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Abstract. We present a population viability model for an arboreal gecko (Oedura re-
ticulata). This gecko needs a habitat of smooth-barked Eucalyptus woodlands. In Western
Australia its distribution has declined dramatically, largely through clearance of woodlands,
but populations persist within woodland remnants. Evidence from extensive field data
suggests that the gecko was formerly distributed through much of the original eucalypt
woodlands, and that geckos show little movement between patches. The populations in all
woodland remnants seem to be isolated. We ask whether the present distribution of the
gecko across remnants could have been produced solely by the extinction of populations
through demographic stochasticity.

To test this possibility, we developed a stochastic, individual-based model including
environmental stochasticity and estimated the percentage of extinct populations of different
size from known field characteristics and the time span since the clearing of the woodland.
The model predicted a relationship between remnant size and gecko persistence, driven by
demographic stochasticity, that is qualitatively similar to the observed pattern. Despite
extensive testing, however, we found that the model predicted an incidence function much
too optimistic for the observed distribution of populations in small remnants. This dis-
crepancy between field data and our model is due to a series of implicit assumptions. Thus,
our modeling exercise sheds light on the procedures commonly applied to population vi-
ability analyses of single populations of endangered species. The implicit assumptions
involved in such models make many predictions vague. We suggest that for the study of
declining species like O. reticulata it is essential to adequately test extinction models and
therefore population viability analyses.

Key words: extinction; gecko; incidence function; modeling; Oedura reticulata; population via-
bility analysis; Western Australian wheatbelt.

INTRODUCTION

Population viability modeling has become an im-
portant tool in conservation biology (Lindenmayer and
Possingham 1996). Such analyses have been performed
for over 100 species, many of which are endangered,
long-lived vertebrates (e.g., Reed et al. 1988, Red-
cockaded Woodpecker; Noon and Biles 1990, Spotted
Owl; Moehlman et al. 1996, black rhino; Wiegand et

Manuscript received 16 March 2000; revised 7 December
2000; accepted 22 January 2001; final version received 20 Feb-
ruary 2001.

5 Present address: Biology and Population Genetics, IFZ,
ustus-Liebig-University, Heinrich-Buff-Ring 26-32, D-35392
Giessen, Germany.
E-mail: Kerstin.Wiegand@agrar.unigiessen.de

6 Present address: Applied Ecology Research Group, Uni-
versity of Canberra, ACT 2601 Australia.

7 Present address: Philipps University Marburg, Depart-
ment of Animal Ecology, Karl-von-Frisch Strasse, D-35043
Marburg, Germany.

al. 1999, brown bear). Population viability analyses can
provide helpful analytical tools and enable the explo-
ration of the implications of many possible manage-
ment strategies and scenarios (Lindenmayer and Pos-
singham 1996). However, by concentrating on endan-
gered species, population viability analyses are typi-
cally restricted to one or a few populations. As a
consequence, the opportunities for model validation are
extremely limited. This has two major impacts. First,
except in some rare circumstances (e.g., Brook et al.
1997), the degree of realism of most population via-
bility analyses remains untested. Thus, we have no way
of knowing whether the predictions made by the model
are realistic (Reed et al. 1988). Second, the lack of
ability to test the realism of population viability models
means that for any particular case we learn little about
the extinction process itself. Thus, although there has
been much work focusing on the prevention of popu-
lation extinction, that research has told us little of an
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empirical or theoretical nature about extinction pro-
cesses.

One way of using population viability analyses to
investigate extinction processes is to model declining
species that are yet to reach the point of endangerment.
Such species provide case studies of species that are
prone to extinction, yet permit empirical evaluations
of the population viability models. By evaluating these
models the extent to which a specific model reflects a
natural situation can be determined. It therefore follows
that any departures from nature in the predictions of
the model will identify aspects of the extinction process
not considered in the current model version.

Here, we present a population viability model of a
species of arboreal gecko (Oedura reticulata) whose
distribution has declined dramatically this century,
largely through habitat destruction. Populations of this
gecko persist within woodland remnants of the Western
Australian wheatbelt despite the clearance of ;130 000
km2 (.90%) of the original vegetation in the 20th cen-
tury (Saunders et al. 1993). O. reticulata is highly de-
pendent on smooth-barked eucalypt woodlands, mainly
Eucalyptus salubris, E. salmonophloia, and E. wandoo
that provide substantial amounts of dead wood for shel-
ter (How and Kitchener 1983, Greer 1989). Well-doc-
umented changes in the vegetation (Arnold et al. 1991,
Saunders et al. 1993) combined with a number of long-
and medium-term population demographic studies
(How and Kichener 1983, Kitchener et al. 1988, Sarre
1995a, 1996), presence/absence surveys (Kitchener et
al. 1980, Sarre et al. 1995), and genetic studies (Sarre
1995b) make this species an ideal candidate for the
development and evaluation of an extinction model.

As part of a study of the demography and genetics
of O. reticulata, Sarre et al. (1995) conducted a survey
of the distribution of O. reticulata in 32 smooth-barked
Eucalyptus remnants. The considered area comprised
.1500 km between Kellerberrin and Trayning in the
Western Australian wheatbelt. Since 1900, ;90% of
the original vegetation in the study area has been
cleared for agriculture (Hobbs 1993), leaving over 450
vegetation remnants (size range ,1–1190 ha). The
peak of the vegetation clearing was around 1920. Of
those 32 remnants surveyed, O. reticulata was present
in 23 with a positive correlation between remnant size
(number of trees) and the probability of occurrence
(Sarre et al. 1995). This current pattern of distribution
of O. reticulata among the woodland remnants depends
on three factors: (1) the distribution of O. reticulata
before the vegetation clearance, (2) the rate of extinc-
tion of local populations since the vegetation clearance,
and (3) the rate of colonization of remnants following
the extinction events. The nine remnants in which O.
reticulata were not observed were part of larger regions
of smooth-barked Eucalyptus woodland (suitable for
O. reticulata) and are adjacent to formerly contiguous
woodland that contain extant populations of O. retic-
ulata. Thus, it is probable that O. reticulata were pre-

sent in all 32 remnants before the vegetation clearance,
and that the observed absences are the result of ex-
tinctions (Sarre et al. 1995). Genetic (Sarre 1995b),
pitfall trapping (Sarre et al. 1995), and mark–recapture
studies (Kitchener et al. 1988) indicate that if O. re-
ticulata moves between remnants, then it is extremely
rarely. Consequently, remnant populations separated by
just a few hundred meters can be considered isolated.
Thus, recolonization following extinction is unlikely.
We therefore have a situation in which population ex-
tinction rates can be estimated from field data, uncom-
plicated by metapopulation dynamics (Hanski 1999).

One way to understand the historical contingencies
of the present biogeographical patterns is through the
application of modern genetic methods (e.g., Sarre
1995b, Hänfling and Brandl 1998, Avise 2000). In the
present paper, we point to an alternative approach to
retrieve information about historical processes: the
careful comparison of models that predict the dynamics
of occurrence across remnants, and field data. Specif-
ically, we address the question: Could extinction by
stochastic demographic processes explain the observed
occupancy patterns of Oedura reticulata? The distri-
bution of this species has declined dramatically this
century, largely through habitat destruction. We use the
demographic characteristics of O. reticulata observed
in field studies to construct a stochastic demographic
population model and use this model to predict the
expected occupancy pattern of O. reticulata across the
32 remnants. We hypothesize that the model will pre-
dict a positive correlation between remnant size and
probability of occurrence, due to the higher extinction
risk of smaller populations under demographic sto-
chasticity (Lande 1993). Thus, we expect a qualitative
agreement between model results and field observation.
However, it is not possible to estimate a priori if the
model results will be more optimistic, more pessimis-
tic, or quantitatively similar to the field observations.
We compare the observed and expected extinction data
and use this comparison to discuss the possible mech-
anisms of extinction operating on O. reticulata.

THE MODEL

The general aim of our model is to predict the local
extinctions in the gecko species O. reticulata. As we
are concerned with extinction processes, it is important
to be accurate at low population sizes. Consequently,
we chose an individual-based approach (Judson 1994,
Uchmanski and Grimm 1996), which enables us to con-
sider differences in sex, age, or the position of the
territories of individuals. Within our basic time step of
one year, each individual may change territory, die, or
reproduce. The destiny of each individual is determined
by random numbers according to probabilities esti-
mated from field data and thus our model includes de-
mographic stochasticity. Environmental stochasticity is
incorporated through the occurrence of a random se-
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quence of dry or hot years, which influence reproduc-
tion and hatching.

Our model assumes that all trees within a remnant
have the same size and properties irrespective of rem-
nant size. Thus, our model assumes no correlation be-
tween remnant size and habitat quality from the stand-
point of our gecko species. Based on the territoriality
of O. reticulata, we chose a spatial model that enables
us to relax the assumption of ideal mixing made by
most approaches of modeling population viability (e.g.,
Shaffer 1983, Price and Kelly 1994, Forys and Hum-
phrey 1999). Due to the restricted movement of indi-
viduals, geckos are heterogeneously distributed within
the simulated woodland remnant, although all trees are
identical.

During each time step (one year), the model performs
four steps: first, the position of adults is updated; sec-
ond, individuals may die; third, subadults (geckos in
their first year of adulthood) choose their territories;
and finally adults reproduce. Home trees are enumer-
ated randomly at the beginning of a simulation. For
each of the four steps, the individuals are handled by
the model according to this numbering. Thus, the se-
quence of working through the territories is fixed dur-
ing one simulation run but differs between simulations.
All parameters (Table 1) were chosen a priori according
to published reports (How and Kitchener 1983, Kitch-
ener et al. 1988, Sarre 1995a) and unpublished field
notes (S. Sarre, unpublished notes). For a few param-
eters, no field data were available and we were forced
to supplement our information with data from an ar-
boreal gecko occurring on the same trees (Gehyra var-
iegata).

Trees

We view a woodland remnant as the number of trees
suitable for O. reticulata. We regard all trees as iden-
tical and make the assumption that the remnants are
perfectly isolated. Thus, we model the local dynamics
of an isolated population within a single remnant. Each
forest remnant may have a particular size and structure
of nearest neighbor distances between trees. To gen-
erate ranks of neighbors, a remnant was modeled by a
grid of the size (number of trees 3 number of trees).
Each cell is suitable for one tree. At the beginning of
each simulation, trees become randomly distributed
across cells. This enables the determination of the near-
est neighbor of each tree, the next neighbor, and so on.
Note that we consider only the rank of neighborhood
and not the actual distance.

As already noted, each tree may be used by several
individuals. We fixed the maximum number of terri-
tories of adults on a single tree to five (maximum car-
rying capacity of one tree). Beside these five adults,
up to 10 juveniles may live on one tree. We introduced
these limits to avoid unrealistic densities. If not stated
otherwise, the initial density of each simulation is four
juveniles and four adults per tree (sex ratio 1:1). We

chose this high density because O. reticulata was prob-
ably widely distributed throughout the woodlands of
the wheatbelt at the beginning of the 20th century. The
extensive clearing of the Eucalyptus woodlands was
very rapid and probably forced this habitat specialist
to move into the remnants, leading to high population
densities. Simulations by Wiegand (1996) have shown
that population persistence for 70 yr is insensitive to
initial density as long as initial densities are not below
one gecko per tree. Thus, our simulations start with
conditions probably quite similar to the conditions just
after the clearing of the forests and even if our estimate
of initial density cannot be precise, this has minor ef-
fects only on estimated persistence.

Weather

During very hot years, eggs experience a high mor-
tality rate. Environmental effects on survival are min-
imal for older individuals. However, during dry years,
some females do not reproduce, probably because of
their low nutritional status due to the low abundance
of arthropods (see Henle 1990 for the sympatric species
Gehyra variegata). Therefore, we incorporated the fol-
lowing simple weather regime using some rules of
thumb guided by field experience: (1) the last one to
three years of each decade are assumed to be dry; (2)
15% of the years are hot; and (3) hot and dry years are
correlated (85% of hot years are also dry).

Age classes

We divided the model population according to age
and sex: eggs, juvenile females and males, and adult
females and males. Since juvenile females become
adult at a mean age of 4.8 yr and males at 2.8 yr (Kitch-
ener et al. 1988), juvenile females are subdivided into
classes with an age of 1, 2, 3, or 4 yr and juvenile
males into classes with an age of 1 or 2 yr. Twenty
percent of the juveniles reach subadulthood one year
early (females at age 4 instead of 5, males at age 2
instead of 3) and are being referred to as premature in
Table 1. During the transition from the juvenile to the
adult age class, individuals have to search for a terri-
tory.

Mortality

Mortality depends on age and sex (Table 1; How and
Kitchener 1983). No data on age-dependent adult mor-
tality are available, and we assume a constant mortality
rate for adult geckos with no difference between sexes.
For that reason, we did not adopt a sophisticated age
structure for our model and instead, we used one age
class for the adults. For changes in individual territo-
ries, we implemented an additional mortality risk for
each switch to another tree (to account for an increased
predation risk due to leaving the territory). Estimates
of the movement mortality rates of adult males and
females are not available. We selected them (Table 1)
in such a way that the overall mortality rate is similar
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TABLE 1. Overview of the parameter values used during most of the simulations and sensitivity analyses on remnant
populations of the arboreal gecko Oedura reticulata.

Parameter
Standard

value Accuracy

Mean time to extinction

Tmax

(yr)
Tmin

(yr)
110%

(yr)
210%

(yr)

A) General

No. smooth-barked eucalypts in remnant 8–1000 1 ··· ··· ··· ···
Range of a gecko (unit, no. trees) 10 2 ··· ··· ··· ···
Maximum capacity per tree

Juvenile 10 2 ··· ··· ··· ···
Adult 5 2 ··· ··· ··· ···

No. good years per decade 8 2 ··· ··· ··· ···
Probability of hot year 0.15 2 ··· ··· ··· ···
Probability that a hot year is also dry 0.85 2 ··· ··· ··· ···

B) Mortality

Probability of not hatching
Hot year 0.75 2 ` 192 ··· ···
Normal year 0.46 2 ` 24 2140 177

Mortality rate, females
1st year 0.4 2 ` 35 2109 142
2nd year 0.3 2 ` 34 279 90
3rd year 0.2 2 ` 45 243 33
3rd year, premature 0.15 2 511 132 ··· ···
4th year 0.1 2 605 45 229 13

Mortality rate, males
1st year 0.4 2 534 42 231 14
1st year, premature 0.2 2 386 196 ··· ···
2nd year 0.1 2 408 41 217 3

Basic mortality, adult
Females 0.1 2 ` 20 2112 152
Males 0.1 2 548 42 232 7

Mortality per tree switch
Adult females 0.1 3 ` 16 269 78
Adult males 0.1 3 342 331 ··· ···
Adult females and males 0.1 3 ` 0 2121 166
Subadult females 0.1 3 550 112 ··· ···
Subadult males 0.1 3 360 234 ··· ···
Males looking for partners 0.1 3 475 25 224 18

C) Miscellaneous

Probability of prematurity 0.2 2 ` 250 ··· ···
Probability of a new territory search by

adult
Females 0.3 2 ` 71 255 57
Males 0.45 2 553 239 ··· ···
Females and males 0.45†

0.3‡
2 ` 61 272 68

Probability of establishment on a tree
with a territory of an adult of the
same sex

Subadult female 0.2 2 290 589 ··· ···
Subadult male 0.2 2 345 331 ··· ···
Subadult female and male 0.2 2 617 96 224 21

Basic probability of rejecting a tail 0.1 2 330 293 ··· ···
Probability of rejecting a tail per tree

switch
0.1 3 337 339 ··· ···

Probability of females with incom-
plete tail not laying an egg

1 3 342 341 ··· ···

Probability of females not laying an egg
in dry year

0.1 2 357 180 ··· ···

Notes: Standard values were estimated a priori based on field data and educated guesses. The accuracy of each estimate
was evaluated on a rank scale: well known, 1; approximately known, 2; not well known, 3. Tmax and Tmin are mean time to
extinction in years under extreme values of the respective mortality parameters, 0 and 1. The infinity symbol (`) indicates
that all populations survived for 999 yr. The 110% and 210% columns report the changes in mean time to extinction when
respective parameter values have been increased or decreased by 10% from the extreme parameter values, respectively.
Remnant size is 50 trees, and all simulations consisted of 1600 runs. Mean time to extinction under the standard parameter
set was 341 yr. For an indication of the significance of differences in T at the 5% level, we assumed that the mean time to
extinction of repeated simulations under the standard parameter set (1600 runs) followed a normal distribution with the mean
equal to the standard deviation. It follows that a deviation in any direction by more than ;17 yr is significantly different.

† Males.
‡ Females.
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to the field data (about 25% under high density; Kitch-
ener et al. 1988). Hot weather decreases the hatching
rate. Therefore during hot years the hatching rate of
eggs is reduced compared to normal years (Table 1).

Movement

O. reticulata is territorial. Aggressive behavior be-
tween males has been observed on a number of oc-
casions (How and Kitchener 1983; S. Sarre, personal
observation) and males and females form pairs. In our
model, adults do not allow other adults of the same sex
to establish a territory on the same tree. However, sub-
adults may be accepted, which may lead to more than
two adult geckos per trees, cf. below. To model the
movement of individuals between trees within a patch,
the following rules were formulated. Data to estimate
the parameters associated with the movement between
trees are not available for O. reticulata. However, field
experience and data for the arboreal gecko Gehyra var-
iegata (Henle 1990) suggest that the parameter values
given below are in the correct order of magnitude. The
rules for the movement of individuals are not meant to
mimic the detailed behavior. Instead, we included those
behavioral aspects that we believe to be relevant for
the extinction process. (1) Juveniles remain on their
tree of birth, but once they reach sexual maturity (that
is in the first year of adulthood [subadults]) they be-
come expelled with a probability of 80%. (2) Adults
during their first year of adulthood may stay on trees
that have no adults of the same sex. Additionally, they
have a chance of 20% to establish a territory on a tree
already occupied by an adult of the same sex, if the
number of adults is below the carrying capacity. (3)
Expelled subadults scout up to 10 trees in the neigh-
borhood to find an available territory. This process
starts with the nearest tree without taking into account
the actual distance. As long as no adults of the same
sex are living on that tree, subadults establish a terri-
tory. If adults of the same sex have occupied some
territories on that tree, the subadult may establish a
territory with a probability of 20% as long as the num-
ber of occupied territories is below the carrying ca-
pacity. For the case of not being able to establish a
territory, the individual moves to another tree in the
neighborhood and the process starts again. Subadults
that fail to establish a territory after 10 attempts are
assumed to be dead. However, model analyses showed
that such long trips are rare. (4) Adults have a prob-
ability of 30% (females) and 45% (males) respectively,
of leaving their territory. (5) Adults that decide to leave
their territory have to scout up to 10 trees in the neigh-
borhood to find a tree in which they can establish a
new territory. In contrast to subadults, adults can only
establish a new territory on trees without resident
adults of the same sex. Adults that survive to search
10 trees without finding a territory return to their initial
tree.

Tail

The tail of O. reticulata is quite fat and serves as an
energy reserve (Greer 1989). When attacked by a pred-
ator, the gecko can autotomize the tail. Following such
a loss, the tail regrows within a few months (K. Henle,
personal observation). However the regrowth of the
tail has some costs, which does not allow females of
G. variegata to reproduce (Henle 1990). Therefore, we
make the conservative assumption that this applies also
to female O. reticulata. Hence, in the model, we have
to follow the fate of the tail of female adults. At the
beginning of each year we assume the tail to be com-
plete, but, similar to the mortality rates, each adult
female has a basic probability of 10% of losing the tail
and an additional risk of 10% of losing the tail during
movements between trees.

Reproduction

Every year adult females lay one clutch of two eggs
(How and Kitchener 1983). For G. variegata field ex-
perience suggests that during dry years the resource
situation allows only 90% of the females to reproduce
(Henle 1990). Thus, in our model, during dry years,
females have a probability of 90% (instead of 100%)
of reproducing. If there is a female without a partner
on the same tree, we look for an adult male that has a
territory on one of the 10 nearest trees. This male
moves to the female and undergoes a mortality risk of
10%. If that male dies or if there is no male in the
neighborhood, the female does not reproduce in that
year (Allee effect, Allee 1931, Stephens et al. 1999).
Note that especially in the case of low population den-
sity, a male might have to move several times to mate.

MODEL PERFORMANCE

When modeling extinction, it is crucial to capture
the most important dynamical features of the gecko
population at low population numbers. To evaluate the
performance of our model, we present six lines of ev-
idence: (1) distribution of individuals across trees with-
in a remnant; (2) distance traveled to establish terri-
tories; (3) longevity and mortality; (4) proportion of
juveniles; (5) relationship between mortality and pop-
ulation density; and (6) population density and sex ratio
across remnant sizes. After discussing these six points,
we will present a more formal sensitivity analysis.

Distribution of the individuals across trees
within the remnant

Our model incorporates a behavioral mechanism that
controls the distribution of individuals within the hab-
itat. Simulations of population trajectories over 70 yr
show that the a priori chosen parameters lead to mean
densities of about two individuals on each tree. This
is a realistic value as it is within the range of densities
observed among 11 remnant populations (0.00–2.17
individuals per tree; Sarre 1995a).
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FIG. 1. (A) Mean number of adult geckos per tree after
70 yr vs. the overall juvenile survival rate and (B) proportion
of trees occupied by at least one adult vs. the mean number
of adult geckos per tree. The overall juvenile survival rate is
the product of survival rates of females at ages 0 (egg), 1, 2,
3, and 4. For the set of parameter values given in Table 1
this survival rate is 0.15. Male survival rates are changed
accordingly, but we fixed the ratio of overall male to overall
female survival at 1.8. Initial density was four adults and four
juveniles per tree; 1600 simulation runs; size of the forest
remnant was 50 trees.

For a further investigation of the distribution of the
model population, we looked at the average number of
adults on each tree vs. the population density. Different
adult population densities may become realized within
our model by modifying mortality rates. We varied the
juvenile mortalities in such a way that the probabilities
of a female egg developing to adulthood were between
0% and 50% and changed male juvenile mortality rates
accordingly (Fig. 1A). As expected, at low survival
rates, most of the trees are empty. With increasing sur-
vival, the density increases but levels off at high sur-
vival rates. This is due to the fixed carrying capacity.
One may view the distribution of geckos across trees
in a different way by plotting mean adult density across
trees vs. the occupancy of trees (Fig. 1B). With in-

creasing population density the proportion of occupied
trees increases. At a density of about 2.5 adults per
tree almost all trees are occupied. Theoretically, a den-
sity of one adult per tree would be sufficient to occupy
all trees. But, at this density, territories will be estab-
lished on only 60% of the trees. At low densities, our
simulated population tends to form male/female pairs.
In this respect, the behavior of the model is realistic.

Distance traveled to establish a new territory

To determine whether the rules of our spatial model
imitate the restricted movement patterns observed in
O. reticulata, we counted the number of trees searched
by adults and subadults in a large remnant with a high
density (four adults and four juveniles on each tree;
Fig. 2). We recorded all searches even if the individual
died during this search for a new territory. Sixteen
percent of those adults that left their territory traveled
only to the nearest tree and either died or established
a new territory. The frequency of individuals scouting
more than one tree decreases monotonically. Only 10%
of the males and 5% of the females found no territory
after searching across 10 trees. Subadults established
their territory on their tree of birth with a frequency
of 28%. The number of subadults traveling to more
remote trees declines almost exponentially with only
2.5% of subadults without a territory after searching
across 10 trees. Note that we made these simulations
at a situation of high density. Thus, at the more realistic
density of two individuals on each tree, this number
will be even less. In general, we conclude that our
artificial rule to stop the traveling process after having
searched 10 trees has no severe impact on the perfor-
mance of the model.

Longevity

As model individuals undergo a certain mortality risk
during each movement, our movement rules have a
pronounced effect on overall mortality and, hence, on
longevity. The comparison of longevity measured in
the field and in the model gives some feeling about the
realism of the chosen parameters.

In the model, we do not record the age of the adult
individuals. Hence, we had to estimate their longevity
by running the model with cohorts of adults of the same
sex (in order to prevent reproduction, movement of
males searching for [nonexistent] females was also pre-
vented). The age can then be calculated by adding the
duration of the juvenile phase to the year of death re-
corded for each individual of the cohort. Using the
parameters of Table 1, we recorded a mean maximum
longevity of 42 (males) and 47 (females) years (Table
2). R. A. How (personal communication) observed a
field population and found a female surviving 19 yr
and a male surviving 17 yr. At first glance, our model
data seem to be high compared to the field data. How-
ever the field data on longevity are hampered by the
low number of individuals followed and the fact that
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FIG. 2. Relative frequency of the number of
trees scouted for territories by individual geckos
(initial density: two female and two male adults
and four juveniles per tree). The simulation
(1600 runs) has been conducted for a large rem-
nant of 1000 trees in order to minimize edge
effects. Parameters are as given in Table 1.

TABLE 2. Life expectancy of geckos estimated from our
model.

Geckos
Average age

(yr)

Average
maximum
age (yr)

Individuals
reaching

14 yr (%)

Males
Females

8
11

42
47

25
32

Note: Results are based on an average of 100 simulations
and a remnant size of 200 trees; the initial number of males
and females was 400 each.

the longevities are only minimum estimates. Never-
theless, longevities above 40 years are probably a bit
too high and are caused by the fact that our model does
not incorporate an increased mortality for old individ-
uals. In contrast, the mean ages measured in our sim-
ulation experiment (Table 2) are realistic.

Proportion of geckos less than one year old

Another characteristic largely determined by our
mortality rates and rules is the proportion of geckos
less than one year old. In the field, they constitute be-
tween 0% and 29% of the population. For three rem-
nants of ;100 trees, the mean proportion was ;21%
(Sarre 1995a). For comparison, we determined the pro-
portion of one-year-old geckos in the model (100 trees,
1600 runs, the set of parameters is in Table 1). We
found a range of 6–39% of juveniles less than one-
year-old. In 22% of all runs, the proportion of one-
year-old geckos was below the proportion measured in
the field. Thus, compared to the field data, the pro-
portion of juveniles is a bit high in our simulated pop-
ulations, however, still in the right order of magnitude.
In summary, we notice that the model is able to re-
produce realistic values of mean age despite overes-
timating longevity because the proportion of juveniles
(more precisely: proportion of geckos less than one
year old) is somewhat overestimated as well.

Interaction of mortality and density

Our model incorporates a behavioral mechanism that
generates density-dependent population regulation: the
higher the density the higher the probability of move-
ments between trees, which leads to an increased mor-
tality. In Fig. 3, we plot average number of adults per
tree as well as the mortality rates vs. time in remnants.
Within the first 10 yr, the initial density of four geckos
quickly drops to near one gecko per tree. The mortality
rate of females and males is ;25% during the first year
of the simulations. Again, mortality rapidly declines
during the first decade. As expected, males have a high-
er actual mortality rate than females. This is a conse-
quence of their greater probability of changing trees.
From Fig. 3, it can be seen that mortality and density
values are correlated. Thus, the high initial density
leads to high mortality, which in turn causes the rapid
decline of density.

Population size and sex ratio across remnant size

After 70 yr of simulation, absolute densities of geck-
os in different age classes are relatively unaffected by
remnant size (approximate densities: 1.4 juveniles/tree,
0.8 adults per tree; cf. Model performance: Distribution
of the individuals). Also, the fraction of adults that is
female is roughly constant at ;50% across all remnant
sizes. This lies within the range of observed field values
(35–78%, Sarre 1995a). However, remnant size does
have some influence on population structure via the
distance individuals move in remnants of different siz-
es. This is because in small remnants (,10 trees) geck-
os may search only as many neighbor trees as there are
in the remnant (,nine trees) instead of 10 trees in larger
remnants. The number of males per female is able to
capture these differences because it reflects changes in
both females and males.

The number of males per female across remnant sizes
in simulated populations surviving for 70 yr (Fig. 4)
is a quantity with differences too subtle for comparison
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FIG. 3. (A) Mean density of adult geckos and (B) mean
annual mortality rates of the two sexes vs. time. The mean
was calculated across 1600 simulation runs; size of the forest
remnant was 10 trees. Initial density was four adults and four
juveniles on each tree; parameters are as given in Table 1.
Note the correlation between mortality rates and densities.

FIG. 4. Number of males per female as a function of rem-
nant size (number of trees; note log scale) in the year 70 after
simulation start (initial density: two female and two male
adults and four juveniles per tree, 1600 runs per data point).

with field data. However, from the relationship between
male–female ratio and remnant size, we can gain a
deeper understanding of the influence of remnant size
on the behavior of our model. The number of males
per female is a result of two factors. Juvenile males
mature faster than females and thus (due to the similar
mortality rates, Table 1), a higher proportion of males
reaches adulthood. However, adult males are more like-
ly to change territories than females (Table 1, the Allee
effect is not important here because of the relatively
high population densities) and therefore adult males
suffer higher mortalities than adult females. In large
remnants, this results in ; 0.9 males per female (Fig.
4). However, in remnants smaller than 11 trees, the
searching of geckos for new territories is restricted by
the number of trees in their remnant. For example, in
remnants five trees in size, they can search up to four
(instead of 10) neighboring trees. Thus, the mortality
risk of adults is reduced in smaller remnants. This is
more pronounced for male adults because they are more
likely to change their territory. Therefore, for small

remnants, the numbers of males per female increases
with decreasing remnant size (Fig. 4).

The main message from these considerations is that
for sufficiently large remnants (.10 trees) and as long
as populations are not in direct danger of extinction
(low population size, where the Allee effect becomes
important), remnant size does not influence survival of
single geckos because of their limited range. However,
this is not to say that extinction risk was independent
of remnant size. Clearly, populations in smaller rem-
nants tend to be smaller and therefore more prone to
demographic stochasticity (Lande 1993).

Sensitivity analysis

Our central aim was to test the hypothesis that oc-
cupancy of remnants of different sizes could be pre-
dicted by stochastic processes. To determine those pa-
rameters that have the greatest influence on extinction,
we conducted a sensitivity analysis. A remnant size of
50 trees and the a priori chosen parameters given in
Table 1 (hereafter called standard parameters) are our
point of reference for the analysis. The standard pa-
rameters result in a mean time to extinction of 341 yr.
First, we investigated the overall influence of each pa-
rameter on the mean time to extinction by changing
each single parameter to the minimum and then to the
maximum possible value (e.g., 0.0 and 1.0 were the
minimum and maximum values for all parameters mea-
sured as probabilities). We then included those param-
eters that had the power to reduce the mean time to
extinction below 100 yr, that is within the time scale
observed in the field, into a further sensitivity analysis.
In Table 1 we give the mean time to extinction for the
minimum and maximum value as well as values 10%
below and above the standard value of each parameter.
As a score for evaluating the influence of each param-
eter we used the range between the mean times to ex-
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FIG. 5. Incidence functions derived from our model and
derived from field data by logistic regression. Open circles
represent the presence–absence data of the field survey across
32 remnants. The logistic regression was fitted to the field
data using the log-transformed number of smooth-barked eu-
calypt trees as an independent variable (solid line). The re-
gression line fits the data (22 log likelihood 5 29.5; df 5
30; P . 0.3), and both intercept and slope are significant
(Wald statistic, P , 0.05 in both cases). The confidence in-
tervals of the prognosed occurrences are given for each of
the 32 remnants (closed circles). Note that the model predic-
tions are above the confidence interval of the prognosed oc-
currences in most cases. Regression equation: probabili-
ty(occurrence) 5 e23.2912.13log(trees)/(1 1 e23.2912.13log(trees)).

tinction with parameters 10% below and above the
standard value (Caswell 1989).

The model is most sensitive to egg and juvenile mor-
tality rates (Table 1). A decrease in sensitivity of the
juvenile mortality rates with increasing age is plausible
for two reasons. First, the mortality rates lead to a
monotonically decreasing age distribution. This means
that the sensitivity of juvenile mortality decreases with
the decreasing number of individuals in the respective
age class. Second, since we changed all parameters by
the relative rate of 10%, the change in overall mortality
is greater for mortality parameters with higher values,
that is for younger individuals.

Our model is also quite sensitive to the mortalities
of the female adults (Table 1). Male mortalities are less
important because we have not modeled O. reticulata
as monogamous and hence, provided that population
densities are not too low, the death of some males does
not influence reproduction.

The remaining parameters are of minor importance.
Their influence is buffered by the high longevity of O.
reticulata. For example, the dropping of the tail in case
of threat has basically no influence on the mean time
to extinction (Table 1). Furthermore, environmental
stochasticity, as included in the model, leads to a slight
decrease of persistence time (Wiegand 1996). Thus,
overall, our model is sensitive to the mortality rates
only.

Predicting the distribution of populations
across remnants

We compared the incidence function based on the
actual absence/presence data (Sarre et al. 1995; statis-
tical calculations to estimate the logistic regression
were performed using STATISTICA version 5.5 with
the module GLZ) to an incidence function derived from
our model. In order to generate the incidence function
we ran a series of simulations for a range of remnant
sizes. For each simulation, we started at a high pop-
ulation density, corresponding to the situation shortly
after clearing (see The model: Trees) and recorded if
the population was able to persist more than 70 yr.
Making a considerable number of simulation runs
(1600) for each remnant size, we were able to estimate
the probability of survival for at least 70 yr for each
remnant size (Fig. 5).

Both the incidence function based on the field data,
and the one predicted by our model, show that the
probability of persistence increases with remnant size.
However, in contrast to the observed absence/presence
pattern, according to our model, gecko populations
should have survived 70 yr and more even in quite
small vegetation remnants. Except for extremely small
remnants (#5 trees), model predictions are above the
confidence interval of the incidence function based on
the actual absence/presence data.

DISCUSSION

Sarre et al. (1995) observed a clear relationship be-
tween remnant size (number of trees) and the proba-
bility of occurrence of O. reticulata. Based on the his-
tory of the habitats and the biology of the gecko, we
hypothesized that the present distribution pattern
across habitat remnants could have been produced only
by extinctions due to demographic stochasticity. Given
that population structure in our model is fairly unaf-
fected by remnant size, differences in persistence
across remnants of different sizes can be attributed to
population size alone. In other words, mortalities and
reproductive rates as well as environmental stochastic-
ity are largely the same across remnants, while the
importance of demographic stochasticity increases with
decreasing remnant size. However, for this to be true
in nature as well, the simulated occurrence pattern of
O. reticulata should fit the observed occurrence across
remnants of different sizes. In small remnants, our
model is clearly too optimistic, predicting a higher oc-
currence of O. reticulata than was observed, and im-
plies that demographic stochasticity is not the only ex-
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tinction process affecting the remnant populations of
O. reticulata.

There are several possible explanations for the op-
timistic predictions made by our model. Field biolo-
gists may object that the structure and parameter values
of our simulations are not a valid description of the
gecko populations. However, we performed a very ex-
tensive analysis of the model to test its plausibility and
agreement with field experience. The model passed our
very stringent standards. Nevertheless, all models have
parameters crucial for the results. The sensitivity anal-
ysis showed that the gecko model is sensitive to ju-
venile and female adult mortality rates. For example,
the basic yearly mortality of females is 10%. An in-
crease to 11% resulted in a decrease of the mean time
to extinction from 341 to 220 yr (see Table 1). However,
since the mortality rates used in the model were at the
high end of possible values, the inclusion of more ‘‘re-
alistic’’ mortality rates would increase the discrepancy
between the model and the observed distributions. Fur-
thermore, we have investigated alternative, simpler
model formulations. Again, they lead to even higher
persistence times (Wiegand et al. 2001). Modelers may
object that the field data describing the absence of the
gecko are inflated, because remnants with a very low
gecko population density may have been erroneously
scored as empty. However, the main difference between
field data and model predictions is for small remnants
(about 10–50 trees), where it is unlikely that individ-
uals have been overlooked during the intensive field
surveys. Statisticians may object that we did not pro-
vide statistical evidence of field observations and mod-
el predictions being significantly different and that Fig.
5 shows just one possible realization of alternative
model realizations and parameterizations. However,
Fig. 5 shows the empirical incidence function including
confidence intervals along with a pessimistic model
realization because, as just mentioned, the mortality
rates used in the model were at the high end of possible
values. We did not include a comparison of model and
field equilibrium densities because we do not know
field equilibrium densities. However, Wiegand et al.
(2001) investigated equilibrium densities of the gecko
model across remnant sizes. The case of the biggest
remnant (1000 trees) is most interesting here, because
it is safe to assume that living conditions in this large
remnant have changed least in comparison to original,
uncleared, vegetation. The resulting equilibrium den-
sity of 0.04 geckos per tree seems possible but rather
low when considering that this species has survived in
this habitat for many years.

A further possibility is that the poor fit of field data
and simulations comes from implicit assumptions of
the model. There are four implicit assumptions in the
simulation model with some bearing on this issue: (1)
all eucalypts were assumed to be the same; (2) catas-
trophes were assumed to be unimportant; (3) habitat
quality was assumed to be unrelated to remnant size;

and (4) inbreeding depression was assumed to be un-
related to remnant size.

1) We assumed that for O. reticulata, all eucalypts
are of the same quality and that the habitat quality does
not change with remnant size or time. Field experience
shows that very few young trees exist in the remnants.
Thus, during the history of each remnant since clearing,
the mean age of trees has increased. Old trees are better
for geckos than young trees since old trees provide
hollows and other structures for small animals. The
lack of regeneration of eucalypts, the implementation
of management practices such as burning, and the ap-
plication of fertilizers and insecticides, mean that the
assumption that habitat quality has remained constant,
is unlikely to hold true. Whether this means an increase
or decrease in habitat quality is unknown.

2) Catastrophes such as droughts, floods, fire, and
storms can play important roles in the survival of pop-
ulations (Johst and Brandl 1997). Woodland remnants
in the Western Australian wheatbelt are subject to such
catastrophes (Yates et al. 1994). Similar catastrophes
may occur also in undisturbed woodlands, but damage
will be more serious for isolated remnants containing
only a few trees. For example, recovery from small
population sizes or extinctions caused by catastrophes
will be less likely in isolated remnants than for con-
tiguous populations because the probability of immi-
gration from adjacent populations will decrease with
increasing isolation. In addition, it is agricultural prac-
tice among farmers in the Western Australian wheatbelt
to conduct control burns of the grass understory in
woodland remnants (S. Sarre, personal observation),
which may increase the frequency of fires. Catastrophes
caused by fire can have severe impacts on gecko sur-
vival (R. How, personal observation)

Our simulations in which an environmental scenario
with catastrophes was implemented, show that although
catastrophes decreased the mean time to extinction, as
would be expected, the probability of occurrence re-
mained basically unchanged on the time scale of 70
years. Although the inclusion of catastrophes in our
extinction model does not account for the discrepancy
between modeled population incidence and that ob-
served in the Kellerberrin region per se, our simulation
experiments do indicate that the frequency of catastro-
phes is much less important than the power of the ca-
tastrophes (Fig. 6). Thus, rare but powerful catastro-
phes provide a plausible explanation for the discrep-
ancy observed between the model predictions and field
data.

3) Edge effects may play an important role in ex-
tinction processes, and will be most important in small
remnants (Saunders et al. 1991), where a high propor-
tion of trees stand near the borderline to the surround-
ing agricultural area. These trees may not be very at-
tractive to geckos because of predators and other in-
fluences. The impact of harsh climatic conditions may
increase mortality for individuals living on trees along
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FIG. 6. Mean time to extinction vs. frequency and power
of catastrophes. The power of a catastrophe is measured as
percentage of individuals (irrespective of age or sex) that get
killed during a catastrophic event. The frequency is measured
as the annual probability that a remnant is affected by a cat-
astrophic event. Note that the power of a catastrophe is much
more important than the frequency. Parameters are as in Table
1; remnant size 5 50 trees.

the border of the remnant. In general, this would in-
crease the mean mortality rates with decreasing rem-
nant size and cause the extinction rate in small rem-
nants to be faster than predicted by our model.

4) The probability of mating between close relatives
and the loss of genetic variation through genetic drift
in isolated populations increases with decreasing pop-
ulation size. Thus, genetic malfunction may increase
extinction rates in remnants with small populations be-
yond those predicted by our model. A survey of mi-
tochondrial DNA variation within and among 12 pop-
ulations indicated that the remnant populations had
probably lost genetic variation since their isolation
(Sarre 1995b). It is therefore conceivable, although un-
tested, that genetic factors have influenced extinction
probabilities in the remnant populations.

All of the four likely causes of the discrepancy be-
tween our model results and the observed presence/
absence patterns are most likely in smaller remnants
where model and field results deviate the most. There-
fore all of them could contribute to this deviation. Two
of these causes, catastrophes and genetics, are essen-
tially stochastic processes and are typically considered
in population viability analyses. The other two as-
sumptions of the model that may be unrealistic, chang-
ing (declining) habitat quality and edge effects, are
rarely modeled in population viability analyses
(Caughley 1994), and yet may well be critical in land-
scapes such as the Western Australian wheatbelt. Ir-
respective of the influence of these ignored processes,
it is clear that even a detailed specifically constructed
stochastic demographic and environmental model such

as the one described here, was inadequate in defining
the extinction pressures on insular populations of O.
reticulata. Such poor predictive abilities may have crit-
ical consequences when applied to the management of
rare or endangered species.

In a very practical sense, being able to identify spe-
cies that are vulnerable to extinction and then imple-
menting conservation programs before those species
came close to extinction would be a significant aid to
conservation effort (MacNally and Bennett 1997). To
identify extinction proneness a thorough understanding
of the processes of extinction is required. Although the
science of conservation biology is rich in theoretical
explorations of stochastic extinction processes, clearly
documented examples of such extinctions are rare
(Caughley and Gunn 1996). This means that the im-
portance of extinction through the various stochastic
(demographic, genetic, environmental, and catastroph-
ic) processes described by Shaffer (1983) remains un-
tested. Many population viability analyses deal only
with demographic and environmental stochasticity
(e.g., Shaffer 1983, Armbruster and Lande 1993, Zhou
and Pan 1997), which, in the case of O. reticulata de-
scribed here, would provide an inadequate model of
extinction. In order to advance our understanding of
extinction, and to assess the role of stochastic processes
in population extinction, we need to apply the tools of
population viability analysis to situations where de-
cline is in progress and can be measured, not at or close
to its completion.
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