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Abstract:

 

A recent model indicating that good competitiors and abundant species face the greatest risk of ex-
tinction from habitat destruction is critically examined. The conclusions drawn from the model are shown to
rely on a number of assumptions regarding the mechanism of species coexistence, the relationship between
abundance and competitive ability, and spatial characteristics of habitat destruction. The generality of these
assumptions is questioned. Of particular concern are the assumptions that good competitors are poor dispers-
ers, and that good competitors are the most abundant species. Furthermore, we suggest that the spatial scale
of metapopulation dynamics in the model may not be appropriate for representing impacts of habitat de-
strustion. Empirical evidence is discussed indicating the limited applicability of the model for describing ef-
fects of habitat destruction on risks of species extinctions. Examples from a number of fragmented systems
demonstrate that poor competitors and rare species are vulnerable to habitat destruction.

 

Deudas de Extinción y Riesgos Enfrentados por un Numero Abundante de Especies

 

Resumen:

 

Examinamos críticamente un modelo desarrollado recientemente que indica que buenos com-
petidores y especies abundantes enfrentan el mayor riesgo de extinción debido a la destrucción de su hábitat.
Las conclusiones alcanzadas por este modelo están basados en los mecanismos de coexistencia de las especies,
la relación entre abundancia y abilidad competitiva, y las características espaciales de la destrucción del
hábitat. La generalidad de estas asumpciones son cuestionadas. Es de particular preocupación las asump-
ciones de que buenos competidores son pobres dispersores y que buenos competidores son las especies más
abundantes. Mas aún, sugerimos que la escala espacial de dinámica metapoblacional en el modelo podría no
ser apropiada para representar los impactos de la destrucción del hábitat. Evidencia empírica sugiere la lim-
itada aplicación del modelo en describir los efectos de la destrucción del hábitat en el riesgo de extinción de
las especies. Ejemplos de sistemas fragmentados demuestran que pobres competidores y especies raras son

 

vulnerables a la destrucción del hábitat.

 

Introduction

 

Tilman et al. (1994) recently published results derived
from a metapopulation model in which researchers
modeled extinction of competing species following the
destruction of a proportion of their habitat. Tilman et al.
(1994) suggested that the best competitors and the most
abundant species face the greatest risk of extinction
from effects of habitat destruction and fragmentation. If
this prediction is correct, and given that habitat destruc-
tion is one of the greatest threats to biodiversity (Ehrlich

& Ehrlich 1981; Wilson 1988), the current focus of con-
servation biology (particularly on rare species) appears
misguided. Given the potential for such a large paradigm
shift in the field of conservation biology, we believe the
article by Tilman et al. (1994) warrants close scrutiny.
Although we agree with some of their conclusions, we
have reservations about how Tilman et al. (1994) inter-
preted other results of their model, especially with re-
spect to analyzing critical model assumptions. We criti-
cize the model on theoretical grounds and provide
empirical evidence that demonstrates that the model
will not provide a general description of the effects of
habitat destruction. Of particular concern is the assump-
tion of a trade-off between competitive ability and dis-
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persal ability. Although such a trade-off may exist in
some plant communities (Tilman 1994), Tilman et al.
(1994) did not provide evidence that this trade-off was a
general feature of other communities, whether plants or
animals.

We agree with Tilman et al. (1994) that habitat frag-
mentation may cause an “extinction debt” with species
declining to extinction many years after habitat fragmen-
tation occurs, a prediction supported by a number of
field studies in which species richness in patches was
negatively correlated with time since fragmentation
(Suckling 1982; Bennett 1987; Loyn 1987; Saunders et
al. 1993). We also agree with Tilman et al. (1994) that
species with poor dispersal ability may be more suscep-
tible to impacts of fragmentation, a hypothesis advanced
by several authors (Lande 1987; Pahl et al. 1988; Bright
1993). In contrast, Kierstead and Slobodkin (1954) and
others (Okubo 1980; Pease et al. 1989) suggested that
within a single patch, species with larger dispersal dis-
tances would be most susceptible to reductions in patch
size. The two studies differed in their assumptions about
the ability of dispersing species to select habitat and also
about the spatial distribution of the habitat. Kierstead
and Slobodkin (1954) modeled plankton in a single
patch, with dispersal controlled by water currents. Habi-
tat destruction caused a reduction in patch size, and
long-distance dispersers were killed when they moved
out of the suitable habitat. Tilman et al. (1994) assumed
that dispersers were able to stop once suitable vacant
habitat had been encountered and that habitat destruc-
tion caused a reduction in the number of patches. The
differences between the two studies illustrates that the
results obtained by Tilman et al. depend in part on how
dispersal was modeled. As used by Tilman et al. (1994),
dispersal ability refers to the rate of successful dispersal,
not dispersal distance as analyzed by Kierstead and Slo-
bodkin (1954). Hereafter, we follow the terminology of
Tilman et al. (1994), with dispersal ability referring to
the rate of dispersal from occupied to unoccupied patches.

Tilman et al. (1994) extended a metapopulation model
(Levins 1970) to consider competition among multiple
species. In their model species were ranked according
to a dominance hierarchy and colonization of an occu-
pied site by a superior competitor caused the inferior
competitor to be eliminated immediately from that site.
Inferior competitors were not eliminated from all sites
provided that they had superior dispersal ability. An un-
limited number of species were able to coexist provided
there was a trade-off between dispersal ability and com-
petitive dominance (Tilman 1994). This trade-off is a
critical assumption in their model. There are many possi-
ble mechanisms that permit coexistence of potentially
competing species, but, as yet, there is no consensus
about which mechanisms contribute to coexistence in
real populations (Bengtsson et al. 1994). Nevertheless,
Tilman et al. (1994) based their analyses on a single

model of coexistence, and interpreted the results on the
basis of the critical assumption that a trade-off between
competitve ability and dispersal ability occurred in the
fragmented communities that they modeled. The con-
clusion that the dominant competitor in an ecosystem
will be the first to go extinct as a result of habitat de-
struction depends on the assumption that poor dispers-
ers are the best competitors, and also on assumptions
concerning the spatial and temporal scales of the popu-
lation dynamics. We examine these issues below.

 

Spatial and Temporal Characteristics
of Fragmentation

 

We have reservations about how Tilman et al. (1994)
modeled habitat fragmentation, which was included in
the metapopulation model by reducing the density of
suitable patches (Tilman et al. 1994). For a single species
the proportion of sites occupied at equilibrium (

 

p

 

*) was

, (1)

where 

 

D

 

 is the proportion of patches destroyed by frag-
mentation, 

 

e

 

 is the rate at which populations in patches
become extinct, and 

 

c

 

 is the rate of colonization of un-
occupied patches. Because fragmentation was modeled
only by reducing the density of suitable patches, implicit
assumptions about the spatial characteristics of fragmen-
tation events were required; Tilman et al. (1994) as-
sumed that patches were destroyed at random and the
remaining patches were unchanged. These assumptions
are implicit in equation 1. However, fragmentation is of-
ten systematic with particular parts of the landscape
cleared first, and it is also associated with degradation of
remnant patches (Saunders et al. 1991). Below we
briefly consider the influence of these effects to illus-
trate that the predictions made by Tilman et al. (1994)
are sensitive to the intensity and spatial characteristics
of the fragmentation process.

In the first case, consider an extreme form of non-ran-
dom habitat destruction where habitat is lost from the
edges of a species’ range. The density of patches would
remain unchanged within the undisturbed section of the
species range, the distances between suitable patches
would not be altered, and hence dispersal success
would be largely unaffected. In this case equation 1 is no
longer valid. Under the assumptions of the metapopula-
tion model of Tilman et al. (1994), when habitat destruc-
tion reduces the amount of suitable habitat but does not
increase the distance between patches, the 

 

proportion

 

of suitable sites that are occupied by a species would
not be changed. The consequence of this for competing
species is that the abundance of each species relative to
the others would remain unchanged. Population size
would decline approximately proportionally with the

p* 1 D2 e c/25
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degree of habitat destruction, and the least abundant
species would tend to go extinct first due to stochastic
processes associated with small population size. This is
opposite to the predictions made by Tilman et al.
(1994).

A second extreme form of fragmentation is where
habitat destruction reduces the size of patches but not
the number of patches. Equation 1 would again be in-
valid for modeling such a process. As the size of patches
declines, the carrying capacity of each patch will de-
cline and the risk of extinction of each patch (

 

e

 

) will in-
crease due to stochastic effects. At the same time, the
decline in population size may reduce the number of
dispersers, lowering the colonization rate (

 

c

 

). In this
case, where habitat destruction reduces the carrying ca-
pacity of patches, fragmentation will reduce the propor-
tion of patches occupied. The consequence of this for
competing species depends on how 

 

c

 

 and 

 

e

 

 decline with
habitat destruction. It is likely that these changes will be
species-dependent, and the loss of species will not be re-
lated necessarily to their dispersal or competitive ability. 

We do not suggest that either of the above examples
are more representative of fragmentation than the
model of Tilman et al. (1994). They represent 

 

possible

 

patterns of fragmentation; the fragmentation process as-
sumed by Tilman et al. is a third possibility. The above
examples do not invalidate the model of Tilman et al.
(1994), but rather emphasise that the response of spe-
cies to fragmentation may depend on the pattern and
scale of fragmentation processes. A realistic model of
fragmentation may include a combination of these fac-
tors as well as possible degradation in the quality of the
habitat that remains. Because its predictions are sensi-
tive to the spatial characteristics of the fragmentation
process, the model proposed by Tilman et al. (1994) ap-
pears to be structurally unstable, and it is therefore un-
likely to provide a general description of impacts of hab-
itat destruction.

Further, the choice of a particular pattern of fragmen-
tation requires implicit assumptions about the spatial
scale of population dynamics relative to the spatial scale
of fragmentation. For example, if the model purports to
represent an individual organism in each patch (Tilman
1994), random removal of patches would represent hab-
itat being destroyed in sizes equivalent to the home
range of the organism. For plants, random removal of
patches would be equivalent to random removal of indi-
viduals. For some species of small mammals, it would be
equivalent to random removal of patches of the order of
1 ha in size. Alternatively, each patch could represent a
larger area capable of supporting a single population,
and random patch removal would represent the destruc-
tion of the habitat of entire populations. However, the
model of Tilman et al. (1994) requires the assumption
that only a single species can occupy an area at one
time, and such competitive exclusion tends not to occur

over larger areas (Tilman 1994). In such circumstances,
the model of Tilman et al. (1994) would not be at an ap-
propriate scale for describing both competitive exclu-
sion and metapopulation dynamics in a fragmented land-
scape.

Apart from spatial characteristics of metapopulation
dynamics, temporal aspects should also be considered.
Tilman et al. (1994) predict that extinctions will occur
decades, centuries and millenia after fragmentation. Lo-
cal dispersal (Dytham 1995; Moilanen & Hanski 1995)
and less intense competition would further increase the
time required to reach the equilibrium. However, it is
well known that equilibrium analyses may be poor indi-
cators of the viability of populations (Burgman et al.
1993). If stochastic extinctions of rare species occur
prior to the time at which the equilibrium is reached,
the analysis of Tilman et al. (1994) will not be represen-
tative of the extinction dynamics. Demographic or life
history traits such as trophic generalism versus special-
ization, population size and reproductive rates may af-
fect the response of species to habitat destruction more
quickly than metapopulation dynamics. Depending on
available data, a model that could accommodate stochas-
ticity associated with small population size, differences
between patches, and spatially explicit habitat loss, dis-
persal and species’ distributions would provide a more
general basis for modeling impacts of fragmentation.
Hanski (1994) provides such a model.

 

Field Observations

 

Although it is difficult to identify competitive domi-
nance in field studies, some examples from the literature
suggest that predictions made by Tilman et al. (1994)
will not be generally applicable (Table 1). Noisy Miners
(

 

Manorina melanocephala

 

) aggressively exclude al-
most all other avian species from their territories (Loyn
1987). The model of Tilman et al. (1994) predicts that
following fragmentation, populations of Noisy Miners
would be the first to suffer extinction, but it is one of
the most conspicuous species in small forest fragments
(Loyn 1987; Caterall et al. 1991; Leach & Recher 1993).

The Bell Bird (

 

Manorina melanophrys

 

) is also locally
dominant in parts of southeastern Australia. Populations
of the species have increased considerably over the last
few decades, apparently in response to habitat fragmen-
tation (Backhouse 1987). In addition, Bell Birds compete
for breeding territories with Helmeted Honeyeaters (

 

Li-
chenostomus melanops cassidix

 

), which are extremely
rare and endangered in southeastern Australia (Blackney
& Menkhorst 1993; Pearce et al. 1995). The better com-
petitor (the Bell Bird) appears to have benefitted from
fragmentation, a result opposite to that predicted by the
model of Tilman et al. (1994).
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Saunders (1989) suggested that the decline of Carn-
aby’s Cockatoo (

 

Calyptorhynchus funereus

 

) in the
wheatbelt region of Western Australia is due to its inabil-
ity to cope with a dispersed food source and competi-
tion with Galahs (

 

Cactua roseicapilla

 

) for nest sites. Fol-
lowing fragmentation that resulted from substantial
clearing of native vegetation for agriculture, Carnaby’s
Cockatoo has declined significantly, and it does not ap-
pear to be competitively dominant.

Inconsistencies between the model predictions and
observations are not confined to Australian avian com-
munities. In an experimentally fragmented system stud-
ied by Gaines et al. (1992), the better competitors
within a small mammal community (Hispid cotton rat
[

 

Sigmodon hispidus

 

] and prairie vole [

 

Microtus ochro-
gaster

 

]) tended to increase in abundance and the poorer
competitiors (western harvest mouse [

 

Reithrodontomys
megalotis

 

] and deer mouse [

 

Peromyscus maniculatus

 

])
declined (see also Foster & Gaines 1991). The poorest
competitior (

 

R. megalotis

 

) was the first to suffer extinc-
tion.

 

Rumex drummondii

 

, a plant that occurs in a highly
fragmented region of south-western Australia, appears to
have good dispersal ability and is favored by soil distur-
bance and increased nutrient levels (Scott and Yeoh
1995). Tilman et al. (1994) predict that species with
such characteristics would be favored by fragmentation,
yet until recently 

 

R. drummondii

 

 was thought to be ex-
tinct (Scott & Yeoh 1995).

Tilman et al. (1994) also argued that the most abun-
dant species may be at the greatest risk of extinction,
based on the assumption that relative abundance prior
to fragmentation reflected the dominance hierachy (i.e.,

more dominant species were more abundant). However,
this is not a necessary condition in their original model.
In the model of Tilman et al. (1994), it is possible for the
poorest competitors (i.e., the best dispersers) to be the
most abundant species. The conclusion of Tilman et al.
(1994) that the most abundant species face the greatest
risk of extinction due to habitat destruction is specula-
tive because data were not provided to support the criti-
cal assumptions that dominant species are the most
abundant prior to fragmentation and that dominant spe-
cies are the worst dispersers. There are numerous exam-
ples where habitat destruction and fragmentation have
contributed to a substantial decline in population size of
both rare and common species (Suckling 1982; Recher
& Lim 1990; Saunders et al. 1991; Bennett 1991; Saun-
ders & Ingram 1995).

Of the 75 Australian plant species listed as presumed
extinct by Leigh et al. (1984), 55% have only been re-
corded from a single locality. A further 17% of the ex-
tinct species have been recorded at only two localities.
The small number of localities from which these species
have been recorded suggests that they were rare prior to
extinction. Additionally, Leigh et al. (1984) noted that
some of the more widely distributed species that have
become extinct were never common (e.g., 

 

Senecio
georgianus

 

). Therefore, it appears that at a continental
scale rare species may be more vulnerable to extinction
than abundant species (Gaston 1994). Diamond et al.
(1987) observed the extinction of 20 species in an iso-
lated 86 ha woodland in Java that initially contained 62
species. Species that were rare in both the woodland
and the surrounding area were more likely to become
extinct. At a still smaller scale, Robinson and Quinn

 

Table 1. Summary of five studies of fragmented systems indicating the order of extinction predicted by Tilman et al. (1994) based on 
competitive dominance of the species.

 

Species
Predicted order 
of extinction

 

*

 

Change in
abundance Reference

 

Noisy Miner

 

M. melanocephala

 

1st increase Loyn 1987

Bell Bird

 

M. melanophrys

 

1st increase Backhouse 1987

Helmeted Honeyeater

 

L. melanops cassidix

 

2nd near extinction Blackney & Menkhorst 1993

Galah

 

C. roseicapilla

 

1st increase Saunders 1989

Carnaby’s Cockatoo

 

C. funereus

 

2nd decrease

Hispid cotton rat

 

S. hispidus

 

1st increase? Gaines et al. 1992

Prairie vole

 

M. ochrogaster

 

2nd increase Foster & Gaines 1991

Deer mouse

 

P. maniculatus

 

3rd decrease

Western harvest mouse

 

R. megalotis

 

4th extinct

 

Rumex drummondii

 

last near extinction Scott & Yeoh 1995

 

*

 

The predictions are inconsistent with the observed changes in abundance.
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(1988) studied extinction of plant species in an experi-
mentally fragmented grassland. They recorded a total of
42 plants species throughout the 1.6–ha study area. Of
these, 21 species were particularly rare, occupying less
than 1% of the canopy cover. These rare species were
much more vulnerable to extinction, accounting for 18
of the 20 extinctions that occurred within 3 years of
fragmentation. The risk of extinction was 86% for rare
species, while it was only 9.5% for common species.

The original model as presented by Tilman (1994) was
used to explain species coexistence in a Minnesota
grassland. Therefore, it is possible that the model of hab-
itat destruction presented by Tilman et al. (1994) will be
more applicable to plant communities than animal com-
munities, even though Tilman et al. (1994) implied that
the model may be suitable for all species. We have com-
pared the model predictions to field observations for
plants and vertebrates. In all the studies we have exam-
ined, field observations are inconsistent with predic-
tions made by Tilman et al. (1994). Moreover, a trade-off
between dispersal ability and competitive ability did not
occur in the insect communities studied by Harrison
(1995) and Blossey (1995), suggesting that the model of
Tilman et al. (1994) will not be generally applicable to
insects. As in the other studies we examined, rare spe-
cies and poor competitors appear to be vulnerable to
habitat destruction.

 

Conclusion

 

The model of Tilman et al. (1994) relies on three as-
sumptions: that species with poor dispersal ability face
the greatest risk of extinction from habitat destruction;
that species with poor dispersal ability are good compet-
itors; and that good competitors are more abundant than
poor competitors. We have particular concerns about
the last two assumptions and suggest that the validity of
the first assumption depends in part on spatial character-
istics of habitat destruction.

At the end of their article, Tilman et al. (1994) men-
tion that field work should now be conducted to test the
validity of their model. However, rather than developing
models with limited data and suggesting they be used to
inform conservation biology, we believe models should
be used to help explain real field observations. Sensitiv-
ity analysis of these models may then be used to direct
further research and data collection (McCarthy et al.
1995). We are not criticizing theoretical studies, but
rather believe that applications to real systems require
models based on field data. The model of Tilman et al.
(1994) may explain species coexistence in some com-
munities (Tilman 1994) but not in others (Blossey 1995;
Harrison et al. 1995). Available data demonstrate that
the model of Tilman et al. (1994) will not be generally
applicable for predicting the loss of species in response

to habitat destruction. Of the studies we have examined,
all are inconsistent with the predictions. These observa-
tions do not support the assertion by Tilman et al.
(1994) that competitively dominant and abundant spe-
cies will be the most susceptible to impacts of habitat
fragmentation. We caution against directing scarce con-
servation resources into testing predictions of their
model until the basic assumptions have been explored
(Dytham 1995; Moilanen & Hanski 1995) and it has been
validated against 

 

available

 

 data. In light of our examina-
tion of the model constructed by Tilman et al. (1994), its
widespread use in applied conservation biology appears
to be premature and may be inappropriate in many cir-
cumstances.
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