
pollen (with tectal perforations) to semi- 
tectate pollen (with a prominent reticu- 
lum formed by enlarged tectal perfora- 
tions) (15). 
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When Is an Island Community in Equilibrium? 

Abstract. To determine whether the number of species in a biota is in equilibrium 
requires a colonization model. In a simple Markov model, each species' extinction 
and immigration probabilities are estimated independently from available data. For 
one inland and two island avifaunas, a simulation with these probabilities shows that 
the trajectories of species richness through time do not manifest the regulatory 
tendencies expected i f  species interactions cause species richness to be continuously 
redressed toward an equilibrium. 

The equilibrium model of island bioge- 
ography (I) received instant approbation 
and was quickly applied to many taxa of 
oceanic and habitat islands (2). Early 
objections were dismissed (3), but recon- 
sideration of assumptions and predic- 
tions of the model has led to a more 
tempered judgment of its applicability (4, 
5). 

A persistent problem with the model is 
subjective assessment of its most funda- 
mental contention-that species number 
tends toward an equilibrium. The avifau- 
na of the Farne Islands (Fig. 1) seems 
equilibria1 to some (6), though number of 
species varies more than 100 percent. By 
contrast, the passerine birds of Skok- 
holm Island (Fig. 1) are judged nonequi- 
librial (5), though to me the trajectory of 
species number does not seem qualita- 
tively different from that of the Farne 
Islands. How much variation in species 
number is permitted in an equilibrium 
biota appears to be arbitrary (5). A coef- 
ficient of variation less than .20 (6) or 
less than .05 (7) may be demanded. Al- 
though variation in species number of 16 
percent or less may be classed as equi- 
librial (S), the Farne Islands variation far 
exceeds this percentage. 

A colonization model is required be- 
fore equilibrium can be assessed, just as 
a null model is needed generally to inter- 
pret ecological data (9). The model may 
predict a specific equilibrium and a cer- 
tain amount of temporal variation about 
it; the trajectory of species numbers may 
then be compared to predictions. Or the 
model may simply state certain charac- 
teristics that an equilibrated process 
should have that an unequilibrated pro- 
cess should lack. In either event, criteria 
for judging whether given data are equi- 
librial must be clearly stated; the hypoth- 
esis of equilibration must be falsifiable or 
the entire equilibrium concept will de- 
generate into a truism. 

The original equilibrium model (I) 
connotes a regulation of species number 
by interactions among species, such that 
the presence of species A modifies the 
probability that species B will suffer ex- 
tinction (10). Though for mutualistic or 
commensal species pairs this extinction 
probability may be lowered, advocates 
of the model argue that on average for all 
species pairs, one species' presence 
raises the extinction probability of the 
other (11). Consequently, high species 
numbers will, on average, increase ex- 

tinction probabilities for all species, and 
species numbers will fall. Low species 
numbers will lower extinction probabili- 
ties, and species number will be re- 
dressed upward. Higher order interac- 
tions such as diffuse competition can 
modify the details of any particular 
scheme, but not the general expectation 
of regulation: high species numbers are 
followed by increased extinctions per 
species, and low species numbers by low 
extinctions per species. 

One cannot simply correlate the ex- 
tinction rates per species with number of 
species present, since a positive correla- 
tion would be expected as an artifact 
(10). In a bounded sequence of random, 
independent numbers, Si, one would ex- 
pect a positive correlation between Si 
and (S i  - Si + ,)ISi. One might, howev- 
er, be able to perceive regulation (as 
opposed to a null hypothesis of no regu- 
lation) by a version of a runs test (12) 
that allows for the event of "no change." 

One appropriate model to test against 
the regulatory equilibrium model is a 
Markov model, recently termed the 
"molecular theory of island biogeogra- 
phy" (13). If every species in a pool of 
size p has constant immigration and ex- 
tinction probabilities (ik and ek) ,  an equi- 
librium number of species ultimately ob- 
tains (14): 

The colonization curve is a sum of inde- 
pendent Markov processes, where each 
species has constant transition probabili- 
ties of absent to present ( ik ) ,  present to 
absent (ek) ,  absent to absent (1 - ik) ,  
and present to present (1 - ek) .  To take 
this model further one must know the 
distributions of ik and ek (15), but the 
only species pool for which these distri- 
butions are available is Florida Keys 
mangrove insects (16). Since the data on 
birds of Skokholm and the Farne Islands 
were tabulated species by species (17), 
they can be used to estimate Markov 
transition probabilities. For any species 
k, the fraction of presences followed by 
absences is an estimate of ek, and the 
fraction of absences followed by pres- 
ences is an estimate of ik. For example, if 
species k were absent during 20 census- 
es, and for 10 of these it was present at 
the next census, one would estimate ik as 
10120 = 0.5. In addition to the two insu- 
lar avifaunas, I also tabulated transition 
probabilities for birds of Eastern Wood 
(IS), a 16-ha wood in 112-ha Bookham 
Common, an inland "habitat island" in 
Surrey, England (19). 

For each avifauna, I simulated coloni- 
zation. Each simulation began with the 
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species present at the beginning of the 
study. Each year I determined for each 
species whether it remained present, re- 
mained absent, immigrated, or went ex- 
tinct by noting its status the year before 
and a uniform-random number that was 
generated on the interval [0, 11. This 
number was compared to the transition 
probabilities. If the species was present 
and the random number was less than ek ,  
extinction occurred; if it was greater 
than or equal to ek, it remained present. 
If the species was absent and the random 
number was less than ik ,  the species 
immigrated; otherwise it remained ab- 
sent. Each year the number of species 
present was tallied. Observed coloniza- 
tion curves (Fig. 1) were compared with 
100 simulated curves in three ways: vari- 
ance in species number, number of runs 
up and down, and number of "no 
changes." If species interactions gener- 
ated a regulated species number equilib- 
rium, then observed variance should be 
smaller than that produced by the Mar- 
kov model. If there were more "no 
changes" in the observed data than in 
the Markov simulations, one would sus- 
pect tight regulation. Finally, a "run" is 
defined as a sequence of species counts 
that has at least one increase and is 
nondecreasing or has at least one de- 
crease and is nonincreasing; it may in- 
clude one or more "no changes." A 

regulated equilibrium ought to have 
more runs than the Markov model would 
predict, since an increase should be 
quickly redressed by a decrease, and 
vice versa. Number of runs and number 
of "no changes' might be partially com- 
plementary, since a larger number of 
"no changes" could contribute to a low- 
er number of runs, and vice versa. 

The observed variance, number of 
runs, and number of "no changes" for 
the three avifaunas are shown in Table 1 
together with the percentages of 100 
Markov simulations for which variance 
was less than or equal to that observed, 
and numbers of runs and "no changes" 
were greater than or equal to those ob- 
served. These were the distributional 
tails for which a system undergoing in- 
teractive species number regulation, as 
opposed to just a sum of independent 
Markov processes, should produce ex- 
treme values. There should be few simu- 
lations with variance as small as ob- 
served and number of runs and "no 
changes" as large as observed if species 
number is regulated. In fact, most values 
are in the wrong tail for the regulation 
hypothesis, though only species number 
variance on Skokholm is very extreme. 

That the statistical tests all reject the 
interactive regulatory hypothesis in fa- 
vor of the Markov hypothesis need not 
mean that the Markov hypothesis is cor- 

Table 1. Observed mean number of species, variance, number of runs, and number of "no 
changes" for Skokholm, the Farne Islands, and Eastern Wood, along with percentages of 100 
Markov simulations (that is, the percentages in the tail) with equal or smaller variance, equal or 
greater number of runs, and equal or greater number of "no changes." Expected mean is 
calculated from Eq. 1. 

Ob- Ob- Ob- 
Ob- Ex- served Tail 

Habitat served Tail served Tail no served petted vari- (%) runs 
mean mean (%) changes (%I 

ance (N) 
(N) 

- 

Skokholm 7.088 8.403* 2.375 98 7 91 19 44 
Farne 5.862 5.873 1.360 50 13 54 8 83 
Eastern Wood 31.654 32.354 5.611 91 13 90 4 58 

*Arbitrarily assigned el, = .5 to one species and ik = .O1 for one species (19). 

rect. But the fact that observed and 
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expected mean number of species are 
similar (Table 1) suggests that the Mar- 
kov model may be on the right track. 

-- Eastern Wood 
Fig. 1. Colonization curves for 
passerine birds of Skokholm 
and land birds of the Farne 
Islands and Eastern Wood. 
Vertical lines indicate one or 

Skokho~m more years when censuses 
- 

-/ 
were not performed. 

Farne Islands 
1 I 1 

10 20 30 

One can think of innumerable ways to 
embellish the model and make it more 
realistic, but realism is not necessarily a 

Year 

1276 

virtue, especially if the number of pa- 
rameters required to render the model 
realistic also renders it unfalsifiable (3). 
On biological grounds, one objectionable 
assumption of the Markov model is that 
transition probabilities do not change, 
but probably the weakest aspect of the 
Markov model, and in fact of the whole 
gamut of versions of the equilibrium 
model, is that population sizes are not 
taken into account (20). In two recent 
studies of bird communities (21) popula- 
tion sizes of all species have been exam- 
ined, but in neither were the data related 
to extinction and immigration probabili- 
ties. 
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Mutations Affecting Programmed Cell Deaths in the 
Nematode Caenorhabditis elegans 

Abstract. Mutations in two nonessential genes specijically block the phagocytosis 
of cells programmed to die during development. With few exceptions, these cells still 
die, suggesting that, in nematodes, engulfment is not necessary for most pro- 
grammed deaths. Instead, these deaths appear to occur by cell suicide. 

During development, the nematode 
Caenorhabditis elegans follows an es- 
sentially invariant pattern of cell divi- 
sions which produces cells of rigidly 
specified fates (1-3). One fate is for cells 
to die, usually within 1 to 2 hours of their 
birth, in mitosis. For example, of 671 
cells produced during embryogenesis of 
the hermaphrodite, 113 cells die before 
hatching. An additional 18 cells die dur- 

vitz (2) .  A corresponding series of elec- 
tron micrographs is shown in (4) .  

Mutations were induced in hermaph- 
rodites by exposure to ethyl methanesul- 
fonate (5). The F2 progeny were 
screened under Nomarski optics for ab- 
normal persistence of embryonic cell 
deaths. Eight independent strains were 
obtained in which dead cells were not 

resorbed. We designated these ced mu- 
tants, mnemonic for programmed cell 
death. All eight mutations were reces- 
sive and, together, defined two comple- 
mentation groups, ced-1 (e1735, e1754, 
e1797, e1798, e1799, e1801, and e1814) and 
ced-2 (~1752). 

Mutations el735 (ced-I)  and el752 
(ced-2) were mapped to linkage groups I 
and IV, respectively. Recombination fre- 
quencies were determined from cis dou- 
ble heterozygotes. The distances, given 
in recombinant chromosomes per total 
chromosomes examined, were dpy-5 
(e61) ced-I, 2/24; unc-75 (e950) ced-I, 01 
24; and ced-2 dpy-13(e184), 5/24. Trans 
three-factor crosses gave the following 
gene orders: dpy-5[unc-13(e5l),ced-I], 12 
recombinants; unc-75(1/21)ced-1(20/21) 
lev-1 1 (xl2); [ced-2,unc-l7(e113)]dpy-13, 
5 recombinants; and dpy-9(e12)(13/23) 
ced-2(10/23)lin-I (el275). 

The phenotypes of ced-1 (e1735), ced-2 
(e1752), and the ced-I, ced-2 double mu- 
tant are indistinguishable by Nomarski 
and electron microscopy and by Feulgen 
staining, suggesting that ced-1 and ced-2 
mutations affect closely related steps in 
the removal of dead cells, though neither 
gene product can substitute for the oth- 
er. 

refractilitv to the disaooearance of the Fig. I .  (A) Nomarski photographs of newly hatched wild-type (N2). nuc-1 (e1392), ced-1 (e1735), . . . . 

cell, about an hour. A sequence of and ced-2 (e1752) larvae showing normal cell nuclei and refractile cell deaths (arrows) in the 
head. (B) Embryonated egg (e1735) with two dead cells shed into the egg fluid (arrow). (C) 

Nomarski photographs showing the Posterior ventral nerve cord of IS-hour first-stage larva (el752). Arrows mark (from right to left) 
death of a presumptive ventral cord mo- refractile dying cells P9.aap, PlO.aap, PI 1 .aap, and P12.aap [for nomenclature, see (211. Scale 
tor neuron is given in Sulston and Hor- bar, 20 km. 
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