 



TABLE 8 w General rules applied in interpolation of colonists 

Animal i cycles 
Interpolated 

Ants c 2 (previous) 
Workers seen 
f i rs t 

Ants . Queen indefinite 
seen f irst 

Deep-boring 2+ 
beetles 

Small leaf 1-2 
dwellers 

Bark-dwell ers 1 

Araneids · 1 

Tetragnatha 2 

Sal tic ids 2-3 

Anyphaenids 1 

Small 2 
crawlers 

Fliers 2 

Cater- 1 (usually) 
p i l l ar s 

Justification 

Conservative on physiological 
grounds 

Obvious for short periods. Data 
of E9 support for lo~ger periods. 

Present in relatively low density 
and only 10% of twigs broken at 
each monitoring. 

Inconspicuous, but densities 
usually increase rapidly. 

Often become dense quickly, and 
habitat examined completely D 

Spiderlings may be minute, but 
webs are conspicuous. 

Position of webs makes less 
conspicuous than araneids. 

Furtive, often inconspicuous, and 
usually present in low dens i ties. 

Build up relatively high densities 
quickly. 

Usually low densities; difficult 
to record. 

Frequently conspicuous, but may 
be inactive because of weather . 

No generalization possib le; large 
ones are conspicuous. 



1 r::: • .h .~ inc es. The precise amount for all months is quite 

variable, however, and there are obviously no extreme dry 

or wet seasons. Wind is also relatively constant . over the 

year in both speed and dire ct ion: it aver ag-es about 11 mph 

from the eastern quadrant. 

In those species whose dispersal period is not governed 

by an end~genous annual cycle (probably the majority of the 

Keys pool}, the relative climatic uniformity should dictate 

continued year-long dispersal. Another consideration is 

that about half the species of the Florida Keys terrestrial 

arthropods are of antillean rather than nearctic origin, 

and their tropical character would tend to produce dispersal 

thro:ughou.t the year. 

These theoretical a~guments are buttressed by several 

experimental observations. First was the presence of all 

life st~ges, includi?g dispersal forms, of many species of 

insects and spiders throughout the year. We can make no 

quantit ative assertions, but it was observed that there 

were no striki~1g seasonal decreases amo?g the common mangrove 

inhabitants in either number or activity · (including f l .ight) 

except for mosquitoes, which were much more numerous in the 

summer . 

We had the_ good fortune to be present February 26, 1967, 

when the temperature at Key West fell briefly to 49° F., the 

lowest reading in several years. Our surveys during that 



cold spell revealed no apparent mortality or even great 

lessening of activity of mangrove inhabitnnts other than a 

decre2se in flight activity quite nornal for the prevailing 

wind speed. 

Finally, that propagules were constantly hitting our 

islands is incontrovertible from the data summarized in 

Tables 2-7. Moreover, these data provide no tlear indication 

of seasonality in the dispersal of any taxon. The colonizatio11 

of E7, defaunated approximately half a year before the other 

islands, should certainly have manifested any strong seas6nal 

component. Yet in both foxm and specifics (Table 6 and 

Graph 2) it is consistent with the colonization of thG other 

islands. 

PATTERNS OF COLONIZATION 

As would be expected in a system involving but one 

plant, succession in its usual sense, a pr~gression of 

discrete and relatively stable communities, did not occur. 

This does not imply a lack of order in the time course of 

colonization; indeed, the invasion of.species was remarkably 

regular. But it was not accompanied by wholesale extinction 

of distinct animal associations. 

Several broad patterns are nevertheless evident. First, 

the earliest immigrants on all islands included both stro!"lg 



fliers (especially moths and wasps) and weak or non-fliers 

(particularly psocopterans, chrysopids, and spiders), but 
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the latter built up la:l"ge popul a tions more rapidly and became 

numerically do..minant. That wind should transport many of 

the early invaders is not surprising. rrhe first a.nimal 

recorded on Krakatau after its eruption was a spiderling 

(Cotteau, 1885), while psocopterans (includi!lg wingless 

nymphs} ana spiders are prominent in aerial plankton samples 

(Glick, 1939). But their success in colonization deserves 

further comment. The food supply for psocopterans, algal 

and lichen_ growth on the ma!lgrove itself, is evidently 

sufficient to allow much larger populations than one normally 

finds on und.isturbed RhizoEhor~ islands. This implies that 

on untreated islands there may be predation by animals not 

present on recently defaunated islands. In fact, we have 

observed the ants Pseudomyrmex elongatus and Pseudomyrm·e~ 

"flavidulan (both of which colonized later) carrying 

apparently freshly killed psocopterans to their nests. 

Running and jumping spiders can, of course, eat the psocopterans. 

Maevia vitt~t-~ (Sal ticidae) was seen catchi!lg a Psoc·idus 

tex.2E~ adult on E7, while the webs of even small araneid 

spiderlings commonly trapped transient flies, especially 

tipulids and ceratopogonids. 

Altho~1gh it still involves only . a relatively small 

subset of the· entire Florida Keys fauna, colonization. by these 



early weak fliers was more var iable than in other classes 

of arthropods 1 both in time on individua l islands and at any 

g·iven time among islands . The psocopterans were particularly 

opportunistic; from the second month after defaunation there 

were usually 1 - 4 species on e a ch island at any monitori~g 

period, but over the course of the experiment a total of 24 

species were involved. Although certain psocopterans, 

especially species of Psocidu s and Perips ocus, were_ generally 

more prominen t than other s there was lit-t:.le correlation 

among the sets of psocopterans found on different islands. 

Furthermore, as can be seen on the Corrodentia sections of 

Tables 2- 7, many psocop~erans persisted for less than a 

month. As a _ group they invaded and multiplied readily, and 

went extinct almost as readily. On E7 (Table 6) only five 

species of the 15 colonists remained as long as two months. 

Spiders as a _ group were less opportunistic than psocopterans 

but their colonization was much more variable than that of 

most later colonists. Altho~gh the majority of the 36 spider 

species which colonized the islands followed the pattern just 

described for the psocopterans - that is, t.hey immigrated 

readily and were extinguished quickly, and occurred on but 

one or two islands - a few species behaved quite differently. 

Eustala sp., Tetragnatha sp., Leuca~~ venusta, Hentzia 

Ealmarum, and~ velox in particular colonized most of the 

islands and usually persi~ted for at least several months. 
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These include most of the spiders found on . the islands before 

defaunat ion .. 

Wasps present a similarly heter~geneous picture of 

colonizati.011 1 many species appearing on one or two islands 

and vanishing rapidly while a few, notably Pachodynerus nasidens, 

Scleroderma macrogaster, and Calliephialtes ferrugineus, cola ------ ~---- ---· -----'~---- --------
nized many islands and were not swiftly e~tinguished~ Mites 

did not in\r-ade as early as did wasps and spiders but displayed 

the sarrte pa.ttern of many transients occurring with a. few 

persistent and recurring colonists. Most of the 20-odd species 

of Acarina v-ere recorded from one or two islands only and 

disappeared within a month, while Amblyseius sp. and Galurnna 

sp . were omnipresent and their populations long-lived. 

In view of evidence that the majority of the arthropod 

species are obligate transients on these tiny islands, 

destined for extinction within a few days, and that many 

colonizations (perhaps 2/ 3) are not recorded (Simberloff, 

1968), it seems probable that the apparent correlation in 

the spiders, mites, and wasps between mean length of persis­

tence and number o f islands colonized is ·artifactual. For 

if a species with a very high initial probability of extinc­

t.ion and another with a very low initial probability of 

extinction (lo~g expected persistence time ) each invaded 

equally frequently all six islands, we would expect to see 

the former on · one or two islands only and the latter on most 

or all of them. 
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In sharp contradistinction to the relatively unordered 

patterns 0£ .colonization previously described is the regularity 

of coloniz2tion by thrips, lepidopterans, orthopt~rans , and 

ants. 'rhe last three groups, particularly the ants, are 

ecol~gical dominants of an undisturbed mangrove animal com­

munity .. 

Only five species of thrips colonized the islands, of 

which four were widespread among the islands, and alrl1ost all 

invasi-0ns occurred 4-5 months after defaunation. Most 

thysanopteran colonizations endured for at least three months; 

la!ge populations were occasionally produced but rarely 

persisted - the late colonizing ants may have attacked thrips. 

All species commonly immigrated about the same time; in other 

words, there was no consistent order of colonization. 

Of about 30 lepidoptcran species known from mangrove and 

a few hundred from the general Keys fauna, only eight 

commonly colonized the experimental islands, if we do not 

count the two or three fine~grained foragers discussed 

earlier. All e~ght were recorded more than once, and six 

were widespread. Most colonizations were sustained and many 

involved sizable populations. There was a somewhat predict­

able order of invasion, with Phocides batabano; Be2na_ ?Xdda, 

and ~cd,:tto1opha sp. the normal first arrivals, Nemap05:fOn sp. 

somewhat later, and Alarodia slossoniae and Automeris io 

_usually not seen until about 200 days. 



The orthopteroids colonized still more predictably. Of 

perhaps 25 species that occur in ma~grove and 60 or more that 

occur in the Keys as a whole, only nine invaded the exper imen-­

tal islands. If the two very near islands (E2 and E7) are 

discounted, only four species were involved and all have 

multiple records. These four were rarely exti~guished and 

two, the green tree cricket ~X!toxiEha confusa and roach 

Latiblatt~lla n. sp. produced large populations. The small 

number of species precludes a statistically sound statement 

on order of colonization, but it seemed subjectively that 

all were capable of early invasion. 

The ants displayed the most orderly pattern of coloni· 

zation. These insects are also numerically and probably 

ene~getically the dominant animal on all small mangrove 

islands. Of the more tha~ 50 species found in the Keys, 20 

species inhabit Keys red mangrove and about 12 of these 

normally occur on small islands. The pre-defaunation surveys 

revealed a h~ghly ordered fall-off of ant species in two 

directions. First, on island~ of equal size but varyi~g 

distance from source area the most distant islands contain 

Crematogastez. ~s~eadi, those somewhat nearer both the 

Crematogaster and Pseudomyrmex ~longatu~, those nearer still 

these two species plus Paracryptocerus varians, !apinoma 

littorale, and ~~mponotus _ (Colobopsis ) sp., and islands near 

shore most or all of the above species plus one or more 



species of Camponotus, Pseudomyrmex "'fla"{id·u·1a 11
, Monomorium 

f~oricol~, and ~enomyrmex floridanus. 

If instead one fixes a distance (usually small ) from 

the source area and examines islands of increasing size, he 

generally finds on the smallest bush (ca. 2 ft. h~gh) 

Crematogaster ashmeadi; on slightly .larger bushes C. ashmeadi 
-.. ---.. -----· 

and/or P~eudomyrrnex elongatus; on small trees these two with 

perh.ps two species drawn from mong Paracryptocerus; Ta}?i.£1~~, 

Colobop~i~, X~~~~yrmex, an~ Monomoriu~; and on islands the 

size of o 1r experirnental ones the full complement expected 

on an island of the approprivte distance from source. In 

short, the ability to colonize increasingly smaller islands 

parallels closely the ability to colonize increasingly 

distant ones. 

ThE. order of colonization by ants of the experimental 

islands (Table 9) indicates a curious zoogeographic analog 

of Haeckel's biogenetic law. In almost every instance 

Crematogaster asbmeadi was the first colonist,· even on the 

two near islands (E2 and E7) where it was not present before 

defaunation. On all but the most distant island (El) 

Pseudc~x_rmex elon9-:atus was an early and prominent colonist. 

Moreover, the small subset of the mangrove ants which 

comprised the remainder of the colonists was almost identical 

to that found on small islands as one moves nearer to the 

source areas. · Only three extinctions were observed, and two 



TABLE 9. Colonization of experimental islands by ants 

Island El E2 

Ants before 
def au1.1a tion 

5 3 
6 8 

11 9 
11 
13 
14 

Ant colon:i..sts 
in -order of 
colonization 6 

{1: 
11 

1 

* - extinction 

1 - Camponotus floridanus 

2 - Camponotus planatus 

3 - Camponotus tortuganus 

4 - Camponotus sp. 

5 - Camponotus (Colobopsis) 

6 - Crematogaster ashmeadi 

7 - Crematogaster atkinsoni 

8 - Monomorium floricola 

E3 E7 E9 ST2 

5 1 4 5 
6 2 8 6 
9 9 9 9 

11 11 11 11 
13 14 12 13 

13 14 

6 6 
{

12 

{ ~* 11 16* 15* 
14 1 { ~ 11 

{1~ 
{

10 14 
11 11 1 

9 14 14 13 
12 9 

9 - Paracryptocerus varians 

10 - Paratrechina bourbonica 

11 - Pseudomyrmex elongatus 

12 - Pseudomyrmex "flavidula" 

sp.13 - Tapinoma littorale 

14 - Xenomyrmex floridanus 

15 - Brachymyrmex sp. 

16 - Hypoponera opacior 
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were of species believed unable to nest in ma~grove. As a 

. group t.he .ants colonized later than most other taxa and at 

the c 1ose of the first phase of our study {April 1968) few 

species had built up populations numerically similar to 

those on ·tu1treated islands. 

COLONIZATION CURVES 

Graphs 1-3 show the original numbers of species present 

and the colonization curves Utspp. present vs. time) for the 

experiment.al islands. 

Estimation of the number of species present before 

defaunation and after regular monitoring had ended is 

complicated by two factors. First, as can be seen from 

Tables 2-7, a few colonists are inferred present at each 

regular post-defaunation monitoring period without actually 

having been observed because they were recorded at both 

preced.i~1g and subsequent periods. Since there was but one 

pre-defaunation survey, its total species number must be 

increased by the mean number of species inferred present 

without havi~g been observed for all r~gular post-defaunation 

monitori!l,gs after an approximate equilibriu..m § had been 

reached. The last four r~gular monitorings were used for 

this purpose, since the population structure then was probably 

closest to that before defaunation. A similar correction 



Graph 1: Colonization curves of series 1 

islands 
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Graph 2: Colonization curve of Island E7 
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Graph 3: Colonization curve of Island E9 
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must of course e made for the final census, after r~gular 

monitori!lgs had ended. In addition to this correction, the 

pre-defaunation surveys of El, E2, E3, E6, nd E7 were 

beli ·ved deficient for leaf fauna, as discussed on p. 58. 

Since this habitat normally harbors 3-5 species on all islands, 

it was assmned that a total of 4 such species were present 

on each of these islands, though the actual number seen was 

1-4. Graphs 1-3 do not include a correction for unseen 

transients, estima ed at about 2 species per monitori~g period 

but with very high variance (Simberloff, 1968). 

The numbers of species recorded on the control islands 

before and after the experiment were· 

E6 

ElO 

before 

30 

20 

after 

28* 

23 

* + 9 spp. in bird nest berlesate only 

These cannot be corrected for unseen colonists, but · show 

conclusively that no important lo?,1g term effect is operating 

in the Keys to distort the results from the defaunated 

islands. Although the numbers of species on the control 

islands did not change significantly the species composition 

varied considerably, implying a dynamic equilibrium S. 

The most apparent implication of the colonization curves 

and other information presented so far is .that this equilibrium 
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t does exist. Three lines of evide nce are ~elevant~ Firs t 

is the fact, just rnentio ed , that Son the contr ol islands 

did not change_ gre atly dur ing the year - long period in whi c h 

the nearby experimental i s lands were b e i~g colonized. 

Second is the static obser vation that untreated islands with 

similar area and distance from source have similar S (note 

E3 and ST2 before defauna tion); that S varies consistently 

with those p a.rameters allo,.,,s other inferences which will be 

touched upon in a later article (Simberloff, 1968). 

Perhaps the most convincing a:Lgument for an equilibrium 
" S, however, is the increase of species present on all our 

islands to approximately the same number as before defauna­

tion, and then rough oscillation about this number. This S 

may be only a pseudo- equilibrium - that is, the curve of S 

vs. time after Sis reached may not be truly stationary -

because of two lo~g-term processes. The first is that when 

an approximate Sis first reached the population structure 

of the particular set of species on the island is still 

changing rapidly; some species are represented by few 

individuals and may have larger (intrinsic rate of increase). 

Others may have abnormally large popuiations. Population 

sizes are_ generally fluctuating much more rapidly than on 

untreated islands. We have already indicated one manifesta­

tion of this process in our experiment: psocopterans 

colonized (3arly and built up immense populations before 
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presumed ant predators appeared in number. The effect of 

this extreme population fluctuation on th2 colonization curve 

is that species may be eliminated and added at a rate sys · e­

matically different from that on an untreated island. The 

concept of a dual dynamic equilibrium - of species number 

and population structure - will be discussed briefly in this 

paper and is treated in more detail by Sirnberloff (1968). 

The joint evolution of the particular constellation of 

species on an island o~ght logically to raise S systematically 

(Wilson and Taylor , 1967 ) , but we will neglect this effect 

because the time course of such a change is obviously beyond 

that of this experiment. Also, the invasion rates for most 

species on our islands are probably too high to allow signifi­

c ant genetic alteration to occur in populations on individual 

i slands; in other words, they are not isolated in an 

evolutionary sense. 

The curves of Graphs 1-3 , except for that of El , are 

be l ieved best explained by the equation: 

where 

E( S ( t )) -
(
1-e- (ia + ecJ t ) 

+ ea 

E (S (t )) = the expected number of colonists present 

a t time t 

p - number of species in the pool 



i 0 - invasion rate of species a 

ea - intrinsic probability of extinction for 

species a 

The derivation of this equation and a discussion of the con­

cepts involved are found elsewhere (Simberloff , 1968). The 

important aspects of this theory are as follows: 

The variance of S(t) is high: 

p 

var c ( t ) = 2 E (Sa ( t)) (1-E ( Sa (t)) 

a=l 

Sa is a species indicator variable , which equals 1 when 

species a is present and O when species a is absent. 

Simberloff (1968) shows that 

Once the .number of species on these part~cular islands 

is between c a. 75% and 90 % of the equilibrium value of 
p . 

E(S(t}) (=I: ~~ ) the major premise of the theory, 
a=l ia + ea 

namely non-interaction of species, is invalidated. From 

this point onward S(t) declines slightly, at a slow rate 

which cannot yet be predicted well stochastically. It 

equilibrates ultimately at an enduring S -partly determined 

by interaction and close to the number that exis_ted before 



defaunation. The decrease on all islands in number . o f 

species present for the final census (after regular monitoring 

had ended) is believed to be a manifestation of this decline. 

El was so distant from its presumed source area that a 

few early invaders were able to build up large populations 

before their probable competitors arrived. Interactions 

thus became important before even a small fraction of the 
" 

non-interaction S was achiev ed, and on El the colonization 

curve will probably ascend slowly and irregularly to an 

equilibrium near the pre-defaunation ~. This enduring 

equilibrium will be the s illue one to which the colonization 

curve of El would ultimately have descended had interactions 

" not become important until a large fraction of S 

had been achieved, as on the nearer islands. 

A~ island distance from source increases the non-

interaction S ( = I . i " ) decreases . because of d e creases 
la+ ea 

a=l 
in the~. Furthermore, the time necessary to reach any 

given percent~ge of the non- interaction S, though not readily 

expressed mathematically, can be shown to increase with 

increasing distance from _source. If 'this increase in time 

is sufficiently la~ge the few early colonists are able to 

produce large enough populations to interact significantly 

with l ater immigrants. This in fact is what happened on El. 
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The colonization curve of E7 (graph 2) must be considered 

in light of the fact that 85% of the tree was killed by the 

fumigation (Wilson and Simberloff , 1968). The dead portion 

did not disappear , but rather deteriorated until by the end 

of one year the wood was brown and dry and much of the bark 

was peeli~g. Thus the island was not a constant factor, and 

the relative proportions of the various microhabitats changed 

drastically until ultimately there was far more dead wood 

and bark and far less leafy canopy than on an untreated 

island. If a consistent measure of area existed for these 

i slands it '\tJould probably have remained unchanged on E7 , but 

t he expected number of species would not because the different 

microhabitats normally support different numbers of species. 

I n particular dead bark shelters numerous species while man­

grove l eaves rarely support more than four species on a 

s i~gle island. Before its gradual decline, the colonization 

curve o f E7 rose to a far higher percentage of the or~ginal 

S (135% ) than did that of any other island. In addition, it 

was still rising quite monotonically a year after defaunation, 

when those of all other islands but El had levelled off. 

Arachnids (excluding orb-weavers ) and psocopterans were the 

animals largely responsible for the higher S near the end of 

t he experiment. Both_ groups are primarily bark dwellers. 
-All the above considerations imply that one of the 

determinants of the shape of the colonization curve on this 



island alone was variation of the island itself, and that 
A 

the enduring :S which will ultimately be achieved on E7 may 

be higher than the pre-defaunation figure. 

DISPERSAL 

'rhe ~gents of dispersal for few spec.if ic immig·rations 

can be_ given with assurance, but the evidence implies that 

aerial transport, passive and active, is the major mode of 

invasion. 

For the several parasites of vertebrates which breed 
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on the islands proper zoochorous transport is certain. These 

include the hippoboscid flies Olfersia sordida and ~ynchi~­

~l_.biee_nni~ and tick Argas radiatus_ on El and E9. All three 

species parasitize the cormorants and pelicans which roost 

on these islands. A number of mite colonists could also 

have arrived on transient higher animals. This appears to 

be so for ~?~onyssus sp. on E2; it is an obl~gate parasite 

in snake lu~gs~ and a Natrix was recorded _sloughi~g on E2. 

The invasions of El, E3, and E7 by the mite Ornithonyssus 

bursa, an avian parasite, were probably ornithocorous. 

A more interesti~g possibi~ity involves phoresy on birds, 

particularly by some of the psocopterans prominent among early 

immigrants~ Mackford (1967) ha.s hypothesized that phoresy 

may be a more efficient means of insular invasion than wind 



transport, especially for smaller species. Amo?g four 

specie s found on As ian bii-:ds he lists Ectopsocop3_~:.§_ crv2-

_!:2._rn_eria~, which has also colonized E3 and E7. Whether 

phoresy is a s _ignif i cant phenomenon in the Keys remains to 

be determined. 

Other arthropods tha- may utilize phore s y are the 

pseudoscorpion Tyrannoche!ife~ sp . found on E7, and free ­

livi~g mites on all islands . These could have been trans­

ported by laFger insects as well as by birds. 
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A related transport echan ism utilizes nesting material 

carried by birds. We suspe ct without proof that several 

mites in our experiment arrived in this fashion. Two beetle 

larvae were found in deep excavations in green heron nest 

tw~gs soon after the nests were built: Chrysobothr is 

-tranquebarica on E3 and ?Saf2intus fulvipe~ on ST2 (the 

latter in a twig not of Rhizophora). It seems certain 

that both were in t he twigs when the birds constructed ~heir 

nests . Meyerriecks (1960) has observed green herons using 

tw~gs from other trees and from the nest tree itself. It 

is our impression that most nesti~g material that goes into 

new nests on small mangro 1e islands is brought from elsewhere. 

This was assuredly so for the non-mangrove twig on ST2. 

Hydrochorous transport, eithe r free or on rafts, was 

not as important as aerial transport in the invasion of our 

islands. Many mangrove colonists remain afloa t almost 
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indefinitely in salt water, but only the o~thopteroids seem 

able to a ,chieve s~gnif icant independ nt orient d mo ion~ 

Furthermore, most floating insec sand spiders of all sizes 

are rapidly devoured by f i!1gerli!1gs which are irTI111e11sely 

numerous about all mangrove islands; even actively swirnmi~1g 

crickets rud earw~gs frequently meet this fate, attiacting 

more attacJ:ers by the very v _igor of their · effor-· .s. 

Neverthe_ess, at least one invasion (t.ho~gh not immigra­

tion, as the species was already present) occurred this way 

and there are other pertinent observations. An adult female 

C~toxipha cricket was seen floating from Upper Snipe Key 

to E2r a distance of perhaps 6 ft. She successfully climbed 

a root and disappeared into the lower canopy. That a winged 

individual fully capable of oriented flight should actively 

choose to disperse by water is dubious, but at least over 

this short a distance the method is feasible in case the 

animal accidentally lands in the water. 

Four Automeris ~~ caterpillars were seen ·to float from 

one end of E9 to the other, a distance of about 50 ft. Three 

of them lodged on roots and eventually climbed up out of 

the water. The weakening of leaves attacked simultaneously 

by sev·eral large ~utomeri~ caterpillars (a common occurrence ) 

m~ght cause them to fall into water occasionally. Also, the 

caterpillars release their hold readily when the branch is 

shaken , apparently a defensive maneuver. It seems doubtful, 



however, that a high proportion of those that land in the 

water could successfully travel between islands. Aside 

from fish attack, they would be plagued by their inability 

to direct their motion and to climb readily from the water. 
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Occasionally earwigs (Lab idura riparia) were seen 

swimmi!}g from one root to another within an island. We do 

not know how well this species flies, but its swirnmi!}g 

ability seems adequate for aquatic travel of considerable 

distance and it readily climbs out of the water. Fish would 

still be a hazard, however. 

Our experiments resulted in no unequivocal i1vasions 

by rafting. In fact, several considerations imply that 

rafting must play a minor role in mangrove colonization. 

There is rarely land on which rafts can lo~ge, since 

Rhizophora islands generally have no supratidal_ ground. 

Drifting wood usually hits an island, gets trapped temporarily 

among roots, and eventually floats away. Even more importantly, 

green Rhizophora wood sinks immediately and many dead twigs 

also fail to float,thus precluding rafti!}g by much of the 

wood-bori!1g fraction of the fauna. Finally, except during 

hurricanes there is very little floati!}g debris in Florida 

Bay - far less than the amount found at river mouths. 

The preceding considerations lead, by elimination, to 

the inference that aerial transport must be an important 

means of dispersal to our islands. Several observations of 
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actively flying propagules support this hypothesis. Buprestid 

and cerambycid beetles, lepidopterans, wasps, and a lace-

wing have all been seen to land on the islands after flight 

from an outside source. Many other mangrove colonists are 

evidently carried passively by wind, especially psocopterans, 

thrips, neuropterans, and mosl spiders. Many of these more 

or less passively dispersed organisms are minute and direct 

evidence on their invasion method is therefore scarce. 

Occasional ly spiderlings and psocopterans were found in the 

air around our i slands. In g eneral , they are usually 

important components of aerial plankton (Glick , 1939), and 

it is known from numerous anecdotal records (e .g., Bristowe, 

1958) that b a llooni~g for the distances involved in our 

experiment is regularly achieved by some spiders. So far, 

the small sizes of most of these animals has made it impossible 

to follow a fl~ght v isually from source to island. One 

su~gestive record , however , is that of spider dragline 

stretching the six feet between Upper Snipe Key and E2. 

An attempt to correlate Graphs 1 - 3 with hour ly wind 

data of the U. S. Weather Bureau station at Key West was 

inconclusive, but this piece of negative evidence is hardly 

damagi~g to the the sis of dominance of aerial transport. 

For such data_ gives only timed readi~gs at one nearby point, 

while dispersal depends largely on specific gusts at odd 

times in h~ghly circumscribed areas about the isl ands . 
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Furtherl'nore the published wind data are f rom a si!)-gle fixed 

anemometer \~ 1ile the entire wind profile would be necessary 

to describe dispersal. 

I M11IGRATION AND EXTINCTION RATES 

Si.mber.loff (1968) demonstrates that many immigrations and 

extinctions (perhaps 2/3) are not observed , the species i nvolved 

bei!)-g oblJ-gate or near-obligate transients which i mmigrate 

and are exti~guished all within one interval between two 

monitoring periods. For this reason i mmigration and extinc -

tion curves cannot be derived from the observational data. 

Theo served immigration and extinction curves for all 

islands were h~ghly variable, with no apparen t pattern except 

for _ generally higher immigration rates on nearer islands 

duri~g the first 150 days. Rates were usually between .05 

and .50 spp./day. Simberloff (1968) shows that the very 

least the expected error in i mmigration and extinction rates 

could be is .67 spp./day, and furthermo r e that the variance 

about the '1expected" i mmigration and extinction curve s is very 

high. The observed curves are consequently of limited interest, 

as they y~e ld only an extreme lower limit for turnover rates 

and cannot be used to intuit shapes of the "expected" curves~ 

The presumed agents of observed immigrations have just 

been discussed; there is no reason tq suppose that those 

invasions not observed occurred la~gely by different means . 
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than those which were recorded. The assumption that most 

propagules arrive by air i s therefore probably valid. The 

evidence against a s ea onal component o f dispersal, including 

the fact that wind direction and veloci ty a re approximately 

constant throughout the year in the Keys, is given on p.7 8 · 

In sum, we have a laFge body of informat ion which i mplies 

that ia (invasion rate of species a ) is constant thro~gh time 

for all a. What we lack at present is quantitative informa­

tion on the sizes and distribution of the ia. 

Simberloff (1968) has d educed that extinction rate s , 

at least during most of the rise of the colonization curve • " f iO'. from O to a la~ge fraction of S = L ~-~---~ 
l_ + e,..,, a=l -a '""' 

, are adequately 

represented by the uncha~ging, species-characteristic ea, 

without an additional S- dependent or density dependent 

f actor included. The main arguments behind this assertion 

are: 

i ) Most o f the species in the Florida Keys pool 

a re obl~gate transients on these small mangrove 

i slands. For a variety of reasons not direct~y 

r e l ated to their own densities or to other 

species they are doomed to swift extinction. 

i i ) Population sizes during most of the rise of 
p ' 

s from O to near S - ' 1
et are uniformly L ¾ + ea 

a=l 
l ow. 
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'I'he observed data from this experiment provide . rough 

quantitative information on both the distribution and sizes 

of the ca, unlike with the ia. This information has been 

incorporated into a simulation developed by Simberloff (1968). 

Whatever the ia and ea the expected curve of immigration 

rate vs. time is represented during the rise of S from Oto 

" a large fraction of the non-interaction S by: 

E(I(t)) 

while the expected curve of extinction rate vs. time during 

the same period is: 

p p 

E (Ex ( t) ) L la ea -
la + ea 

a=l 

( 1 - e- (ia +ea) t) = L ea E (sa (t)) 

a,=l 

Beyond this point accurately predicted curves are 

impossible, but during the slight decline of S to an endurig 

S ex(t) must be, on the average, slightly greater than I(t), 

while after the equilibrium is reuched the two must remain 

approximately equal. On any real isl~nd, of course, the 

two curves would cross and recross indefinitely. It also 

seems reasonable that after interactions become important, 

the Ex(t) and I(t) curves still do not change much, 



since the contrib tion f r om their conmon ma jor comp.one n -L , 

the transients, does not cha~ge with time. 

The explicit derivation of the Ex and I curves 

given by Simberloff {1968). 

. 
lS 
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Whereas evidence on the specific .agen ts of dir•pers a l, 

and hence on imm_igration, has b e en plentiful duri~1g th· s 

study, observation . on the causes of extinction was me~ger. 

Obviously the probability of witr essing the death or disap­

pearance of the last member of a population is exceedingly 

low. Some inferences can be drawn from observed means of 

population decrease. 

Population decline should be most apparent when associ 

ated with interaction, especially predation, yet the small 

sizes of most populations during our experiment reduced 

interactions enormously. A few cases of predation have 

already been mentioned {p . 88). Insectivorous birds, 

particularly warblers and red-winged blackbirds, were 

frequently observed eati!lg numerous insects of many ~pecies. 

Wasps, both parasitic and non-parasitic, were seen to 

destroy several insects and spiders. Some of these attacks 

may have led directly to extinction, ~hen the prey populations 

were small. Examples include the parasitism on Automeri~ io 

caterpillars by Apanteles hemileucae {Braconidae) and the 

destruction of the salticids Hentzi~ 12.almar~ and Stoidis 

aurat~ by !E,ypoxylon collinum {Sphecidae). 
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Exclusion can also provide indir ct evidence 0£ 

extinction through interaction. A possible instance is the 

apparent predation of crickets on E9 by a large population 

of the centipede Orphnaeu~ brasilianus. ES, with no centi­

pedes, had immense populations of four cricket species. 

After defaunation of E9 removed Orphnaeus, a large population 

of the cricket Cyrtoxipha confusa was rapidly established. 

From observation of the pre-defaunation distribution 

of ant species numbers and population sizes on the various 

islands it seems probable that when one ant species is able 

to build up large populations before other species invade, 

it can exclude one or more other species. However, direct 

evidence of ~9gressive behavior amo!lg the ma!lgrove ants is 

lacking; the observed exclusion may have been the result of 

nest site pre emption. 

Most extinctions were probably not the result of 

interactions, at least duri!1g the initial rise of the coloni­

zation curves, but rather resulted from the inability of 

most species in the Florida Keys pool to colonize these tiny 

ma!1grove islands under any conditions (Simberloff, 1968). 

Lack of proper food or nest site and hostile physical condi­

tions are probably common causes. An example was the 

observation of a dealate queen of Brachymyrmex sp. on E9. 

Since this soecies nests in soil, which is lacking on the 
~ . 

experimental islands, it is not surprising that no workers 



were subsequently observed, de~pite the fact that the queen 
l anded in a totally ant-free nviron .. rnent. 

E\7en species which can survive on small mangrove 
islands have h'gh probabilities of ex inction not relat

0
d 

to interaction. A number of animals have been found drowned 
during this experiment, including entire small ant colonies, 
numerous lepidopt.erous larvae, beetles, and psocoptera.ns. 
It seems probable that during the hurricanes which periodically 
buffet these islands such deaths would be commonplace. 

Similarly, numerous mangrove colonists inhabit hollow 
twigs and even under normal conditions many of these fall 
into the water. Certainly such events are multiplied 
during storms. The ant Camponotus floridanus and oedemerid 
beetle Oxycopis sp. seem particularly vulnerable in this 
respec t - they typically inhabit largely low, weakly anchored, 
hollow roots. 
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IIIo A Model for Insular Colonization 



Abstract 

A distinc t ion is made between irrunigration rate (in 

spp./time) for an island and invasion rate (in propagules/ 

time) for a species and an island. An analogous distincti on 

is drawn between an island extinction rate and a species 

extinction rate (or intrinsic probability of extinction in 

a _ given time interval). It is claimed that the most objective 

definition for "propagule" is any animal o.r group capable of 

population increase under any conceivable circumstances. 

Immigration and island extinction curves are unique only if 

plotted agains t time, not against number of species. 

Most members of the Florida Keys species pool are 

obl~gate transients on small ma~grove i slands (often because 

of inadequate food or microhabitat) and those which can 

survive were present on the defaunated islands - in such low 

densities that extinction was probably initially rarely d ue 

to interaction. Drowning of entire small populations prob­

ably occurred frequently. 

A model for non-interactive colonization is discussed , 
,. 

and its equilibrium S derived. It is shown that data f rom 

the defaunated Florida Keys can be interpreted as aris ing 

from non-interacti ve colonization to an S near the non­

interactive S (and to a point above a more enduring inter­

active S), followed by a slow decline in S (as population 



" sizes and interaction increase) to an enduring S near that 

obtaining before defaunation. 

The effect on this scheme of increasing distance from 

source area is shown, and a simulation of the non-inter­

active part of the scheme was performed which corroborates 

that part of the model. 
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Explicit equations for the "expected" colonization, 

immigration, and island extinction curves are given for non­

interactive colonization, and predictions are. given about 

the general changes on these curves as interaction becomes 

s~g~ificant. 



C(t) 

Ex(t) 

I(t) 

I 0 (t) 

p 

S(t) 

" s 

Sa(n) 

1.21 
SYMBOLS USED IN TEXT 

colonization rate, in species/time, at time t 

probability that species a, if present, is extin­

guished in time period of length t 0 

species extinction rate of species a, defined 
et o ( a ) 

analogously to i 0 (q.v.); lim --- ; if species a 
t 0 -o t 0 

were replaced immediately upon extinction, ea would 

be the frequency of e .. :tinctions/time 

island ext~nction rate, in species/time, at time t 

contribution to island extinction rate of speci e s 

a; defined in text 

probability that species a invades in time per i od 

of length to 

invasion rate of species a, in propagules/time 

immigration rate, in species/time, at time t 

contribution to immigration rate of species a; 

defined in text 

number of species in species pool 

number of species on island at time t 

equilibrium number of species for island 

species indicator variable for species a 

- 1 if species a present on island during 

time period n 

- 0 otherwise 
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A discussion of theoretical zoogeography must be based 

on clear definitions of the following often ambiguous terms: 

Colonization: the existence on an island of at 

least one propagule of a species. 

Extinction: 

Immigration: 

I.i1vasion: 

Propagule: 

the disappearance of a species from 

an island. 

the arrival of a prop~gule on an 

island unoccupied by that species. 

the arrival of one or more propagules 

on an island, whether or not the 

island is occupied by that species. 

the minimum number of individuals 

of a species capable of breeding 

and population increase under ideal 

conditions for that species (unlim­

ited food supply, proper habitat, 

no predators, etc.). 

Probably the most frequently confused of these concepts 

are "invasion" and immigration". I wish to distinguish 

between two rates: the rate (in species/time) of new species 

arrivi~g on an island and the rate (in propagules/time) of 

propagules of a given species landing on an island, whether 

or not that species is present on the island already. The 

former could be called "island immigration rate" since it 

refers to a given island, and the latter "species immigration 
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rate" since it is a species characteristic, but to avoid 

ambiguity I follow the convention of MacArthur and Wilson 

(1963) and reserve "immigration" for the rate of new species 

arrivi~g on an island. -For the rate of arrival of propagules 

of a given species on a given island I propose the term 

"invasion'', heretofore used less precisely. 

To recapitulate, an immigration rate (in species/time) 

involves a given island, while an invasion rate (in prop~gules/ 

time) involves a given island and a _ given species. The total 

rate of arrival of propagules on an island r~gardless of 

species can be called "total invasion rate". 

An analogous situation holds logically for extinction 

rate, but here there has been little confusion since al l 

previous zoogeographic references to extinction rate have 

been to extinction of species on an island, in species/time. 

This is a direct result of the tacit assumption that a species 

alone on an island has a very low intrinsic rate of extinc­

tion, and that its extinction or persistence is almost 

completely interdependent with those of other species on the 

island - in short, that extinction is determined almost 

entirely by competition, or at least by interaction. In this 

paper I will _ give evidence for the existence of an intrinsic 

probability of extinction for a _ given species on a given 

island which exists even in the absence of interaction and 

which is not directly related to density of the species, and 



will use this concept in proposing a tentative general 

theory of insular colonization. Since no prior term for 

extinction analogous to "invasion" exists, I will hence ­

forth refer to an "island extinction rate" Ex (or simply 

"extinction rate'') and a "species extinction rate" ea• 

The concept of colonization has been represented more 
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or less interchangeably by two distinct curves, both denoted 

"colonization curve" (e_.g. - MacArthur and Wilson, 1967). 

The first, which I terr.1 the "colonization· rate curve", 

plots th~ change in the number of species present per time 

vs. time - i.e.: ~S/~t vs. t (~S/~t has also been plotted 

vs. S; this is treated 0:1 p.126). For continuous immi gra­

tion and extinction rate curves, C(t) - I(t)-E(t). With 

discrete time intervals of length t 0 , for a given interval 

i, Ci= (# immigrants # spp. extinguished)/t 0 • 

The other curve, which I will call the "colonizat i on 

curve", simply plots the number of species present on an 

island vs. time - S vs. t. 

S (t) - J (I (t) -E (t)) dt = 

0 

Clearly, 

t f C (t)dt, 

0 

for continuous data 

while for discrete 

data with time intervals i - 1,2, .... , all of length to, 
n 

S(tn) = I: (# immigrants in interval i - # spp. extinguished 
i=l 

n 
in interval i) = to~ Ci • 

i=l 
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The least precise of the above definitions is that of 

"propagule". In order for meaningful comparisons of immi gra­

tion, extinction, and invasion rates to be possible, what 

constitutes a propagule .must be made independent of the 

physical and biological properties of the island upon which 

it lands. Were this not so, the size of_ a propagule of on e 

species would vary on a single island (depending partly on 

how many and which species were already present) and among 

different islands (depending on whether suitable microhabitat, 

food, etc., were present and in what amounts). 

A probabilistic definition (e_.g. - MacArthur and Wilson, 

1963) similarly leads to a variable prop~gule size. If we 

say arbitrarily that a propagule is the minimum combinati on 

of individuals with probability x of initial increase to a 

specified (large) population size, then we must also specify 

precisely all relevant ecol~gical conditions . . Aside from 

the difficulty even in defining these conditions for certain 

species ·, such a procedure renders comparisons ~ong species 

suspect. For any given species every set of conditions would 

be associated with a distinct prop~gule size, yet to define 

a standard set ·of hypothetical conditions and thence to 

derive the propagule sizes of all species from this set 

would certainly yield unrealistically la~ge, and perhaps not 

even meaningful, propagule sizes for species whose normal 

niche characteristics vary widely from the standard set. 
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A more objective criterion, adopted herein, denotes as 

a prop~gule a combination of individuals capable under any 

imaginable circumsta~ces of initial population increase. 

That is, no standard set of conditions is invoked, but rather 

for any species the most favorable circumstances are assumed 

for that species. This leads for most species to a defini­

tion of a propagule ~s a single pair of opposite sexed indi­

viduals or one fertilized female. 

THE INDEPENDENT VARIABLE IN RATE CURVES 

. Immigration and extinction rates have been plotted 

against both the number of species present on an island (S) 

and time (t) (MacArthur and Wilson, 1963, 1967). For the 

colonization of a _ given island from zero species to a dynamic 

equilibrium this is not inconsistent so long as the coloni­

zation curve increases monotonically, but once ·sis fluctu-
A 

ating about S (that is, once monotonicity ceases) the 

reality of the plots of I and Ex vs. S must be questioned. 

Similarly, hypothetical curves of I and Ex vs. S for a 

series of similar islands at a single point in time are 

suspect. 

Consider first the curve of Ex vs. s. Its validity 

rests on the association with every Sofa unique Ex, but 

it is difficult to make this association from two viewpoints. 



Questions of populati on s ize aside, there i s no reason to 

expect that every constellation of n species on a given 

island should produce the same extinction rate. Whatever 

interactions are occurring among a particular n species it 

is unlikely that their extinguishing effect should equal 

that of a different set of n species. And the species extinc­

tion rates defined earlier are certainly not equal for all 

species and hence as a sum would not contribute equally to 

an island extinction rate for all sets of n species. 

And, still neglecting population sizes, even if an 

extinction rate could be associated with each of the(~) sets 

of n species in a species pool of size P, it is not possible 

directly to average them and thus perhaps to claim that some 

sort of an average Ex(n) is less than an average Ex(n + 1 ) . 

For each of the(;) sets cannot be weighted equally - surely 

some are in reality h~ghly improbable. To find a relative 

probability for all sets is not yet possible; it requires 

in particular a more complete knowledge of static distribu­

tions of colonists on several series of islands. 

Yet the most important defect of the Ex vs. S curve is 

that it fails to take account of population structure. A 

given set of n species will have associated with it numerous 

extinction rates, as many as there are conceivable combinations 

of sizes of then populations, and to measure their relative 

probabilities seems a hopelessly complicated task . A 
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stochastic model can be conceived which can yield the rel a tiv e 

probabilities of each possible combination of population sizes, 

but the biological knowledge necessary to make it predictive 

will be lacking for the-foreseeable future, if not forever. 

An immigration rate vs. Sis not subject to this last 

consideration since invasion rates, and consequently immigra­

tion rates, are unaffected by the sizes of the populations 

already on the island in question. But it still suffers 

from its failure to account for different sets of n species 

present on the island, and hence different sets of (P-n) 

spe~ies of potential imm~grants. ~gain, if the relative 

probability of each of the(:) sets of n species were known 

a meani~gful average I(n) could be calculated in theory , but 

it would require that the invasion rates of all P species 

in the pool be known for the given island. Although such 

information does not seem altogether out of reach it is 

certainly unavailable now. For the present I as a function 

of S has limited utility. 

The concept of intersecti~g plots of I and Ex vs. S , 

the former monotonically decreasing and the latter monotoni­

cally increasing, may still be didactically useful in two 

distinct situations. If one monitored two times, separated 

by a fairly long interval, each of a series of islands t hat 

were large enough to avoid small numbers problems and distant 

enough from a source area (for reasons given below), his 



129 
data would consist of one value of S (that of the first 

monitoring), one value of Ex, and one value of I for every 

island. I and Ex could then be plotted against Sand would 

probably display the expected monotonicities. 

Similarly, if one observed a single such island at long 

intervals from a defaunate condition through She would get 

for each monitoring period i an Si, Ii' and Exi. If the Ii 

and Exi were then plotted against the Si we would probably 

again have~ monotonically increasing Ex curve and monotoni­

cally cally decreasin~ I curve. These curves would not be 

the same as those d~scussed in the preceding paragraph, how­

~ver, because of obvious radical differences in population 

structure. And the nearer the islands were to their source 

area the more different the two sets would become because 

of drastic changes in the latter (si~gle island) set, in a 

manner to be explained later. Furthermore, in . neither 

instance is it possible to predict from first principles 

the shape of the Ex curve. Though one might logically deduce 

characteristics of the I curves this will not be feasible 

practically until much more is known about both species 

dispersal characteristics, and therefore invasion rates, and 

static distributions of species, in order to estimate relative 

probabilities of distinct sets of species. 

Curves of I and Ex vs. time, by contrast, are unambig­

uous for a _ given island monitored at discrete points in time, 
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instead of discrete numbers of species S. They simply plot 

the average rates (I. and Ex 1•) for a series of time periods . l 

i vs. the position of those periods in the time continuum. 

The only arbitrary decision is what length to make the time 

periods. In an experiment such as that described herein, 

this is determined by the interval chosen between monitorings. 

The lo~ger the interval the less a~curate the observed I and 

Ex rates because of species imm~grating and going extinct 

all within one interval; a discussion of the inaccuracy thus 

introduced is found on p. 151. 

Given the reality of the curves of I, Ex, and S vs. t, 

one would wish to predict their interdependent shapes in 

advance. A previous attempt by MacArthur and Wilson (1963, 

A -Gt 1967) yielded for the latter curve S = S(l-e ) with Ga 

constant, whose_ general form is_ given in Graph 1. They 

found that the ratio of variance , if this colonization 
mean 

curve were found, experimentally on a series of identical 

islands, would fall from 1 near time Oto about 1/2 as the 
A 

islands approached their equilibrium S. 

Both the shape of their curve and the constant Gare 

d~rived from characteristics of the I and Ex vs. S curves, 

the limitations of which have just been discussed. In 

particular they utilize the doubtful analogy between an 

untreated island with s 1 species and a defaunated island of 

similar size (and presumably shorter distance to source 



Graph 1: 
A -Gt 

S = S(l-e ) 

from MacArthur and Wilson (1967) 
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area) whose colonization curve rises to s 1 species en route 

~ 

to a h~gher s. 

A MODEL FOR COLONIZATION OF THE SMALL ISLANDS IN THE KEYS 

A model will be discussed here which predicts a major 

part of these experimental curves directly from species 

characteristics, without recourse to curves plotted against 

S. Why the model is predictive in this instance and the 

extent of its applicability to islands other than the admit­

tedly unusual ones of this experiment are discussed. 

• The model · in its simplest form, proposed by Bossert and 

Holland (Bossert, 1968; Holland, 1968) has the following 

preconditions: 

i) It is relevant to colonization of a single 

given island. 

ii) There are P species in the species pool 

available to colonize the island 

iii) Each species a has an invasion rate it
0 

(a) 

constant over time and unaffected by species 

already present on the island1 which instead 

of being defined in terms of propagules/ 

time ( as on p.102) is converted to the 

probability that one or more propagules land 

on the island in one interval. This, of course, 



is dependent upon the length of the time 

interval which is used in the experiment; 

once · this t 0 is chosen the it
0 

(a) are 

uniquely determined by the i . 
a 

iv) Every species a has a species extinction 

rate et
0

(a), constant over time and unaffected 

by species already present, similarly defined 

as the probability that this species will go 

extinct in one interval. 

Holl?nd deu~s laigely with the shape of the colonization 

curve after many intervals have elapsed (i.e. - once the 

process is stationary), in particular finding that there is 

p it o ( a ) 

a non-interactive equilibrium S = 2 
• ( ) ( ) 1 it o ( a ) + et o ( a ) 

P ito a etoa. a. = 

and variance ="' (. ( ) ( 2 ~ it-_ a + et-_ a) ) 
a =l .,., "1J 

He treats briefly the effects on the colonization curve as 

the species characteristics it (a) and et
0 

(a) are modified 
. 0 

and does not discuss the problem of varying island charac-

teristics while keeping the species pool constant. 

While the model is manifestly derived from the species 

characteristics ia and ea, any simulation utilizing it 

automatically provides the information necessary to compute 

the island characteristics I and Ex, and the model has been 

programmed to provide this data; that is, to yield for a 



given input set of et
0

(a) and ito (a) not only a curve of S 

vs. t, but also of I and Ex vs t. Also, although Holland 

does not treat the effects of varying island parameters 
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(especially island area·and distance from source) while 

maintaining one species pool, this can be done readily by 

modifying the species characteristics systematically (for 

instance, lowering the ito (a) as distance of the island from 

source increases). 

Each oi the preconditions will now be. considered in turn, 

and its a~plicaLility to_ general situations and the Florida 

Key~ defaunati~n experiment in particular discussed. 

Condition (i) is simply a convention of the model, that 

only one island will be considered at a time. As mentioned 

above, the colonization of different islands can be compared 

by varying the species characteristics; this is discussed on 

p. 

Condition (ii) is similarly a mere convention. 

Condition (iii) seems incontrovertible unless seasonality 

or some other factor introduces a periodicity into the dispersal 

characteristics of a major proportion of the species in the 

pool. It defines a unique, real measure of the probability 

that at least one propagule of a given species will land on 

a given island in a given amount of time. There is no reason 

to believe that those animals already present on an island 

would in any way modify the rate of arrival of animals from 



elsewhere. Both prior consideration of Keys climatic infor­

mation and the colonization data from the defaunated islands 

in the Keys indicate . strongly that dispersal of the majority 

of potential colonists ~s relatively uniform over time 

(Simberloff and Wilson, 1968}, so in this respect the model 

seems applicable. For islands where fluctuation in the ito 

(a} is expected there is ~o reason why the model could not 

be programmed to simulate this, provided the fluctuation 

characteris~ics were known. 

More doubtful is condition (iv}. Probably no one would 

question that every species on an island has a finite probabil­

ity of extinction from causes not related to food-limitation 

or competition - one could imagine every member of a popula­

tion drowned during a torrential downpour, say, or buried 

under lava from a volcanic eruption. What may be doubted is 

that such events, in the aggr~gate, contribute . significantly 

to species extinction rates and hence to an island extinction 

rate . . That such extinction probabilities are so important 

that food limitation and competition can be neglected 

entirely and a useful model still result may seem preposterous. 

Yet the model says exactly this, for it provides for extinc­

tion -only through the comparison of uniform random numbers 

with the eto (a}. The failure to allow either for change 

through time of the eto (a} (by making them· intrinsic species 

characteristics} or for the inclusion of a separate time- or 
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S-dependent tenn in calculating extinction probabilities is 

tantamount to discounting all inter- and intraspecific inter­

actions. 

As regards the experiment in the Florida Keys, however, 

two considerations seem strongly to imply that the model 

accurately depicts extinction at least during a major part 

of the rise of the colonization curve from Oto the non-inter­

active §, and hence to a point above a more permanent§ to be 

derived later. Eventually (certainly by the time the coloni­

zation curve becomes truly stationary) its validity is 

dub~ous; this will be discussed. 

The first factor is that many colonizations (and hence 

imm~grations and extinctions) throughout the experiment were 

by transientso Most animals in the source fauna cannot 

successfully colonize small red ma~grove islands for a variety 

of reasons - lack of adequate nest site, absence of proper 

plant food, insufficient prey, hostile physical conditions, 

etc. They invade but quickly_ go extinct; in short, their 

eta (a) are very high. Of an estimated 600-700 species in 

the pool, 236 were observed to have colonized the islands 

after defaunation (not counting the final monitoring period}; 

110 of the 236 were extinguished within a si~gle monitoring 

period (18 days), and 134 within twoG Many of these immigrated 

and went extinct more than once. The fraction of the total 

colonizations comprised of these transients did not change 



systematically throughout the experiment. 

The error incurred in estimating total immigration and 

extinction rates from observed colonizations is discussed 

later, but it can be briefly noted here that one must assume 

that a sizable fraction of the total extinction (and immigra­

tion) rate, perhaps as large as two thirqs, is not seen in 

observational data because it consists of propagules landing 

and going extinct all within one time interval, between two 

monitori~g periods. Most of this fraction. is due to the 

same class of transients just described, and this will 

obviously strengthen the assertion that most colonizations 

are by transients. 

A further consideration, which leads to the same con­

clusion, is that all the species eliminated from considera­

tion as colonists by Simberloff and Wilson (1968) because 

they were judged to be treating the defaunated -islands as 

part of a fine~grained foraging system, would if included 

in the· species counts appear as transients - that is, all 

would become extinct within one monitoring period, and many 

would reinvade and be extinguished repeatedlyo 

It seems probable from the above arguments that the 

majority of colonizations, perhaps about 75%, were by obligate 

transients. The species in this class all have high et
0 

{a) . 

But the remaining 102 of the 236 observed species, those not 

extinguished within two monitoring periods, were not a uni-
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form lot; many of these accomplished sustained colonization 

on one or two occasions only, their invasions otherwise result­

ing in swift extinction. Of a total of 391 distinct coloni­

zations by these species, 158 lasted only one or two intervals. 

If the experimental time course is divided in half there is 

apparently some change in extinction rates caused by inter­

actions, for 30% of these colonizations initiated in the 

first half were transient while 51% of those in the last 

half were transient. Even this difference may be artifactual 

duri~g the major part of the initial climb of s for two 

reasons. First, there are a few species in the pool (perhaps 

10-15) which have very low et
0 

(aj - once they colonize they 

are rarely extinguished. Most of these immigrated in the 

first half of the experiment, tending to lower the percentage 

of short-lived colonizations in the first half and, by their 

unavailability for new colonizations, to raise · this percentage 

in the second half. Secondly, the second half includes for 

every island except El a portion of differing length during 

which shad already begun to fluctuate and perhaps gradually 

to decline, and it was during these portions that some popu­

lation sizes may have been large enough for interactions to 

occur. This is discussed below. 

In sum, the first consideration which implies that pre­

condition (iv) of the model may have biological validity for 

the Keys experiment is the majority of obligate transients 



in the species pool, and that all but a few of the remaining 

species, even though capable of sustained existence, apparently 

persist in at best half their colonizations. Even many of 

these disappear within two months. And at least duri~g most 

of the rise of S these characteristics do not cha~ge signifi­

cantly in time (or therefore with S). 

The second consideration supporti~g precondition (iv) 

may explain the apparent lack of inter- and intraspecific 

interaction5 during this period (i.e. - that the unchanging 

et
0 

(~ anequat0.iy re~resent the total extinction probability 

for most species). This is that, except for colonists on 

El (discussed later), population sizes during the entire 

monotonic rise of the colonization curves toward an equilibrium 

§, and in varying degree through the first few fluctuations, 

were uniformly very low - strikingly so compared to those on 

most untreated islands. 

Accurate quantitative estimates are unavailable for 

this experiment - indeed, they may not yet be possible for 

these mangrove islands - but it was readily apparent that 

densities on the defaunated islands were extraordinarily low. 

Whereas on normal red mangrove islands one sees without 

manipulation numerous small arthropods constantly and almost 

instantly, for at least four months after defaunation he 

would see at most one or two animals per hour without active 

searching. Even active manipulation only accentuated the 
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animal paucity. Small mangrove twigs, both living and dead, 

normally harbor a plethora of both wood-borers and species 

which inhabit the hollow twigs which the borers produce; 

breakage of such twigs 0n defaunated islands for at least 

several months yielded almost no animals at all. Before 

defaunation approximately 20 twigs/1OO yielded colonists 

(mean over all islands), while in the five months immediately 

after defaunation a maximum of 2 twigs/1OO (and usually less) 

contained animals. Similarly, dead bark ordinarily houses 

large populations of several species on any single island; 

for months after defaunation this microhabitat was essentially 

empty. Although the low densities were most striking in 

these two microhabitats (since they normally contain more 

animals than the others) all microhabitats showed the same 

trend. 

All colonists were present in low densities during this 

period (with occasional exceptions, such as ephemeral popu­

lation· explosions of some psocopterans and thrips), but the 

most dramatic scarcity was of ants, the undisputed ecological 

dominants of untreated ma~grove islands. The ants as a group 

not only immigrated late (Simberloff and Wilson, 1968) but 

were very slow in building up populations (in both colony 

numbers and colony sizes) to anything approaching the great 

size often achieved on these islands. At the last monitoring 

of all islands, about one year after defaunation, ant populations 
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were still abnormally low - certain expected colonists were 

rarely present (Paracryptocerus· va·r •ia•ns , · Tapinoma· littorale) 

and only Crematogaster ashmeadi and more rarely Pseudomyrmex 

elongatus had sufficient workers (and these only on some of 

the islands) to appear common. On no island were ant popula­

tions nearly so dense as those before defaunation. 

And it is precisely the ants that one would expect to 

be involved most frequently in competition, predation, and 

interactions in general. Except for a very few observations 

of spiders (particularly salticids) eating psocopterans and 

roaches, and of several wasp species preying on various 

lepidopterous larvae and araneids, all direct observations 

of interaction in this experiment have involved ants (and 

almost all these have been near the end of the experiment 

as densities were rising noticeably). All interactions, 

of course, were more common during the later monitorings, 

and as population sizes continue to rise I expect that inter­

actions will play an increasingly_ greater role. 

To reiterate the second consideration, then, the over­

whelming weight of observational evidence in the Keys experi­

ment implies that population sizes were almost all low 

during the rise of the colonization curve from Oto a large 

fraction of the non-interactive equilibrium 0 Interactions 

were correspondingly_ greatly reduced from those on an 

untreated island. 
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The generality of this condition is doubtful. The 

relatively short distances from source area to the experi­

mental Keys (2 yards - to ca. 1 mile} are directly responsible 

for its applicability in this instance, for they allow 

extremely high total invasion rates (and therefore high immi­

gration rates} which in turn means that many species can be 

present before any can build up large populations. Undoubtedly 

if one defaunated more distant islands (say, 30 or more miles 

from source} this situation would not pert~in and to simulate 

colonization of such islands an additional extinction factor, 

dependent on which species are present and in what densities 

(and including information on food availability}, would have 

to be incorporated. Of course such experiments have not been 

performed~ the results from one such event, the eruption of 

Krakatau, are inconclusive (Wilson and Simberloff, 1968}. 

It should also be noted that on islands larger . than the tiny 

ones in the Keys the invasion rates would be much higher than 

for a tiny island equidistant from the same source. Just 

what the relative weights of island distance and island area 

are in determini?g invasion rates and how much one factor 

can compensate for the other must be determined by further 

experimentation. In particular more must be known about 

gross dispersal characteristics such as the normal and expo­

nential dispersal patterns of MacArthur and Wilson (1967) and 

about behavioral components of insular invasion, including 



the ability of potential invaders to orient themselves toward 

an island and to discriminate from a distance among different 

types of islands. 

In the Keys experiment a possible exception to the rule 

that a large fraction of the non-interactive equilibrium S 

is achieved before population sizes are large enough to 

allow significant interactions may be the island El in 

series 1. This is by far the most distant island in the 

series, and its present small size is apparently but a fraction 

of that 01.1.ly a century ~go (Wilson and Simberloff, 1968). 

The .equilibri~ theory to be presented here predicts that, 

as the farthest island, El would be expected to have the 

lowest non-interactive s, and further that it might be 

" expected to take longest to reach any set fraction of that S. 

The interesti~g possibility is that El may be so far from 

its presumed source areas that when it finally does equilibrate, 
/\ 

it may be around an Slower than that before defaunation. 

Altho~gh the colonization curves of the other three islands 

in series 1 (E2, E3, and ST2) have apparently risen to near 

their respective non-interactive S's and started oscillating 

or even declining slightly (see below), that of El was still 

erratically rising a year after defaunation. Since in 

general on all other islands in this experiment population 

sizes seemed to be approaching those on undisturbed islands 

by one year, it may be that what few potential lo~g-term 
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colonists have succeeded in reaching El will be able to 

produce abnormally large populations before their presumed 

competitors invade. This in turn could render these late 

invaders, which might otherwise be persistent colonists, 

transients doomed to swift extinction. That is, though 

their intrinsic eta .(~ may still be relatively low, inter­

actions may cause their total probability of extinction to 

be high. 
A 

That the resulting equilibrium Son El should be lower 

than that ~efore def~unation is a consequence of the general 

colonization curve derived later and pictured in Graph 2. 

It is sufficient for now to note that after an initial 

approach to near the non-interactive S, there is a . gradual 

decline to a sl~ghtly lower, more enduring S determined 

partly by interaction. Since El appears to be leveling off 

much lower than the pre-defaunation §, one might expect a 
A 

quasi-equilibrium S (Wilson and Taylor, 1967) which will 

rise slowly and in an as yet unpredictable fashion to the 

same enduri~g § to which it would have descended from near 

the non-interactive equilibrium. That is, the El coloniza­

tion curve will first equilibrate at a level lower than the 

pre-defaunation Sand then very gradually and possibly not 

monotonically climb to this long-term equilibrium level. 

It is even possible that the enduring equilibrium to 

which it ascends will be somewhat lower than the pre-defaunation 
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,. 
S. This rests on the tenuous but not unreasonable assump-

tion that as the size of El shrank duri~g the past 100 years 

there was a considerable lag in the decrease of§ to that 

which would be expected . from species-area relationships. 

Such reasoning will, of course, remain pure speculation 

until more is known about the time courses of the increase 
,. 

in Son small islands as they grow from single mangrove 
,. 

seedlings and the decrease in Sas island size shrinks from 

hurricanes, lightning, etc., and about species-area relation­

ships in general. 

I have so far discussed which curves should be used to 

describe insular colonization and why in the Florida Keys 

experiment a non-interaction model may accurately predict 

part of the shape of the colonization curves. I conclude 

with a comprehensive theory of colonization of these Florida 

islands; its generality is limited as indicated in the prev­

ious appraisal of the applicability of the non-interaction 

model. · 

The colonization curves of the four islands in series 1 

are shown in Graph 3. Graphs 4 and 5 depict the colonization 

curves of E7 and E9, respectively. The colonization curves 

do not include a correction for unseen transients; below this 

error is shown to equal about two species at any given moni­

tori~g, with high variance. The observed immigration and 

extinction rates are much lower than the real rates for two 



Graph 3: Colonization curves of series 1 

islands 
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Graph 4: Colonization curve of Island E7 
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Graph 5: Colonization curve of Island E9 



50 

Pre-defaunation survey 
,......-L-, 

I- -+- E9 
Z 40" w 
(/) 
w 
a:: 
Cl. 

(/) 
w 
0 30 w 
Cl. 
(/) 

a:: 
w 
co 
:E 
=> 20 z 

10 

40 80 120 160 200 

DAYS 

240 280 

Final monitoring 
r'-, .. 

320 360 
~ 
6"" 
-.-.,I 



150 

reasons, and consequently are not shown. 

First, and probably of little relative numerical impor­

tance, is that with 2-day monitoring periods every 18 days , 

it is theoretically possible for a species to persist for 

up to 34 days and to be present through only one monitor ing 

period. Such colonizations would be transient in fact , 

whether or not the animals involved were obligate trans i ents 

(p.114). Their existence thro~gh only one monitori~g period 

precludes their presence being inferred indirectly - they 

could be detected only through observation. Now we already 

know that a small proportion of more persistent colonist_s 

at any given monitoring period are not actually seen but a r e 

assumed present because of observations at both the preceding 

and following monitoring periods (Simberloff and Wilson , 1 968 ) o 

What must be estimated is how many transients present during 

the monitoring are not seen. A series of unproven assumptions 

and rough estimates can provide a crude solution as fo l lows . 

First we assume that persistent colonists and transients 

are equally likely to escape detection at any given monitoring. 

For a number of subjective reasons not defended here it seems 

to me that if anythi~g, transients are more likely to escape 

detection. If this is true, the resulting figure for 

undetected transients present during a monitoring period is 

an underestimate. 

On all islands throughout the experiment, of' obs·e·rved 
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colonists at any given monitoring period at least one third 

were transients (present for one or two periods only) and 

therefore at most two thirds were more persistent colonists . 

If we then estimate that for all islands and all monitoring 

periods the mean number of species observed was about 24 

and inferred was about 4, then for the 16 (=2/3 x 24) observed 

persistent colonists ·there were 4 unobserved colonists. 

Consequently for the 8 observed transient species, there 

should be 2 (=4/16 x 8) unobserved transients. The increment 

in both immigration and extinction rate from this source 

alone should tterefore average 2 spp./18 days= .11 spp. / day, 

but an estimate from this source and a second one now described 

will be calculated which is much greater. 

I have just dealt with the error incurred thro~gh 

transients present during a monitoring period but not seen. 

A second source of error is introudced by transients not 

present during any period (and hence, of course, never seen) 

- that is, species which immigrate and are extinguished all 

within one interval between two monitoring periods. In 

addition to bei~g far more important numerically than errors 

of the first class, this second sort of error is considerably 

more difficult to estimate. Two methods have been used . 

The first is purely probabilistic and necessitates a 

single, crucial measure - the distribution of lengths of 

colonizations lasting from 1 through 34 days. In the absence 
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of evidence on this distribution the calculation was done 

on the assumption that it is uniform - i.e.: that coloniza-

tions lasting for 1,2, ...... , 34 days are equiprobable. There 

are again rather subjective reasons which will not be defended 

here for believing that this is not so, but that instead 

colonizations lasting 1 or 2 days are far more frequent than 

those lasting 34 days. The extent of monotonicity of the 

curve cannot yet be quessed, however, so the uniform distribu­

tion was used for simplicity of calculation. Again a devia­

tion from uniformity in the direction indicated would tend 

to raise greatly the number of imm~grations and extinctions 

not observed and so the estimate of inaccuracy introduced 

through this source is also a lower limit, probably a gross 

underestimate. 

Granted the uniform distribution, it is a routine matter 

to calculate for a _ given species present for x . days (l~x~34) 

the relative probabilities that it will be present during 

0,1, or 2 2-day monitori~g periods, respectively, and thence 

to calculate how many transients were present during no 

monitoring period given a certain number present at one moni­

toring period (this last figure, of course, must be estimated 

from the number observed plus the correction indicated on 

p. 78 ) . The net result of this procedure is that for every 

colonist known present through one monitoring period only, 

there were 0.42 colonists which were present during no 



monitoring period. And whereas that one colonist known 

present had an expected persistence time of 17.1 days, the 

estimated 0.42 colonists not present during any monitoring 

period had an expected persistence time of 6.0 days. In sum, 

whereas we had estimated 1 transient with mean time to 

extinction of 17.1 days, we now estimate a lower limit of 

1.42 transients with mean time to extinction of 13.8 days. 

Again looking at a typical island during one monitoring 

period with 24 observed species present, w.e earlier estimated 

that if 8 of those weie transients there were also 2 unobserved 

transients, or a total of 10 transients. We must now estimate 

a total of at least 14 (=1.42 x 10) transients, and the 4 

species added have an even greater extinction rate than the 

original 10 transients. In addition, this probably greatly 

underestimates the number of transients (as explained above) 

and a more realistic estimate would probably be at least 20 

total transients during one interval for 8 transients observed 

during· the monitoring period at the end of that interval. 

To_ guess at the total increment in imm~gration and extinction 

rates from this estimate is exceedingly difficult because, 

as has just been indicated, not all transients have the same 

extinction rate and the unobserved ones tend to have higher 

rates. But the very least the increment could be from this 

line of reasoning is (20 spp. - 8 spp.)/18 days= .67 spp./day. 

The second estimate of the error introduced into extinction 
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rate measurements through transients not being present dur­

ing any 2-day monitoring period when monitoring is performed 

every 18 days (though not of the lesser error introduced 

through observational failure) is provided by the coloniza­

tion simulation described below. This estimate was derived 

by generating data on immigration and extinction every two 

days for 190 days, and then looking first at the total number 

of simulated immigrations and extinctions during an 18 day 

interval (an average daily extinction rate . for an interval -

total extinctions for all 18 days/18 days) and then at the 

number of immigrations and extinctions recorded if only the 

data from a single 2-day monitoring period every 18 days are 

available (aver~ge daily extinction rate for an interval -

(total spp. present at any time duri~g the first 2-day period 

but never during the second 2-day period)/18 days). That is, 

the same random events were used - in the first instance all 

these events were observed, while in the second only a subset 

were observed. 

It should be noted that, whereas the previous method 

extimated the minimum possible error in observed I and Ex 

rates, the simulation yields a maximum since it assumes that 

the presence of a species through n consecutive periods does 

not increase the probability of its persistence through n+l 

consecutive periods, surely a pessimistic outlook. That is, 

this method overestimates the ratio of the observed 2-day 
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rates to the observed 18-day rates. 

The invasion and species extinction rates used in this 

simulation, given in • Table 2, were chosen as described in a 

later section to accord -with the observed crude distribution 

of persistence times and immigration rates for the Keys 

defaunation experiment and the approximate non-interactive 

equilibrium indicated for island E2. As will be discussed, 

storage considerations necessitated a simulation of only 

half the Keys species pool, but the approx-imate distribution 

of the et
0 

( ex) and it
0 

( a) were uncha!lged. 

Results of the simulation are pictured in Figures 1 and 

2 and summarized in Table 3. In the figures, the jagged line 

represents the aver~ge I and Ex rates when 2-day monitoring 

periods are continuous, while the lower (usually), smoother 

line represents the average rates when monitoring consists 

of a single 2-day monitoring period every 18 days. 

The important numbers in Table 3 are not the rates them­

selves~ which are certainly lower by a factor of 2 (since 

the species pool was halved) and furthermore are distorted 

by the inaccuracies of the assumed distributions of the 

i ( a ) and e
2

_day ( a ) . The significant column rather 
2-day 

is the last, since the ratios of observed rates are unaffected 

by the halving of the species pool and are much less sensi­

tive than the rates themselves to the exact values of the 

invasion and species extinction rates. It can be seen that 



Figure 1: Immigration rates observed from 

intermittent and continual 

monitoring 

Figure 2: Extinction rates observed from 

intermittent and continual 

monitoring 
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TABLE 2. Invasion and species extinction rates used in 
simulation to determine errors in observed I and 
Ex rates. 

' . : . : : .. . .. ' .. . .. . 
. . . ' .. 

# of o. • 

6 5.724 X 10- 4 

16 8.800 X 10~ 3 

63 40968 X 10- 2 

215 5.309 X 10- 1 

300 . 5.000 X 10 

TABLE 3Q Differences in observed immigration and extinction 
rates over 190 days between· 2-day monitoring cycle 
and 18-day monitoring cycle (2-day monitoring 
period in all instances) 

I max 

I mean 

Ex max 

Ex mean 

2-day cycle 18-day cycle 

6.000 

1.347 

5.000 

1.289 

0.778 

0.495 

0.667 

0.439 

All rates in spp~/day. 

ratio 
(2-day /18 day) 

7.712 

2.721 

7.496 

2.936 

3 
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the upper limits for the true mean I and Ex rates on the 

defaunated Keys over long periods of time (at least several 

months} are the observed rates gotten by monitoring every 

18 days multip]ied by 2.5-3.0. 

It is apparent from either estimate, then, that the error 

in the observed immigration and extinction rates is so large 

as to render them almost useless as a measure of true irnmi­

gretion and extin~tion rates, e~cept possibly for order of 

magnitude; the error is at least 0.67 spp./day - equal to 

or l~rger than·the observed rates themselves. Mean turnover 

rates at equilibrium are probably between 1.5 and 3.0 x the 

observed rates. The only rernaini~g worth of the observed 

rates will be to compare them in_ general size and shape 

(fluctuations, etc.) to the appropriately derived curves in 

the simulation; if the agreement is good it will serve as 

supporting evidence that the rules used in the simulation 

correspond closely to those in nature. 

The observed immigration and extinction curves for all 

experimental islands were highly variable, with no apparent 

pattern except for generally higher immigration rates on 

nearer islands during the first 150 days. Rates were usually 

between 0.05 and 0.50 spp./day, which is less than the mini­

mum expected error just derived. It will be shown later 

that the variance about the "expected" immigration and ex­

tinction rates is high. If we take 0.35 spp./day as an 
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approximate mean observed extinction rate near equilibrium, 

the estimates derived above indicate that true turnover rates 

at equilibrium for these islands are probably: 

0.52 spp./day - 0.35 spp./day x 1.5 < true turnover rate 

< 0.35 spp./day x 3.0 - 1.05 spp./day 

We must therefore concentrate on the observed coloniza­

tion curves - since they depict Sat a series of discrete 

points (namely, the monitoring periods) there is no error 

introduced through species immigrating and. going extinct all 

between two monitoring periods. The monitori~g procedure 

and the evidence for its completeness are discussed in detail 

elsewhere (Simberloff and Wilson, 1968). The major source 

of error is undetected transients, which we have just seen 

probably aver~ges only about 2 species per monitoring period. 

That the distribution of the number of transients present, 

though havi~g high variance, changes relatively little through 

time is a feature of the theory now to be described. 

r · feel that these observed curves are best explained 

as the product of colonization first according to the tenets 

of the non-interaction model, to a level near the equilibrium 

" s predicted by that model (and above that determined partly 

be interaction); thence a slow, irregular decline to a more 

enduring equilibrium, determined in part by interactions and 

similar to that obtaining before defaunation. That El may 

not fit this pattern has already been discussed. 



E7 may also deviate somewhat from this scheme. Change 

in the island itself probably acted to raise both the non­

interactive Sand the interaction-determi ned s, and also to 

prolong the entire colonization process (Simberloff and 

Wilson, 1968). 

The part of the curve determined by t he non-interaction 

model can be predicted in great detail, but once population 

sizes are sufficiently large for interactions to become 

significant (which occurs on these experimental islands after 

a very few oscillations of the colonization curve in its 

app~oach to the non-interactive S) this model breaks down, 

and data on interaction in_ general seems i nsufficient to 

allow a predictive stochastic model for later colonization 

even with so simple an island ecosystem as that of the tiny 

Florida mangrove keys. 

It must be reiterated that the non-interaction model 

produces an equilibrium number of species determined 

entirely by the it
0 

( a ) and et
0 

( a ) in the total absence 

" of interaction. To predict this equilibrium Sand the expected 

value of the colonization curve at any point for a given 

island requires that the it ( a ) and et ( a ) for all 
0 0 

species in the pool be known. Although this requirement 

cannot be satisfied directly for any of the experimental 

islands, it is nevertheless possible to make reasonable 

estimates of all necessary parameters, and thence to calculate 



i) The curve of expected value of S vs. t 

ii) The variance of the curve of S vs. t 

iii} The .equilibrium value of S 

1.61 

and to .give the mathematical equation for this "expected" 

colonization curve. The experimental curve can then be 

compared to a confidence band about the "expected" coloniza­

tion curve to see if the hypotheses behind this latter, 

theoretical curve could reasonably e·xplain the experimental 

curve. In addition, stochastic simulations utilizing these 

hypotheses and the data used to calculate the "expected" 

colonization curve can be _performed and the resulting 

colonization curves compared to the experimental curve. 

First let us derive the "expected" colonization curve 

and its parameters, then discuss the estimates inserted into 

the resulting equations. 

In addition to the measures described above, Bossert 

and Holland define for each species a a species indicator 

variable S (n} by 
a: 

S a(n} - 1 if species a is on the island during 

period n 

S a<n) - 0 otherwise 

Then for every species a and time period t, 

( 1 ) E ( S a ( t} } - Pr ( S ex ( t} = l } 

In any discrete simulation a decision must be made about 
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whether to apply first the ito (a) or et
0 

(a): whether t o 

invade first and then to extinguish at each discrete time 

period or vice versa-. As the intervals approach O (i.e. -

as the rates become instantaneous) this difficulty of course 

disappears; consequently the theoretical discussion to be 

presented later is unaffected by the convention chosen. For 

all simulations, however, extinction was performed first and 

then invasion for every simulated time interval - this was 

because, as has been shown, most members o_f the species pool 

are obligate transients (high et (a)) and if extinction 
. 0 

were performed after invasion these species would very rarely 

manifest themselves in the output. 

Even 

Given this convention, 

(2) E(S
0

(t+l)) = E(S
0
(t)) (1-et

0 
(a)) + (1-E(S 0 (t))) it

0 
(a) 

+ E(S 0 (t) )et
0 

( o: )it
0 
(a) 

- E (Sa Ct)) (1-eto ( a )-it
0 

( a ) + et
0

·( a ) ito ( a)) 

+ ito ( a ) 

with fairly large time intervals the products et ( ~it (~ 
• 0 0 

are small enough to be omitted without loss of accuracy. This 

will be done here, though the calculations could as easily be 

performed with these terms included. In any event, when we 

pass to the limit below, these terms would be excluded. 

We then have 



• An equilibrium i s attained when 

E(S a(t+l)) = E(S a(t)), 

which by equation (3) implies that 

( 4) 
" i · (a) ·· · 
S a(t) - E (S 0 (t)) = ___ t~e -----

ito ( a ) + eto ( o: ) 

But since we have pos t u l ated independence of the species, the 

expected value of the colonization curve at any given time t 

is simply 

(5) E(S(t)) = E(I: So:(t)) = E E(Sa(~)) 
. a =l a -:-1 

whi~h approaches as t • 00 (from equation ( 4) ) 
p . it o ( a ) 

s(t) 2 (6) - , 

a=l eto ( a ) + ito ( 0: ) 

the result deduced by Bossert and Holland. 

Since 

2 2 
E. ( S Ct ( t) ) - Pr ( S a ( t ) = 1 ) - Pr ( ( S a ( t) ) = 1 ) - E ( ( S o: ( t) ) ) 

Then 

(7) var ( So: ( t ) ) 
2 2 

- E ( ( Sa ( t) ) ) - E ( Sa ( t ) ) 

- E (Sa (t)) - .'ff (Sc/t)) 

We can therefore calculate var (SQ(t}) stochastically simul­

taneously with E (S a(t)). Var (S o:(t)) also has an equilibrium , 

" as Sa--+ Sa with increasing t. By substituting equation ( 4) 
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into equation (7) we see that 

i ( a ) et ( a ) . .t.o. . .. 0 ... 
(8) var (S a<t)) 

t ,, 00 (ito ( a ) + eto ( a ) } 2 

Again, . the independence of the species allows us simply to 

add the variances of the individual curves of E(S a(t}} vs. t 

to yield the variance of the curves vs t : 

(9) var (S (t)} = "£ 
a =l 

p 

Z: 
a =l 

Although we now have sufficient information to perform 

a stochastic simulation for comparison with the experimental 

data, we first digress to find a _ general mathematical equa­

tion to fit the "expected" colonization curve. 

Starting with equation (3): 

We may then divide both sides of the above equation by ~t, but 

before passing to the limit we must recall that the species 

invasion and extinction rates, it
0 

and eto' decrease with 

decreasing time intervals t 0 (since they are defined as the 

probabilities that a species invades or_ goes extinct, 



respectively, within one interval t 0). Earlier ia and e
0 

were defined as the rates per time of invasion and extinction, 

respectively. Working only with invasion, from the Poisson 

distribution for random ·events it follows that: 

ito ( a ) - Pr (species a invades in interval t 0 ) = 

1-Pr (species a does not invade in interval 

(iato) oe-iato 
-i ta - 1 - = 1 - e a 

0 ! 

it o ( a ) . - i CT t o . . - i aO 

Consequently lim ---- = lim - e • - e 
t 0-+o t 0 t 0__. o t 0-o 

= 

t=O 

An analogous treatment for extinction yields 

e ( a ) 
. to . . . 

lim ---- - e a 

With this in mind, dividing equation (10) by ~t yields: 

E(S (t+l)) - E(S (t)) 
a a 

~t 

which on passing to the limit (~t-----.O) gives 

(11) 
dE. (.Sa· (.t) ) 

dt 

to) 



Rearrangement and integration yield: 

t 

f du 
0 

And since E(Sa(O)) = 0 for a defaunated island, we find: 

(12) 

which defines the curve approached by E~s;(t)) as the time 

intervals used approach 0. 

• Because of the independence of the species, 

(13) lim E (S (t)) 
t 0 -+0 

16G 

Al though only for carefully chosen sets of i a and e a can this 

curve be represented in the form derived by MacArthur and 

Wilson (1963, 1967): 

(14) E(S(t) (where G = 

"' 

dEx 

as 
dI 

at an S 
as 

nears, for curves of I and Ex vs. S, not t). 

the curve determined by any set of ia and e 0 is very similar 

in shape to (some) curve fitting equation (14). That is, 

because of the monotonicity and shape of each term in the sum 
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-C2t the sum itself resembles a curve of the form c1 (1-e ) , 

where the C1i and C2 1 are all arbitrary constants and c1 and 

C2 are fitted constants. 

The theoretical basis for the similarity of equations 

(13) and (14) is the assumption of MacArthur and Wilson in 
A 

deriving equation (14) that for S near S, the curves I(s) and 

Ex(S) are at least locally straight, which is exactly equiva­

lent to sayi~g that the species are independent and no inter­

actions are occuring (the underlying assumption of equation 

(13)). Then dEx/dS is simply the (positive) increment in 

island extinction rate per species, and dI/dS the (negative) 

increment in immigration rate per species already on the 

island. This tacitly assumes that all species have the same 

(intrinsic} extinction and invasion rates. But if all the 

ia were equal and all ea were equal in equation (13), we would 

have 

(15) lim E(S(t)) -
to--.0 

;,, 

and since MacArthur and Wilson (1968) find S 
• TP -- (I and E 

I+E 
functions of S), which when inserted into equation (14) gives: 
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(16) E(S(t)) 

the two _equations (15 and 16) are equivalent, for I have just 

shown that under the hypothesis invoked by MacArthur and Wilson 

in their derivation: 

dEx 
dS - average extinction rate/species -

(equal for all species) 

and similarly for immigration rates. 

ea' 

Equation (13) is thus a more general equation for the 

colonization curve, reducing to equation (14) when all species 

have the same characteristics 

By substituting equation (13) into equation (9) we 

derive for the variance of the colonization curve at any 

time t: 

(17) 

p . 

var (S (t)) = ~(. 1-a 
1. + 

a =1 a 

If for all a , i a = ea' then the last factor in the sum goes 

from 1 at time Oto 1/2 at time 00
• Under these circumstances, 

then, the ratio variance/mean goes from 1 at time Oto 1/2 
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at time co, as noted by MacArthur and Wilson (1967). More 

generally, if i ex = Ce ex for 

mean goes from 1 at time O 

all a, then the ratio variance/ 

'·1 
to - at time co• for any combina-

C+l , I 

tion of ea and ia, the ratio falls from 1 at time Oto 

a: time 00 , and 

can be calculated explicitly for any t from equation (17). 

We have thus far given the characteristics of the colo­

nization curve for so long as inter- and intraspecific 

interactio~s are of ~inimal significance. As has already 

been discussed-, for all islands but El populations apparently 

reached sufficient size for this condition to break down 

within the first few oscillations of the colonization curve 
,. 

in its approach to S. That is, at t such that E(S(t)) was 
A 

still considerably (perhaps 25%) lower than the S determined 

by the non-interaction theory just presented, ·the assumptions 

underlying that theory ceased to be justified. The logical 

question now is: whither S? 

There is independent evidence that islands where normal 

amounts of interaction are occurring are in equilibrium. 

Most convincing is that untreated islands of similar area 

and distance from source have similar numbers of species 

present (Wilson and Simberloff, 1968). Furthermore, now 

that interactions have become important on the experimental 

islands colonization curves have not fluctuated widely and 
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irregularly but instead have continued relatively constrained 

oscillation within a narrow band. 

Given the large. variance of S{t) derived above, it may 

seem presumptuous to attempt to predict the direction Swill 

now take on the experimental islands, or indeed even to 

claim from the shapes of the colonization curves alone that 
A 

Sis no longer approaching the non-interactive S {even though 

the tenets of the model no longer apply). There are, however, 

three reasons for feeling that the coloni~ation curves are 

destined to equilibrate more enduringly about slightly 
A 

lower S's than those determined by the non-interaction model 
A 

(and lower than those fractions of the non-interactive s 

already achieved on all islands but El), and that the descent 
A 

of S toward this enduring, interaction-determined S has 

already begun. 

First, one would expect intuitively that interactions 

on these Rhizophora islands would reduce the number of 

specie-s. This would obviously be so for competitors (e.g. 

- two or more species utilizing the same part of the mangrove 

tree). As concerns predators, it should be noted that many 

of these subsist largely on transients no matter which 

species are on the island and whatever the sizes of their 

populations. A prime example is the orb-weaving spiders. 

Several species were consistently among the earliest colonists 

and all observed webs were laden with flies and veliid bugs 
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(none of which ever breed on these islands but all of which 

are abundant as transients). Even after the islands were 

colo~ized by sizable ·populations of potential prey species 

the orb-weavers continued to utilize the same transient prey 

almost exclusively. Ants, which are probably active preda­

tors of such relatively defenseless insects as psocopterans 

and thrips when these abound, are nevertheless apparently 

able to build up populations in the absence of high densities 

of these prey, and many species have been ~een repeatedly 

carrying bits of detritus from about ma~grove roots even on 

untreated islands. 

Second, on all islands but El and E2, the colonization 

curve at the final regular monitoring was higher than (or 

equal to, for E9) the pre-defaunation S. As will be explained 

below, since El is the most distant island it would be 

expected to take lo~gest to achieve any_ given fraction of 

the non-interactive S (and may not reach nearly as high a 

fraction as the other islands before interactions become 

important, for reasons given on p.143). Conversely, E2 as 

the nearest island should rise to any given fraction of the 

non-interactive S sooner than the other islands, and further­

more interactions might be expected to become significant 

earlier on near islands since any given species would be 

expected to colonize near islands first. Apparently a peak 

was reached on E2 near the penultimate monitoring period, 



and this will be used here instead of the final monitoring 

period. 

From the first column in Table 1, then, we have four 

positive numbers and one O (no difference), not counting El . 

We cannot calculate the probability of no change, but even 

though none of the other four figures in itself can indicate 

a trend (because of the h~gh variance of the colonization 

curve) if we assume that all four pre-defaunation S's were 

randomly ta.i<:.en from the same class of oscillations about 
,. 

the same C's as were t.inal (or penultimate, for E2) S's, the 

pro~ability of_having four positive and no negative numbers 

is clearly 

This indicates, though not conclusively, that the fraction 

of the non-interactive§ achieved at the end of regular 

monitorings was systematically sl _ightly higher than the 
,. 

presumably more enduring S found before defaunation. 

Finally, identical reasoning using the last column of 

Table 1 (with El now included; since interactions are per­

mitted by increasing population sizes on the other islands, 

at least some interaction o~ght to occur among the (few) 

species on El) allows the inference that S has been decreasing 

systematically since the end of regular monitori~g. Presum­

ably it is approaching a more enduri~g S determined partly 



TABLE le Changes i n numbers of species present (a) from 
p r e-defaunat ion t o l as t regular census, and (b ) 
from last regular census to final monitori~g 

Island 

El 

E2 

E3 

ST2 

E7 

E9 

l\ S 
Pre- Def aunation to 
Las t R~gular Censu~ 

-3 

- 9 (+1) * 

+3 

+l 

+8 

0 

*Penultimate (not last) regular census 

6S 
Last Regular Census 
t o Final Monitoring 

-9 

0 (-10) * 
-2 

-2 

-7 

-9 
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by i nteractions, and on all islands but El this should be 

closely similar to the similarly determined pre-defaunation 
"' 
Se Despite the fact · that no single decline is significant 

because of the high variance of the colonization curve, the 

probability of 6 decreases and no increases is 

This strongly implies a systematic decline. 

The estimated S both before defaunation and after the 

regular monitorings, given in Graphs 3-5, includes as an 

estimate of the number of unseen colonists the mean number 

of unseen colonists during the last four regular monitorings 

(pe 95 ) o But both before defaunation and after the r~gular 

monitori~gs more species had large populations than during 

the periodic censuses, and it seems possible that the prob­

ability of not seeing any given species would be correspond­

ingly reduced. 

Consequently the estimates of the number of unseen 

colonists before and after the experiment were, if anything, 

overestimatesa A suitable correction would increase the 

numbers in the first column of Tableland decrease those 

in the second column, which would strengthen the above con-
,,... 

clusions about the relationship of the non-interactive S to 

a more lasting S determined partly by interaction. 



Looked at another way, the observed data seem to indicate 

that, no matter what our pre-conceived notions of the rela­

tive numerical importance of competitive interactions vs. 

symbiotic ones, on these islands, at least, competition and 

other interactions tending to reduce the number of species 

in a community predominate over those symbiotic relationships 

which tend in a relatively stable community to raise the 

number of co-existing species thro~gh more effective parti­

tioning of the environment or_ greater diversity of niches. 

Although we can thus predict that on all islands but 

the most distant (El) the colonization curve will first rise 

according to the non-interaction model to a large fraction 

of S = ~ : • ia 
L- • ' -Vo: J. a+e a 

sl~ghtly above the or~ginal, interactive 

A 

S, then decline_ gradually to this more enduring s, information 

on interaction in general is insufficient to permit a pre­

dictive stochastic model for later colonization, as stated 

earlier. Planned later monitori~gs may yield empirical 

evidence on the colonization process. 

This discussion has neglected the effects of evolution; 

it is assumed that evolutionary events, including speciation, 

play a minor role over any conceivable experimental time 

periods. A general expected trend might be a gradual rise 

ins as many of the colonists evolve together so as to divide 

more effectively the available microhabitats (Wilson and 



Taylor, 1967). Present knowledge of evolutionary rates 

cannot eliminate a short-term effect, and it should be noted 

that the large, distant islands posited on p. 1 28 would 

probably be exactly those where evolution would occur fastest. 

The islands in the Keys defaunation are too unstable for long­

term cha~ges to be predicted and all are. too near (and hence 

have too much invasion) for their populations to become 

genetically isolated from those of the source area, much less 

specifically distinct. 

We still must examine how this S curve, whose_ general 

characteristics have just been determined, varies with 

island distance from source (area and other physical island 

characteristics remaining constant). Since this variable 

is dependent on the immigration and extinction rates on 

islands of differing distances, the several rates will now 

be treated t~gether. 

The expected value of the extinction curve at any time 

t can be calculated easily from the E(Sa(t)). For if we let 

Ex (t) be the contribution of species a to the island . a. 

extinction rate at time t, then 

.i. . e . . 
o. ex 

And the expected value of the island extinction rate, 

we are assuming species independence, is clearly 

since 

.. 



p 
E (Ex (t)) - I: 

a =l 

The "expected" extinction curve, therefore, has exactly the 

form of the "expected" colonization curve, with each of the 

P components a constant proportion (ea) of the corresponding 

component of the colonization curve. This constant propor­

tion is a reflection of the lack of interaction amo~g species. 

Similarly, if Ia (t) is the contribution of species a 

to the imm~gration rate at time t, 

and the "expected" imm~gration rate is 

p 
E(I(t)) - L 

a =l 
i -a 

which is simply a constant (~ i J minus a curve of the form 

of the "expected" colonization curve, with each of the P 

components a constant proportion (i 0 ) of the corresponding 

component of the colonization curve. 

The variances of the extinction and immigration rate 

curves can be derived similarly to that of the colonization 

curve, by finding the variance for each species a and then 

summing, since the species are assumed independent. They 

are: 



where G - i O'. + ea 

For 0 < t ~ 150, the r ange over which the non-interaction -
model may hold, and for distributions and values of ia and 

ea of the order of those derived later for insertion into 

a simulation, these variances are very large fractions of 

the expected values of Ex(t) and I(t) . 

. The expected coloniz~tion rate (~:) at time t can be 

derived either directly by differentiation of the "expected" 

colonization curve or by subtraction of the expected 

extinction rate from the expected immigration rate. It is 

C (t) dSI - -- - -
dt t 

E i a: ( e - ( i a+e cJ t) 
a =l 

This treatment is valid only so long as the Bossert­

Holland model accurately portrays extinction. I have shown 

that on all but the most distant island this condition held 

" until a large fraction of the non-interactive S was achieved. 

Beyond this point I and Ex may fluctuate in an as yet 

unpredictable manner - it is impossible to deduce "expected" 

curves because of the paucity of quantitative information 

on interaction. Of course, that an equilibrium Sis achieved 



implies that at least from that point on I and Ex are 

approximately equal, however much they would cross and recross 

on a real island. Furthermore, since the decline from the 
A large fraction of the non-interactive Stoa longer lasting 

A 

equilibrium Stakes place_ gradually, I and Ex cannot differ 

_ greatly for an extended period, Ex obviously being slightly 

la~ger on the aver~ge than I until the decline is completed. 

Although the decline is sl~ght in absolute terms as well as 

gradual, there is no mathematical necessity for the I and 

Ex rates duri~g the decline and after the enduring equilibrium 

is reached to resemble those obtaining before the decline. 

Since the contribution to both I and Ex rates of their joint 

major component, the transients, should be unaffected by the 

v~garies of the colonization curve, however, it is impossible 

for the I and Ex rates after interactions become important 

to differ greatly in absolute numerical terms from those 

before interactions are significant. 

How these interdependent characteristics vary with dis­

tance of island from source remains to be explained. For 

the initial part of colonization while S rises to a large 
A 

fraction of the non-interactive S this is a simple matter. 

Beyond this point, when interactions become effective, it 

is much more difficult. 

Concerning ourselves only with the initial colonization, 

then, as island distance increases the ia should all decrease, 
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while the ea remain constant. This should produce a lower 
..... 
S since: 

i) At any given time there will be fewer transients 

present. 

ii) When a more persistent colonist is extinguished, 

replacement by another, similar species takes 

longer. 

Mathematically the decrease in Sis determined by 

equation 11: 

.... 
S = lim 

t-00 

~ ia 
E(S(t)) - LJ 

a =l i a + ea 

Since every term in the sum decreases (all i a decrease) the 

sum itself is reduced. 

It should also take longer to achieve any. given fraction 

" of the (lower) equilibrium Sas distance increases. Biologi-

cally this can be explained by the longer time necessary for 

that component (of the given fraction of S) composed of ."good" 

colonists(not obligate transients) to arrive. From equation 

(10) we find that for every species a the expected time t 

necessary to reach any given fraction x of the lim 
t-- (X) 

E(S (t)) 
a 

is 
• Tn(l-x) 

-(ia+ea) 
which obviously increases 

as _i
0 

decreases with greater distance. Since this relationship 



181 
holds for every species a, the expected time necessary to 

reach any given fraction of the non-interactive S increases 

with decreasing distance, from equation (13). Although there 

is no simple. general equation relating the fraction and the 

expected time necessary to achieve that fraction, a numerical 

solution is easily gotten for any set of ia and e
0

• 

Once interactions become important the effects of dis­

tance on colonization characteristics are not so clear. 

Since it has been shown earlier that the more enduring S 

determined by interaction is only sl~ghtly less than the 

lar~e fraction of the non-interaction S achieved on a real 

island, while the non-interaction S varies . greatly with 

distance (see simulation), it is apparent that the long-
A 

term Swill still be lower as distance from source increases. 

So will immigration and extinction rates, because of the 

decreased it
0

( a) and the existence of an equilibrium. A 
more detailed description is not possible with the present 

lack of sufficient quantitative data on interactions. 

Graph 2 depicts these effects of distance. 

THE SIMULATION 

In order first to verify that the previously described 

tenets of the non-interaction model would produce coloniza­

tion curves with the characteristics already derived, and 



second to examine numer i cally the effects of increasing dis­

tance of island from source area, that fraction of the colo­

nization process adequately portrayed by the non-interaction 

model was simulated on the TACT on-line computer of Harvard 

University with programs written by Dr. w. H. Bossert. 

Time was divided into twenty 18-day· periods, and the 

data from the series 1 islands was examined to. give distri­

butions of e 18 day ( a ) and i 18 day ( a ) which were in 
reasonable accord first with the observed ·18-day immigration 
and extinction rates on E2 over the last few monitoring 

per~ods, and s~cond with the apparent distribution of per­

sistence times on small islands among the species of Keys 

ma~grove animals. 

It is important to realize that the only parameters 

used in the simulation were the et
0 

( a ) and ito ( a ) , and 

that these were not chosen directly to produce · colonization 

curves of any shape or height. Rather, the simulated colo­

nization curves are the product of but three factors: 

i) the non-interaction model described earlier 

ii) i 18 day ( a ) and e 18 day ( ex ) which were 

consistent with the observed 18-day immigra­

tion and extinction rates on E2 after a 

" la~ge fraction of the non-interaction Shad 

been achieved. 



iii) a distribution of the e18 day( a} in ro~gh 

~greement with the observed distribution of 

"stayi!lg" ability among species in the Keys 

pool 

'I1his distribution of persistence times was not, of course, 

nicely partitioned into a few well-defined classes of animals. 

The imprecision in estimating e 18 day (a) for individual 

species a was so great that no major loss of accuracy was 

incurred by dividing the 300 species of the simulated pool 

into four groups, the species within each group all havi~g 

identical e 18 day( a), rather than assigning to each species 

a unique species extinction rat8. 

Factor (ii) may not seem independent of the colonization 

curves, but it should be recalled that it is the difference 

between the inunigration and extinction curves, not t.hei r 

shapes or numerical values, which determine s the colonization 

curve ~ Since t~e i 18 day ( o. ) and e 18 day ( a ) were chosen to 

approximate the Ex(t) and I(t) near an equilibrium (that is, 

when I(t)~ Ex(t)), there is obviously no dependence of the 

chosen invasion and species extinction rates on the observed 

colonization c~rves. Put anothe r way, the i 18 day{ a) arid 

e
18 

day ( a. ) were chosen to_ give appropriate numerical values 

of I(t) and Ex(t) near equilibrium, and these numerical 

values do not determine the colonizat ·on curve. 

Altho~gh observational data can indicate a distribution 
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of the et
O

( ~ ), no such inferences can be drawn about the 

distribution of i' ( a ) t O , • So long as 
I 

a =l sl _ightly larger than the observed nrnnber of immigrations 

-
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between two monitoring periods 18 days apart the distribu­

tion of the i 18 day( a) fits the data. In the absence of 

concrete evidence on this distribution alone and on the 

joint distribution of the ito ( u. ) and (i.e. - on 

the correlation between dispersal and "staying" abilities) 

the distribution of the i 18 day( a ) was taken to be uniform. 

Undoubtedly it is not uniform in nature, but the assumption 

of uniformity probably does not alter the results qualita­

tively. Holland (1968) has shown that the main differenc.:es 

in S(t) amo0g positively correlated, negatively correlated, 

and uncorrelated invasion and species extinction rates 

involve the size and frequency of the fluctuations about 

the E(S(t)) curve, but he was dealing with t very large and 

we have seen that under these conditions the non-interaction 

model is invalid. 

A second apparent difficulty~ that the observed immi­

gration and extinction rates are gross underestimates of 

the true rates (discussed on p. 14 6 ) is circumvented by 

using 18-day periods in the simulation; the observed 18-day 

I and Ex rates are coDsequently the appropriate ones to 

considerc Ideally, good estimates of the true I and Ex 

rates (that is, those which would be obtained if continuous 

i 



18. 

observation were possible) would be used to concoct reason­

able i 1 day(a ) and e 1 day(a), which in turn would be used 

in a simulation with· 1-day periods. A close fit of the 

resulting colonization Gurves to the experimental curve 

would indicate that the estimates of the I and Ex rates were 

reasonably accurate. The inability to e.stimate I and Ex to 

closer than a factor of 2 or 3, perhaps, and the expense of 

performing such 1-day simulations did not justify this 

attempt. Better direct estimates of I and Ex rates may be 

obtainable, perhaps through the constant presence for a 

week of a team of invest~gators on an island. 

Nevertheless, similarity of the simulated 18-day colo­

nization curves in shape, if not height, to those of the 

Keys experiment would constitute strong evidence for the 

validity of the non-interaction model for early colonization 

of these islands. Similarity in height would be more diffi­

cult to interpret because of lack of information on the 

joint distribution of the e 0 and i 0 , or indeed on the distri­

bution of the i 0 alone. 

Stor~ge considerations and computational expense 

necessitated the use of 300 species in the simulations in­

stead of the 600-700 estimated in the Keys mangrove species 

pool. The relative proportions of the e 18 day( a) were held 

constant, however, so that comparisons with the experimental 

data were still possible. 



The e 18 day ( a ) and i 18 day ( a ) chosen for the simu­

lation are shown in Table 4, along with the set of lower 

i 18 day (a) chosen to simulate increasing distance. Figure 

3 shows, in the upper section, the E(S(t)) curve with a 95% 

confidence band (discussed below) and the§ determined by 

the i t 
O 

( a ) and et 
O 

( a ) . The lower section depicts the 

curves E(I(t)) and E(Ex{t)), the latter rising. Figures 

4 and 5 portray actual stochastic colonizations - the upper 

sections show the curves S(t), while the lower sections 

include the 18-day immigration and extinction rates (# events 

in the intervai/18). I(t) is highlighted by "o" at its 

vertices . F~gures 6, 7, and 8 correspond to Figures 3, 4 

and 5 , respectively, except that the i (a) were uni-18 day 
form l y l owered as just described. 

The 95% confidence bands must be interpreted as follows. 

If we pick a time tin advance at which we will look at S, 

then in 95% of a number of separate runs S(t) will be within 

the confidence interval. 

- t S 0 (t), where the S 0 

a =l 

For at any_ given point t, S(t) 

are independent and are uniformly 
p 1 

bounded by, say, 1.1 Since i = ( ~ var Sa ( t) ) 1/2 increases 
a =l 

witho ut bound for any t as P --+ 00 , the Lindeberg theorem 

holds and the central limit theorem may be applied. Since 

p = 300 for the simulations the normal approximation should 

be very close at all t. 



TABLE 4 . Invasion and species extinction rates used in 
simulation 

Figures 

1-3 c030 , all ex 

4-6 

7-9 

.,ol8, all ex 

.030, allex 

10 . 018 , al 1 ex 

e 18 day ( ex ) (same for all f~gures) 

# (ex): 6 

e18 day ( a ) : o O 04 

16 63 215 

.060 .300 .995 



Figure 3: "Expected" near island colonization, 

immigration, and extinction curves, 

with 95% confidence interval and 

non-interactive equilibrium 

Figures 4-5: Stochastic near island coloniza­

tion curves (see text} 

A 
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Figure 6: "Expected" far island colonization, 

immigration, and extinction curves, 

with 95% confidence interval and 

non-interactive equilibrium 

Figures 7-8: Stochastic far island coloniza-

tion curves (see text) 



co 



Because the S(t) are related stochastically it is not 

expected that for any single run S(t) should be inside the 

confidence interval 95% of the time. In fact, once S(t) 

goes outside the interval, the probability that S(t+l) is 

outside the interval is much greater than 5%. 

190 

Little need be said about the imm~g~ation and extinction 

curves., The "expected" curves of Figures 3 and 6 demonstrate 

the properties outlined on p. 179. The curves produced by 

the simulations appear similar in form to those of the 

experimental islands (which have not been pictured because 

of their inability to indicate true immigration and extinc­

tion c urve shapes and values), but their h~ge variance 

renders such comparisons not very meaningful. Furthermore, 

as was discussed earlier, observed or simulated 18-day 

immigration and extinction rates are exceedingly poor indica­

tors of the true rates which would be found through daily 

observation. 

The most important implication of the simulated coloni­

zation curves is that the general equation for S vs. t can-

not be intuited from a few experimental islands. This would 

be predicted in advance, of course, by the high variance of 

S( t) ~ In addition, we see graphic evidence for the previously 

predicted effects of distance on the non-interaction segment 
,. 

of insular colonization. The equilibrium S, indicated in 

Figures 4 and 7, is higher on the nearer island. The 
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"expect ed" curve on the near island reached 87% of its 

(higher) equilibrium value at the end of 20 periods (360 days), 

while on the f ar isl·and it rose to but 77% of the (lower) 

equilibrium. On the near island the simulated curves 

reached the equilibrium value for the first time at 9 and 

1 0 periods , respectively, while on the far i sland the cor­

responding values are 14 and 19 periods. Although the sample 

size i s too small to apply appropriate non-parametric tests 

the implication is clear. It must be remembered, however, 

that certainly by 20 periods on the defaunated Florida 

islands interactions had become important and neither the 
" non-inte r act i on S's nor the "expected" colonization curves 

would be valid. 

1rhe e xperimental colonization curves from series 1 

islands, particularly E2, can be compared to these simulated 

curve s as follows. The "expected" colonization curve and 

equil i br i um S can simply be multiplied by 2 to yield the 
" appropriate curve and S for a real island, since the simula-

tions were performed with 300 species instead of the approxi­

mately 600 species believed present in the Keys pool, but 

with t he relative proportions of the various estimated e 18 day 

( o. ) 's r emai ning unchanged. This follows directly from 

equ a tions 4-6. The width of the confidence interval must be 

multiplied by 2 also; since the variance is multiplied by 

2 (equa tion (7)), a is multiplied by ff. Then 1.96 cr6 oo~600 = 
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In Graph 6 the colonization curve for E2 has been super­

imposed on the appropriate near island curves. Both in 

absolute height and size and frequency of oscillation the 

simi larity to the simulated curves in Figures 2 and 3 is 

strik ing. It must be emphasized that t~ere exist other 

joint distributions of i 18 day ( a ) and e18 day ( a ) which 

. give approximately the same "expected" colonization curve 

and confidence interval, and that the I a~d Ex rates used 

to choose the i 18 day ( a ) and e 18 day ( a ) were observed 

18-day rates, the inaccuracies of which have been discussed. 

Nevertheless , the close fit of the simulations to the experi­

ment al data supports the validity of the model. 

The co l onization curves of E3 and ST2 are fitted to 

the far island confidence interval in Graph 7. Although 

the i 18 day( a) were not chosen to produce immigration rates 

s imilar to those on these two islands, but rather simply to 

contrast with the near island simulation, the experimental 

c urves seem to fit reasonably well into the confidence 

interval. It seems likely that a slightly higher i 18 day( a ) 

wou l d have produced an E(S{t)) curve very similar to the 

E3 a nd ST2 colonization curves, and that the far island 

simu lat ion parameters are appropriate to an island with 

d i s tance intermediate between those of El and E3. 

The simulations incidentally provided a means, not 



Graph 6: Colonization curve of Island E2, 

with approximate 95% confidence 

interval 
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Graph 7: Colonization curves of Islands E3 and 

ST2, with possible 95% confidence 

interval (see text) 
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pursued, for examining species composition on an island and 

hence expected degree of species overlap between two identi­

cal islands. Again, · this treatment would be valid only 

during the early part of colonization, while interactions 

are insignificant, and furthermore its accuracy would depend 

on that of the J'oint distribution of the i and . a 

Figures 9, 10, and 11 depict the species composition 

of an island during one simulated colonization at times 4, 

10, and 20 18-day periods, respectively. ~he invasion and 

species extinction rates used were those for the near island 

simulation - in fact, the specific colonization shown in 

F~g. 4 is the one used in this demonstration. The height 

of the line denoted "e'' in the figures is a measure of the 

species extinction rate of a species (indicated by a peak) 

appeari~g underneath it. Most of the "e" line is high because 

215 of the 300 species have identical high extinction rates. 

Only the very right hand end (almost invisible in the photo­

graphs· because of its small length) is low since only 6 of 

the 300 have low extinction rates . It can be seen that as 

time progresses the number of obligate transients (number 

of peaks under the high part of the ''e" line) does not vary 

significantly, but the composition among the transients 

(which peaks) constantly changes. Meanwhile, among the 

three classes of more permanent colonists (lower et
0

(a )) 

the number of peaks increases with time and, as one would 
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expect , the further the peak is to the right (lower the et (a) 
' 0 

of the species represented by the peak) the longer it tends 

to persist. The closeness of the r _ightrnost peaks obscures 

their number, since the-oscilloscope is unable to portray 

300 peaks distinctly in the short space provided - peaks 

overlay one another. 

Figure 12 demonstrates the same phenomena. The "e" 

line has the same meaning as in Fig. 9-11, and the height 

of the stepped line underneath the "e" lin.e measures the 

probability that a species with et
0

( a) of the "e" line just 

above it is present at the time indicated. It is evident 

that the obligate transients at all times have the lowest 

probability of presence, and that the increase in the prob­

ability of presence with time is greatest for species with 

lowest et
0 

( a ) • 



Figures 9- 11: Changes in species composition 

during one stochastic insular 

colonization 

Figure 12 : Change with time of relative proba­

bility of presence for various 

classes of colonists (see text) 
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