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CONSERVATION STRATEGY: THE EFFECTS OF
FRAGMENTATION ON EXTINCTION

A recurring topic in the application of population biology theory to conservation
is whether a single large nature reserve or several small reserves will protect more
species (referred to by the acronym SLOSS; e.g., Simberloff and Abele 1976;
Gilpin and Diamond 1980; Higgs and Usher 1980; Higgs 1981; Cole 1981). One of a
variety of approaches to this problem recently explored by Simberloff and Abele
(1982) considers how subdividing a population affects its probability of extinction
or, more precisely, the extinction of newly created, smaller subpopulations.
Simberloff and Abele discuss additional considerations bearing on SLOSS, but
they only draw specific conclusions using this approach. They conclude that the
probability of population extinction is not necessarily greater in several small
reserves than in a single large reserve, and they also imply that fragmentation of a
single large reserve should not affect extinction rates.

Our purpose is not to reexamine the SLOSS issue per se, but to discuss the
assertion that effectively states that habitat fragmentation should be innocuous to
most species, and therefore need not be a consideration in reserve design. This
conclusion runs counter to the prevailing view that habitat fragmentation nega-
tively affects population survival, and thus biological diversity, and therefore
should be a prime consideration in conservation strategy (e.g., Janzen 1974;
Picton 1979; Soulé and Wilcox 1980; Lovejoy and Oren 1981; Whitcomb et al.
1981). In view of the increasing interest in the application of biological theory to
conservation and the reliance on the scientific literature for guidance in conserva-
tion decisions, we feel that this contradiction warrants examination.

This apparent contradiction arises from three sources: (1) the SLOSS problem
is not equivalent to, or is at very best a special case of, the problem of habitat
fragmentation; (2) the population model Simberloff and Abele (1982) employ is
inadequate because it ignores key factors affecting population survival; and (3)
Simberloff and Abele’s treatment does not consider how the disposition of one
species may affect the survival of others, because it is limited to single-species
population phenomena and ignores interspecific interactions or community-level
phenomena.

HABITAT FRAGMENTATION VERSUS SLOSS

The expansion of land use that accompanies human population growth results in
the fragmentation of natural habitat. As fragmentation proceeds, average frag-
ment size and total fragment area decrease and insularity of fragments increases
(Moore 1962; Webb and Haskins 1980; Burgess and Sharpe 1981). Habitat frag-
mentation thus can be described as having two components, habitat loss and
insularization, both of which contribute to a decline in biological diversity (Wilcox
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1980). This ‘‘collapse’’ of a biota has a temporal component which, judging from
studies of land-bridge island faunas (Brown 1971, 1978; Diamond 1972; Terborgh
1975; Wilcox 1978, 1980), ranges from virtually instantaneous to 10* years, de-
pending on island size and the taxon (Wilcox 1980; Diamond 1984). Not surpris-
ingly, habitat fragmentation is rapidly becoming a central issue in conservation
policy, prompting legislative and regulatory action aimed at mitigating its impacts
on biotic diversity (e.g., Cooley and Cooley 1984; Harris 1984), as well as prompt-
ing long-term research on its effects (e.g., Lovejoy et al. 1983).

The SLOSS problem implicitly addresses fragmentation from a static perspec-
tive; that is, it is limited to systems of existing habitat islands supporting biotas
presumed to be at equilibriuin. A valid comparison of the species diversity or
composition of a set of small ‘‘reserves’’ with that of a large ‘‘reserve’’ requires
that the biotas either are not supersaturated as a consequence of prior fragmenta-
tion, or will not sustain what amounts to further fragmentation by additional
conversion of surrounding habitat. Thus, the conservation problem posed by
habitat fragmentation is understanding the collapse process that it precipitates,
while the problem posed by SLOSS is determining which of two reserve con-
figurations of equal area supports more species after the collapse. SLOSS is
therefore a special case of habitat fragmentation and conclusions from its analysis
have limited applicability to the more general problem of habitat fragmentation.

The appearance of ‘‘fragmentation’’ in the title of Simberloff and Abele (1982)
and the terminology used in the text cloud this distinction between SLOSS and
habitat fragmentation. Particularly misleading are the predictions about the effects
of fragmenting intact habitat. These predictions are based on a theoretical analysis
of a subdivided population, but the analysis fails to consider the overall reduction
in population size that is a result of habitat loss. As Simberloff and Abele (1984, p.
399) correctly pointed out more recently: ‘‘subdividing an existing refuge by
cutting swaths out of it simultaneously decreases its area.”’

EFFECTS OF POPULATION SUBDIVISION ON EXTINCTION PROBABILITY

Simberloff and Abele’s 1982 analysis, even if applied only to SLOSS as a
special case of habitat fragmentation (i.e., no loss of habitat area), nonetheless
presents major difficulties concerning how subdivision of a population affects its
likelihood of extinction. They consider how the probability of extinction is related
to population size by employing a stochastic population model (RDG) developed
by Richter-Dyn and Goel (1972). RDG examines the relationship between the ratio
of per capita birth and death rates (\/p) and the time to extinction for a population.
The model shows that when N is greater than about 1.5, there is a critical
population size, N. = 20, which, if exceeded, will allow persistence of a popula-
tion for an immensely long time.

Citing this result, Simberloff and Abele (1982, p. 43) contended that ‘‘for most
species NMu [=Np] will exceed 1.5 at low population sizes, so if a subdivided
refuge had all or even one of its subrefuges with greater than a critical population
size N, for most species, the expected times to extinction for the species in both
the archipelago of refuges and the original single refuge would be so large that this
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need not be a consideration in planning refuge configuration.”” They also list,
independently of this, additional considerations not accounted for in the RDG
model, but draw no general conclusions except that reserve design ultimately
depends upon the idiosyncrasies of the particular natural system under con-
sideration.

Population extinction can occur for at least four basic reasons: demographic
stochasticity, environmental variation, genetic stochasticity, and natural catas-
trophes (Shaffer 1981). Demographic stochasticity, upon which RDG is based, is
the main cause of extinction only for very small populations. Leigh (1981) has
shown that for larger populations, environmental variation s the main cause of
fluctuations in size that lead to extinction. Since RDG overlooks the main cause of
extinction for population sizes greater than 20, its conclusion that the survival
time for a population is independent of its size when it exceeds 20, in effect, is
meaningless from a practical standpoint. Even if it is otherwise correct, RDG
alone is insufficient to assess the effects of reduced population size on extinction
probability in terms of either SLLOSS or habitat fragmentation. Shaffer and Samp-
son (1985) discussed additional shortcomings of the Richter-Dyn and Goel model
and presented empirical evidence that suggests that the above values of M/ and
N, may not be applicable even for small populations.

The above application of RDG assumed that the survival of each subpopulation
is entirely independent of others. Yet for any population or previously occupied
habitat patch there is some probability of either recruitment or reestablishment via
migration from other populations (if they exist). Richter-Dyn and Goel (1972)
extended their model to incorporate this probability. Simberloff and Abele also
cited these results, pointing out that, depending on the migration rate between the
subpopulations, the probability of survival ‘‘might well be increased by subdivi-
sion’’ of a population (Simberloff and Abele 1982, p. 43).

Unfortunately, this is an inappropriate application of Richter-Dyn and Goel’s
subdivided-population model. Their unsubdivided population relates the average
time to extinction, T, to the carrying capacity, K* (see their fig. 3); they do not,
however, extend this constraint to their model of an ensemble of populations.
Thus, Richter-Dyn and Goel’s analysis does not (nor was it apparently intended
to) realistically describe alternative conservation strategies when habitat area is
constrained, or even an issue.

To our knowledge, only Wright and Hubbell (1983) have developed a model that
specifically addresses this problem. Their results show that a single area supports
more species than two smaller areas of the same total size, in the presence or
absence of migration. This approach is especially promising in that it avoids
uncertainty about the value of M and is supported by data on the frequency of
extinction in some insular bird populations. (Also promising from a practical
standpoint is that critical population sizes may be estimated from year-to-year
abundance data without resorting to speculation about A and w.)

An additional difficulty with the practical application of RDG is the model’s
assumption of the lack of complexity in population structure or habitat. Most
populations are naturally subdivided, consisting of ‘‘populations of populations,”’
or ‘“‘metapopulations’’ (Levins 1970). Furthermore, environmental heterogeneity
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normally exists within and among suites of habitat patches supporting metapopu-
lations. This consideration renders the development and application of realistic
theoretical models more problematical yet. That these factors increase the risk of
extinction from fragmentation, however, is both logical and supported by empir-
ical evidence.

Consider, for example, the currently endangered checkerspot butterfly Euphy-
dryas editha bayensis, whose populations have been monitored for 25 yr by P. R.
Ehrlich and colleagues. During this time, population structure, dynamics, and
regulation have been described and extinctions observed (Ehrlich et al. 1975;
Ehrlich et al. 1980). Ehrlich (1965) showed that a purported population supported
by three nearly contiguous habitat patches on Jasper Ridge Preserve actually
consisted of three demographic units whose sizes fluctuated independently in
response to annual changes in rainfall. One of these demographic units became
extinct, was reestablished by immigration, and again became extinct several years
later. A second is now on the verge of extinction. Meanwhile, populations within
dispersal distance (Murphy and Ehrlich 1980) have been increasingly isolated or
extirpated by habitat fragmentation.

The case for regarding such local extinctions as ‘‘normal’’ ecological events is
strengthened by mounting empirical evidence (e.g., den Boer 1981; Blaustein
1981; Parker and Root 1981; Schoener 1983; Diamond 1984). Natural populations
of many species are therefore frequently at a ‘‘critical size,”” even though they
may consist of hundreds or thousands of individuals during the years prior to
extinction, as in the case of Euphydryas. Metapopulations of such species un-
doubtedly persist via interpatch migration which offsets local extinction. Yet, the
apparent capacity of even relatively sedentary species to disperse among habitat
patches does not suggest that habitat fragmentation will be inconsequential.
Metapopulation survival requires a mean extinction rate less than the immigration
rate (Levins 1970). The modification or conversion of natural habitat will more
probably impede dispersal than will isolation caused by unsuitable natural habitat.

The risk of fragmentation is thus threefold: (1) demographic units may be
destroyed outright, reduced in size, or subdivided (thus increasing their rate of
extinction); (2) potential sources of immigrants may be lost (as a consequence of
risk 1); and (3) immigration may be impeded by conversion of natural habitat
between habitat patches. Note that even though risk 3 occurs without a loss of
critical habitat per se, the probability of extinction is potentially increased.

The existence of habitat heterogeneity within and among habitat patches casts
further doubt on the validity of predictions concerning the effects of fragmentation
based solely on conventional population models. Many workers have shown that
within-habitat (microhabitat) heterogeneity has a significant effect on the popula-
tion dynamics of insects (Andrewartha and Birch 1954; Birch 1957; Ehrlich et al.
1975, 1980; Singer and Ehrlich 1979; den Boer 1981; Murphy et al. 1983) and
mammals (Anderson 1970; Birney et al. 1976; Stenseth et al. 1977; Rosenzweig
and Abramsky 1980; Cockburn and Lidicker 1983). Euphydryas butterflies again
provide an apt illustration. Local population extinction, particularly in response to
drought, is a rather common occurrence in coastal California habitats of Euphy-
dryas editha (Ehrlich et al. 1980; Murphy and Ehrlich 1980). Especially dry years
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result in high larval mortality in microhabitats with southern exposures where
host plants senesce relatively early. Survival occurs exclusively in north-facing
microhabitats under such conditions. The pattern of survival, however, is effec-
tively reversed in particularly wet years. Thus, only habitat patches consisting of
a variety of microhabitat exposures sustain populations for more than a few years.

The relationship between the size or number of habitat patches and the proba-
bility of extinction for their associated species therefore is not a simple matter of
relating population density to habitat area, even accounting for within-habitat
differences in carrying capacity. The risk of extinction from habitat fragmentation
(or mere subdivision) may not be linearly proportional to the associated reduction
in habitat or fragment area and may well increase disproportionately, particularly
on the geographic scale at which remedial conservation action is taken.

Simberloff and Abele touch on the genetic implications of population subdivi-
sion. We concur that assessing the role of genetic stochasticity is problematic;
what was not pointed out, however, is the inconsistency between N, as predicted
by RDG and as predicted by population genetic theory. Along with environmental
variation, genetic stochasticity can increase the probability of extinction for
populations of far greater size than estimated by RDG on the basis of the effect of
demographic stochasticity. An order of magnitude larger could be required to
maintain genetic variability and, hence, the capacity of populations to adapt to
extreme environmental changes. By the most conservative genetic criteria
(Franklin 1980), the effective population size, N,, must be > 50, which probably
translates to an actual population size in the hundreds for most species. Several
different approaches currently produce estimates of N, in this range and higher
(Franklin 1980; Soulé 1980; Shaffer 1981).

COMMUNITY-LEVEL EFFECTS AND SECONDARY EXTINCTIONS

The potential effects of habitat fragmentation on extinction go beyond the sole
consideration of population-level phenomena. Even if survival of relatively few
species is directly jeopardized by fragmentation, the loss of those species may
precipitate multiple extinctions through community-level effects. Terborgh (1976)
raised this point previously, arguing that some primary extinctions may represent
the loss of species in ‘‘keystone’’ positions in communities. More recently,
Gilbert (1980) described cases of elaborate mutualistic relationships in neotropical
forests which, if disrupted as a consequence of a single extinction, will result
indirectly in a cascade of extinctions amounting to the loss of entire food webs.

Community-level effects caused by the loss of species on land-bridge islands
have been demonstrated recently in an extensive study of two mutualistic guilds
of hummingbird pollinators and plants (Feinsinger et al. 1982). These workers
found that as a result of a decrease in the number of hummingbird species, plants
were visited more erratically and with less fidelity. Although further conse-
quences were not documented, Feinsinger et al. suggested, as have Futuyma
(1973) and Janzen (1974) previously, that tightly coupled systems would exhibit
more drastic effects, including extinctions. Such potentially negative conse-
quences of habitat fragmentation through the disruption of mutualistic guilds are
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not limited to tropical forests. Most higher plants, for example, are entirely
dependent upon mycorrhizal (root-associated) fungi, which in temperate forests
may be in turn largely dependent upon small mammals for their dispersal (Maser
et al. 1978). Harris (1984) indicates that the extent to which old-growth forests can
sustain further fragmentation without jeopardizing their diversity, functional in-

“tegrity, and ability to contribute to the regenerative capacity of surrounding
logged forests may depend on the minimum habitat sizes and degrees of insularity
required for small mammal populations. This and other empirical evidence (see
Campbell and Clark 1981; Karr 1982; Lovejoy et al. 1984) suggests that such ripple
effects ought to be given serious thought when the effects of habitat fragmentation
are considered.

Finally, if there is any doubt that fragmentation of existing nature reserves is
not a prudent policy, it is dispelled by empirical data on mammalian population
densities in a wide range of national parks and similar protected areas. In separate
studies East (1981, 1983) and Schonewald-Cox (1983) have both shown that the
sizes of many such populations are less than 100, and more than half are in the
range of 100-1000. Thus a substantial proportion of the large-mammal faunas of
comparatively large and intact reserves already may be at risk without further
fragmentation. These observations lend support to predictions, based on island
biogeographic theory, that faunal collapse will occur in (intact) reserves (Soulé et
al. 1979; East 1983).

Large mammals might be considered a somewhat biased example since they
constitute only a tiny fraction of a biota and are especially vulnerable to fragmen-
tation because of their large body size and trophic needs. The growing list of
invertebrates endangered as a result of habitat fragmentation (Wells et al. 1983)
suggests otherwise, however. Furthermore, for success, conservation strategy
must not be based on how many species are maintained given hypothetical reserve
strategies; rather, the criterion should be which species of those that are rare,
threatened, or endangered can be preserved given real options.

When one assesses the risk of extinction associated with fragmentation, one
must begin by considering all potentially relevant population-level and commu-
nity-level factors, as well as physical, or edge, effects (e.g., Brittingham and
Temple 1983; Lovejoy et al. 1984; Janzen 1983), whether or not fragments already
exist (i.e., SLOSS). That current ecological theory is inadequate for resolving
many of the details should not detract from what is obvious and accepted by most
ecologists: habitat fragmentation is the most serious threat to biological diversity
and is the primary cause of the present extinction crisis.
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