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ABSTRACT: A 20-yr study of a metapopulation of the American
pika revealed a regional decline in occupancy in one part of a large
network of habitat patches. We analyze the possible causes of this
decline using a ‘spatially realistic metapopulation model, the inci-
dence function model. The pika metapopulation is the best-known
mammalian example of a classical metapopulation-with significant
population turnover, and it satisfies closely the assumptions of the
incidence function model, which was parameterized with data on
patch occupancy. The model-predicted incidences of patch occu-
pancy are consistent with observed incidences, and the model pre-

dicts well the observed turnover rate between four metapopulation -

censuses. According to model predictions, the part of the meta-
population where the decline has been observed is relatively unsta-
ble and prone to large oscillations in patch occupancy, whereas the
other part of the metapopulation is predicted to be persistent.
These results demonstrate how extinction-colonization dynamics
may produce spatially correlated patterns of patch occupancy
without any spatially correlated processes in local dynamics or ex-
tinction rate. The unstable part of the metapopulation gives an
empirical example of multiple quasi equilibria in metapopulation
dynamics. Phenomena similar to those observed here may cause
fluctuations in species’ range limits.

Keywords: metapopulation, incidence function, Ochotona princeps,
regional stochasticity, multiple equilibria, stepping-stone.

Distribution and abundance of species do not typically
remain constant for long periods of time (Taylor and
Woiwod 1980; Pimm 1991; Gaston 1994; Brown 1995).
Much of population ecology consists of studies of chang-
ing distribution and abundance and of the processes that
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cause these changes. There are good theoretical and em-
pirical reasons to assume that many long-term changes in
the distribution and abundarnce of species reflect long-
term environmental changes, but one should not ignore
alternative explanations. For instance, recent theoretical
studies have shown that the dynamics of spatially ex-
tended populations may show complex transient behav-
ior (Hastings and Higgins 1994; White and Bowers 1996)
and alternative stable equilibria (Gyllenberg and Hanski
1992). ‘An empirical example of the latter can be found
elsewhere (Hanski et al. 19956). Dramatic changes in the
distribution and abundance of species may thus occur in
the absence of any long-term environmental trends.

A long-term study of a metapopulation of the Ameri-
can pika (Ochotona princeps) in California has revealed a
regional decline in habitat occupancy over a period of
about 20 yr (Smith 19744, 1980; Smith and Gilpin 1997).
In the southern part of the study area, patch occupancy
declined from 54% in 1972 to 4% in 1991, whereas, in
the northern part, patch occupancy remained at a rela-
tively constant and high level (fig. 1). The observed re-
gional decline in patch occupancy is puzzling because the
habitat and climate are uniform across the small study
area, and no changes in the environment quality have
been observed during the 20-yr study period {Smith and
Gilpin 1997). In this study, we examine the long-term
behavior of the pika metapopulation from the viewpoint
of classical metapopulation dynamics. Specifically, we at-
tempt to assess whether the observed. pattern of change
in the distribution of the pika is consistent with meta-
population dynamics in a constant environment.

In this study, we apply a spatially realistic metapopula-
tion model, the incidence function model (Hanski 1994),
which has been used previously in studies of butterfly
metapopulations (Hanski et al. 19964, 1996b; Wahlberg
et al. 1996). The incidence function model has several
features that make it a realistic description of many met-
apopulations: the spatial structure of the habitat is mod-
eled explicitly, colonization of empty patches is distance
dependent, large patches send out more migrants than
small ones, the extinction probability of a local popula-
tion depends on population size (via patch size), and the
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Figure 1: The habitat patch structure of the Bodie pika metapopulation. Circle area is proportional to the estimated carrying capac-
ity of the patch. The figure shows the division of the patches into northern, middle, and southem patch networks, including 36,
16, and 24 patches, respectively. The small panels show the observed patch occupancies (p = proportion of patches occupied) in
the respective parts of the metapopulation in the four surveys. In the north, the level of patch occupancy has varied little during

the 20 yr, whereas there has been a distinct decline in occupancy

in the southern part of the metapopulation. Patches 1—4 are the

four patches having the greatest value as measured by our measure of colonization potential. Effects of removing these patches are

examined in figure 8.

effect of immigration on extinction risk is included in the
model. The incidence function model can be parameter-
ized with a snapshot of patch occupancy data (Hanski
1994; ter Braak et al. 1998), and it can be used to make
quantitative predictions about metapopulation dynamics
in specific patch networks (Wahlberg et al. 1996). Here,
we first parameterize the incidence function model for
the American pika, then investigate the dynamics of the
metapopulation with the parameterized model, both with
and without additional regional stochasticity.

Material and Methods

The Bodie Pika Metapopulation

The pika metapopulation is located in the largely aban-
doned mining area of Bodie, Mono County, California. It
has been the subject of a long-term research project
(Smith 19744, 1974b, 1978, 1980; Smith and Gilpin

1997). The Bodie pika metapopulation fulfills exception-
ally well the four conditions of regional persistence of
a species as a classical metapopulation (Hanski et al.
1995a). First, the pika lives in spatially distinct habitat
patches—piles of broken rock adjoining vegetation suit-
able for foraging. At Bodie, this type of habitat (mine
tailings) is sparsely scattered across an open landscape of
sagebrush, which is not suitable for the pika (Smith
1974a). Second, there is no “mainland” population, and,
thus, all local populations have a significant risk of ex-
tinction. At Bodie, the estimated size of the largest local
population is circa 50 individuals, which is hardly
enough to make it entirely safe from extinction. The me-
dian population size in 1972 was only three individuals.
Third, migration is distance dependent, and, hence, the
spatial configuration of the habitat has significant conse-
quences for the dynamics, even though the habitat patch
network covers only an area of circa 12 km? (fig. 1). This
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pika metapopulation is located close to the range limit of
the species, and movements of pikas outside habitat
patches are restricted by high daytime temperatures at
Bodie (Smith 19744, 1974b). In a recent study (Peacock
1995; Peacock and Smith 1997), only one out of 105
marked adult pikas moved a short distance to a neigh-
boring patch. In the same study, 11 juvenile individuals
were observed to migrate between patches, and the aver-
age migration distance was only 133 m. In another study,
John Nagy (personal communication) marked juvenile
pikas and followed them for 1 yr. Five out of 34 marked
individuals survived, and only two of them migrated to
another patch (distances 60 and 150 m). In summary,
these results indicate a low emigration rate, especially in
adult pikas, and short migration distances. Fourth, the
dynamics of local populations appear to be sufficiently
asynchronous (Smith 1980; Smith and Gilpin 1997) to
make the metapopulation relatively safe from simulta-
neous extinction of all local populations. We conclude
that the Bodie pika metapopulation is the best mamma-
lian example known to us of a classical metapopulation
with significant population turnover.

Pikas have been known to inhabit the Bodie region for
a long time, probably since before the turn of the century
(Smith and Gilpin 1997). The spatial configuration of the
mine tailing patches has remained essentially unchanged
since the 1940s, and there have been no apparent envi-
ronmental changes in the area during the last 50 yr (Sev-
eraid 1955; Smith and Gilpin 1997; A. T. Smith, personal
observation). Thus there are no reasons to assume that
the Bodie pika metapopulation would be tracking a
changing environment. Detailed population studies of
the pika were initiated in 1969, and essentially the entire
metapopulation was censused in 1972, 1977, 1989, and
1991. Pikas are individually territorial animals, and their
characteristic vocalizations and feces, as well as the con-
* spicuous hay piles that they gather for winter, can be de-
tected easily (Smith 1974a). We are therefore confident
that the censuses have produced accurate data on the
presence of pikas in the set of habitat patches. The data
set analyzed in this study includes 76 habitat patches. We
have omitted four very small patches that were not in-
cluded in all censuses. Unfortunately, a few medium-
sized patches located near the two northernmost patches
in figure 1 could not be censused due to lack of access to
these patches on private land (Smith and Gilpin 1997).

The Incidence Function Model

The incidence function model (Hanski 1994) is based on
a first-order, linear Markov chain model for the occu-
pancy of a single habitat patch. A habitat patch has two
possible states, occupied or empty. Changes in the state

of patch 7 are determined by extinction and colonization
probabilities E; and C;, which are calculated indepen-
dently for each patch 7 in each time unit. The model has
six parameters, %, ¥, e, O, Ag, and b as described below,
and it uses patch area A; and patch connectivity S; (origi-
nally referred to as “isolation™ in Hanski 1994) as vari-
ables.

The extinction probability is given by a power function
of patch area, E; = e/A}, on the assumptions that the ex-
pected population size is positively correlated with patch
size (as observed for the pikas; Smith 1974a) and that
small populations are more likely to go extinct than large
ones (for the pikas, see Smith 1980). The power function
relationship between E; and A; can be justified on the ba-
sis of a standard extinction rodel (Hanski 1998). For
simplicity, connectivity is not assumed to affect the in-
trinsic risk of extinction (but sze the rescue effect below).
The colonization probability of patch i is defined by a
sigmoid function C; = S¥/(S} + y*), where the connec-
tivity S; of patch i is defined by

S,' = z p] exp(—otd,J)A}b,

J#

(1

where p; is the observed incidence for the patch, d; is the
distance between patches i and j, and o is a constant set-
ting the distance dependence of migration rate. If only
one snapshot of data is available, then p; equals 1 for oc-
cupied and 0 for empty patches, but if several snapshots
are available, one can use the observed average patch oc-
cupancy as p;. Because the sizes of the source populations
evidently affect the rate of migration to the focal patch 4,
A; is included in equation (1). The exponent b scales the
expected population size to patch area; it is best esti-
mated from empirical data on population sizes.

Assuming a quasi-stationary state of patch occupancy,
the model parameters x, y, and e can be estimated from
one or more snapshots of patch occupancy patterns by
maximum likelihood regression between the empirically
observed patch occupancies p; and the predicted long-
term probability of patch occupancy (incidence) J; (Han-
ski 1994):

minimize

0= ~pilog(J) — (1 ~ p) log(1 — J)),

alli

(2)

where the expression for J; is derived from the two-state

Markov chain as
3 2 -1
r=—S=li+fr+ (2] & . G
C; + E; i Si) 1AT

It is often appropriate to use a model variant that in-
cludes the rescue effect, a lowered risk of extinction of lo-
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cal populations due to immigration increasing local pop-
ulation size (Brown and Kodric-Brown 1977). Of course,
emigration increases extinction rate in the source popu-
lations, but most migrants are produced by large popula-
tions; the negative impact of emigration on large popula-
tions is smaller than the positive impact of immigration
to small populations (Hanski 1997). A simple approach
to including the rescue effect into the incidence function
model is to replace E; by (1 — C;)E;, which yields a mod-
ified equation for J;:

-1
C; e
= =1+ , 3b

where ¢’ = ey®. Note that replacing E; by (1 — C;)E; does
not assume simultaneous extinctions and recolonizations
in the same time interval; rather, this is an attempt to
model a reduction in extinction rate due to past immi-
gration (see Hanski 1997; ter Braak et al. 1998). Equation
(3) assumes that C; is constant, which can be only ap-
proximately correct since the C; values change from year
to year as the pattern of patch occupancy changes. The J
values, not assuming constant C values, can be obtained
from long simulation runs of the Markov chain model
(for particular parameter values) as the fraction of time
each patch was occupied. This method was used to calcu-
late J values for figure 5A.

The version of the incidence function model with the
rescue effect (eq. [3b]) is generally preferable (Hanski
1994). When using equation (3b), some additional infor-
mation is needed to obtain independent estimates of the
values of e and y in the product ¢’. This can be achieved
by estimating a minimum patch area A,, for which the
yearly extinction probability equals unity, E, = /A = 1.
It then follows that e = Afand y = V(¢’/e). One can also
use information about population turnover events be-
tween two snapshots to separate e and y from e’ (for de-
tails, see Hanski 1994, 1996; ter Braak et al. 1998). One
should also note that for the purpose of predicting the
stochastic equilibrium (] values) with the estimated pa-
rameter values, a range of reasonable e and y values with
a constant product (e”) will give essentially the same an-
swer; only the predicted turnover rate is critically affected
by the values of e and y. A more technical assessment of
the incidence function model is presented by ter Braak et
al. (1998). Other commonly used metapopulation models
can be derived as special cases of the incidence function
model. The incidence function model collapses back to
the Levins model (Levins 1969) when there is no varia-
tion in patch sizes and colonization is not affected by dis-
tance (o0 = 0). A mainland-island situation (Harrison
1991, 1994) can be modeled by including a large main-
land patch, with a low extinction probability, into the
patch network.

Dynamics of a Pika Metapopulation 533

To iterate the dynamics of a metapopulation with the
incidence function model, one first calculates the yearly
colonization probability C; for each patch based on the
patch occupancy pattern of the previous year. Next, the
extinction probability in the presence of the rescue effect
is calculated as (1 — C;)e/Af for each occupied patch.
The actual extinctions and colonizations are then deter-
mined by comparing random numbers with the calcu-
lated extinction and colonization probabilities. Iterating
metapopulation dynamics in this manner leads to sto-
chastic variation in the number of occupied habitat
patches (extinction-colonization stochasticity).

Another type of stochasticity that is likely to affect
most natural metapopulations is called “regional stochas-
ticity” (Hanski 1991) and is defined as spatially corre-
lated environmental stochasticity. In this study, regional
stochasticity was added to the model by multiplying
patch areas in each year with a (0, 6?) log;, normally dis-
tributed variable and variance ¢? truncated upward at 1.
This distribution is justified for the pika as follows. The
number of territories available for the pika does not
change between years and rnost available territories tend
to be occupied (Smith 1974a). Therefore few new territo-
ries can become available during “good” years, and it is
reasonable to adjust effective patch areas only downward,
which reflects extra spatially correlated mortality in
“bad” years. Thus, on average, half of the years will have
the multiplier for patch areas equaling 1, half of the years
will have a multiplier <1. It is reasonable to assume that
regional stochasticity is synchronous across the entire
metapopulation because the geographic area covered by
the Bodie pika metapopulation is small and no differ-
ences in patch quality or weather conditions have been
observed in any subregion of the patch network.

When studying the population dynamic consequences
of a change in the spatial structure of a patch network,
one is interested in the roles that individual patches play
in the dynamics of the metapopulation. Here we suggest
a simple measure that can be used in this context to as-
sess the importance of particular patches to the dynamics
of the metapopulation. We call this measure the coloni-
zation potential of patch i, O;, and it is defined as the ex-
pected pooled population size in other patches that the
focal population i may colonize in one time unit:

O, = z P(patch i colonizes patch j)

j#i

* (expected population size of patch j)  (4)
S; e 4iAb
= ZL—SZ *J ZA;’ = ZL——‘M'A” oy ]I"a
i i - GE e ATy

where S; is the contribution of patch i to the connectivity
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of patch j (see eq. [1]) and J; is the incidence of patch i
(eq. [3b]). The colonization potential takes into account
. the frequency of, occupancy of, and number of migrants
that patch i produces (J; A?), as well as the distances to
[exp(—oud;)] and the sizes of the target patches (A}). A
patch with a large colonization potential has a large area,
which will cause it to be occupied relatively often and to
send out many migrants when occupied. However, even
a large patch in the middle of nowhere will not play a
significant part in the dynamics of any metapopulation.
An “important” patch should, therefore, be centrally lo-
cated since migrants moving out from a central location
will easily find other patches and a centrally located pop-
ulation is likely to become quickly recolonized following
an extinction. In a central location, the positive feedback
caused by the rescue effect is also beneficial for the popu-
lation. Finally, colonization of large patches will benefit
the metapopulation more than colonization of small
patches, hence the final term (A}) in equation (4).

Results
Parameter Estimation

The incidence function model has six parameters. Three
parameters were estimated with independent biological
data, while the remaining three parameters were esti-
mated from the spatial pattern of patch occupancy. The
exponent b in equation (1) scales the local population
size to patch area. In this study, patch “area” is measured
by the length of patch perimeter because the pikas only
use the margins of the mine tailings (Smith 1974a). The
value of b was obtained by regressing the observed popu-
lation sizes against patch area. Using pooled data for all
extant pika populations in the four surveys, we obtained
an estimate of b = 0.74.

The value of A, gives the size of a patch for which the
yearly extinction probability equals unity. This value is
used to tease apart the values of e and y in the product
e’ = ey? (see model description, eq. [3b] and below). The
smallest area that has been observed to showsigns of
pika occupation at Bodie is 10 m (Smith 19744}, and a
few patches with the size of 15 m have been observed to
be occupied several times. We selected 15 m for A, since
some patches with area << A, are expected to be occupied
in a large network due to colonization in the previous
time unit (ter Braak et al. 1998).

Parameter o in equation (1) sets the effect of distance

"on migration success. In a recent mark-recapture study,
11 juvenile pikas were observed to migrate between
patches (Peacock 1995; Peacock and Smith 1997). The
shortest observed migration distance was 70 m, the two
longest distances were 210 and 396 m, and the average
migration distance for the remaining eight individuals
was 98 m (Peacock 1995; Peacock and Smith 1997). Fit-

ting the negative exponential distribution to these data
gave o. = 5.28. Unfortunately, this estimate is problem-
atic because so few individuals were observed to migrate
and especially because the raark-recapture study was
conducted in only a part of the northern patch network,
biasing the results toward short distances. We hence esti-
mated o also using information in the observed patch
occupancy patterns. To do this, we set & a free parameter
and estimated it along with x and ¢’, using the four snap-
shot data sets using equations (1), (2), and (3b). This
method gave an estimate of 0. = 2.34. This estimate is
substantially smaller than the one based on the limited
mark-recapture data (5.28), but it is supported by some
observed colonization events. Three colonization events
were observed in the middle patch network (fig. 1) from
1989 to 1991, in the period when the southern part of
the metapopulation went nearly extinct (Smith and Gil-
pin 1997). Two of these colonizations occurred more
than 500 m from the nearest (few) occupied patches oc-
cupied in 1989. The most distant colonized patch was
650, 1,000, and 1,200 m away from the three closest oc-
cupied patches, which had one. four, and three pikas, re-
spectively. To give an idea of the likelihood of such a
colonization event, we calculated the probability of
colonization in one time unit following the 1989 patch
occupancy. For parameter values estimated with a low
dispersal ability (o0 = 6.0), this probability would be
0.00017, whereas, for the parameters used in this study
(a0 = 2.5), the probability is 0.028. Based on these con-
siderations, we set the value of o at 2.5. We have per-
formed simulations with other values of o, and we found
that the qualitative conclusions remain the same for o,
varying from 2 to 6. We return. to this point below.

After obtaining values for o, A, and b, the remaining
three parameters, x, e, and y, were obtained by minimiz-
ing equation (2) with the J values calculated from equa-
tion (3b). We fitted the model separately to data from
the four surveys as well as to the pooled data (table 1).
Excepting the 1972 data, parameter estimation produced
relatively consistent results, with the value of x ranging
from 1.04 to 1.36 and the value of ¢’ from 0.0069 to
0.0174. In 1972, patch occupancy was very high (fig. 1),
hence there was little useful presence/absence informa-
tion for reliable parameter estimation (for detailed maps
of patch occupancy, see Smith and Gilpin 1997). Below
we use parameter values estimated from the pooled data
since, if available, it is preferable to use multiple snap-
shots of patch occupancy in parameter estimation (Han-
ski et al. 19964; ter Braak et al. 1998).

Model Simulation

The dynamics of the pika metapopulation were investi-
gated by simulating the incidence function model with

Copyright © 1998. All rights reserved.
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Table 1: Parameter values of the incidence function model estimated using
the four snapshots of patch occupancy available for' the Bodie pika

metapopulation

Data set X ¢ y e
1972 2.12 (.089) .0007 (.0000) 2.20 00014
1977 1.36 (.25) .0069 (.0057) 1.43 0034
1989 1.23 (.30) 013 (.012) 1.56 .0058
1991 1.04 (.34) 017 (.019) 1.16 .0130
1972-1991 1.28 (.29) 010 (.094) 1.50 0046

Note: The last row gives the estimates using the pooled data; these latter values
were used in the model simulations in this study. Asymptotic standard errors are
given in parentheses. Values for o0 = 2.5, Ay = 0.015, and b = 0.74 were estimated
with independent biological data as explained in the text. The systematic change in
parameter values from 1972 to 1991 reflects the overall drop in patch occupancy
during this period.

the parameter estimates obtained from the pooled data The metapopulation in the northern network was
(table 1). Dynamics in the entire patch network were quasi-stable in the sense that the fraction of occupied
simulated, but the proportion of occupied patches, p, patches fluctuated relatively little there and the meta-
was recorded separately for the northern, middle, and population typically persisted for simulation runs of
southern parts of the network (fig. 1). Figure 2 summa- 1,000 time units (fig. 24, D; we use “quasi-stable” to dis-
rizes the results. tinguish our meaning from the only mathematically sta-

200 400 600 800 1000

year

Figure 2: Patch occupancy in 10 replicate simulations of the Bodie pika metapopulation using the parameter values given in table
1. Each simulation was started by assuming the 1972 observed patch occupancy pattern and lasted for 1,000 time units. The meta-
population was iterated as a whole, but fluctuations in the proportion of occupied patches were recorded separately for the south-
ern, middle, and northern parts of the network (fig. 1). A—C, Results for simulations with regional stochasticity set at ¢ = 0.1; D—
F, results for o = 0.2.
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Figure 3: Patch occupancy in 10 replicate simulations with the
northern, middle, and southern parts of the network simulated
in isolation. These simulations included weak regional stochas-
ticity, o = 0.1. )

ble state in a stochastic metapopulation model, which is
metapopulation extinction). The middle part of the net-
work was very unstable, and the fraction of occupied
patches frequently dropped to 0 (fig. 2B, E). Average
patch occupancy in the southern network was higher
than in the middle network, but patch occupancy is
nonetheless predicted to drop often to 0 even without
much regional stochasticity (fig. 2C). With stronger re-
gional stochasticity (fig. 2F), extinctions in the southern
network are predicted to be increasingly frequent. The
level of regional stochasticity assumed in figure 2A-C
was low. With a standard deviation of ¢ = 0.1, the ex-
pected smallest ratio of modified patch area to the origi-
nal area during 1,000 time units of simulation is
10(-288%00) = (.52, where —2.88 is the 0.002 point of the
cumulative normal distribution and, in a typical bad
year, the multiplier for patch area is 100" = 0.794. In
the subsequent analyses (except for fig. 4), we used this
low level of regional stochasticity, ¢ = 0.1.

Differences in the dynamic behavior of the three parts
of the network become clearer when they are simulated

Table 2: Probabilities of observing steep metapopulation
declines in the southern part of the network in simulation runs
of 19 yr, starting from the pattern of patch occupancy observed
in 1972

Probability of
Level of Drop of =.5
stochasticity Drop to p = .042 inp
c=.0 .000 .042
o= .003 078
o =.2 .047 .302
c=.3 .251 .566

Note: The observed decline in the southern network was from p =
.542 in 1972 to p = .042 in 1991, which equals a drop of .5 in patch
occupancy. This table reports the numbers of replicate simulations de-
clining to p = .042 and the numbers of replicates experiencing a drop
of .5 in p between any two instances in simulation runs of 19 yr. The
table is based on 1,000 replicate simulations. In similar simulations, the
northern part of the metapopulation experienced steep declines infre-
quently and only when stochasticity was relatively high. For instance,
with ¢ = .3, a drop to p = .042 was observed only eight times in 1,000
replicate simulations.

independently of each other (fig. 3). The northern net-
work remains highly persistent by itself (fig. 3A), whereas
the middle network is entirely unable to support a viable
metapopulation (fig 3B). The behavior of the southern
network was intermediate, but all 10 replicate simula-
tions ended up in metapopulation extinction in <500
time units (fig. 3C).

The southern network exhibited a steep decline in
patch occupancy from 0.54 in 1972 to 0.04 in 1991. We
used the parameterized incidence function model to as-
sess the probability of such a decline in 19 yr. With no
regional stochasticity, the probability of observing a rapid
decline is low, but this probability increases rapidly with
an increasing level of regional stochasticity (table 2). In
contrast, the northern patch network does not exhibit
declines to low patch occupancy with ¢ < 0.25 (fig. 2).

These results are not critically dependent on the pa-
rameter values used. The model was parameterized and
run with different plausible combinations of o (2, 4, 6)
and A, (0.01, 0.015), the two parameters most difficult to
estimate with the data available, and the results were sim-
ilar to those reported in this article. As an example, fig-
ure 4 shows simulation results with parameter estimates
based on @ = 6 and A, = 0.015. No adequate data were
available to estimate the value of &, therefore we ran sim-
ulations with the value of ¢ varying from 0.0 to 0.4. The
southern network occasionally lost the metapopulation
even with o = 0.0 (not shown), whereas the northern
network was persistent up to ¢ > 0.2 with the standard
parameter values (fig. 2D). In conclusion, the northern
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Figure 4: Patch occupancy in 10 replicate simulations using pa-
rameter values estimated with oo = 6 and A, = 0.015. The en-
tire patch network was simulated, and patch occupancy was re-
corded separately for north and south (o = 0.3). The north
survived in all replicates, whereas the south always went extinct.
It is worth noting that the southern network was never success-
fully recolonized following extinction because of the short dis-
persal distances due to a large value of a.

part of the metapopulation is much more persistent than
the southern part regardless of the parameter combina-
tion used.

Predicted Incidences and Population Turnover

To investigate the model’s ability to predict the occu-
pancy in particular patches, we plotted the observed oc-
cupancy (p) against the predicted incidence (J), which
was calculated from a simulation run of 32,000 yr with
¢ = 0.1 (fig. 5A). During this period, the metapopula-
tion was sampled every 100 yr at four distinct times
spaced out as in the. empirical censuses during years
1972-1991. Each quartet of data points generated one
sample of predicted occupancy, and out of the 320 quar-
tets, we calculated for each patch the predicted average
occupancy and the associated 95% confidence intervals.
Much of the scatter in figure 5A is generated by the
observed p values being calculated from only four sam-
ples from a binomial distribution. Nonetheless, with two
exceptions, the observed occupancy was within the
95% confidence interval (fig. 5A). The Spearman rank-
correlation coefficient between the observed occupancy
and the predicted incidence is 0.662, P < .00001.

We next compared the model-predicted and observed
sequences of patch occupancy patterns in the entire net-
work. The idea here is to first construct a measure that
characterizes the dynamic behavior of the fitted incidence
function model. We then obtain the expected distribu-
tion of this measure by doing a large number of Monte
Carlo simulations. Next we check whether the same mea-
sure calculated from the empirically observed sequence of
patch occupancy patterns falls within the 95% confidence
limits of predicted model behavior. If it does not, the
model does not fit the data. To implement this test, we
did the following. From the above simulation, we have
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Figure 5: A, Predicted versus observed patch occupancies for all
patches in the Bodie pika metapopulation. The patches have
been arranged according to increasing predicted occupancy
along the horizontal axis. The 95% confidence limits of the pre-
dicted occupancy are given by vertical lines. B, Similar analysis
for predicted versus observed population turnover rate in indi-
vidual patches. Note that, in the presence of the rescue effect,
the predicted average long-term turnover rate cannot exceed -
0.5 times the maximum number of possible turnover events.
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Table 3: Observed and predicted. (average = SD) numbers of
turnover events in the pika metapopulation in the presence of
regional stochasticity, ¢ = .1

Number of turnover events per interval (years)

19891991 19721977 1977—~1989

2) (5) (12)

Observed 14 18 17
Predicted 153 £ 4.8 19.2 = 6.0 22.2 + 6.5

Note: The intervals are the time periods between the four complete
censuses of the metapopulation.

320 quartets of occupancy patterns, all of which consist
of 76 (sites) X 4 (samples) = 304 occupancy values of
Je=0o0r1(k=1,..., 304). For each of the 304 ],
values, we calculated the mean occupancy, m;. Next, for
each of the 320 quartets, we calculated the sum over k =
1-304 of (J, — my)? denoted by W, (h = 1, ..., 320).
For each of the 320 sets of four occupancy patterns, W,
gives a value of variance from the mean m;. If the W
value for the empirically observed set of patterns, W,,, is
not within the 95% confidence interval of W;, then the
model is not supported. In our case W, was at the 92.5/
85 percentiles of W), when including/excluding the two
outlier patches in the north. The fit of the model is,
therefore, not rejected by this test. The two outlier
patches, with low-predicted but high-observed occu-
pancy, are due to the two northernmost patches that are
somewhat isolated from the rest of the northern network
(fig. 1) but close to a few middle-sized patches not cen-
sused because they are located on private land (Smith
and Gilpin 1997). It is likely that presence of pikas on
these uncensused patches explains the high-observed
level of occupancy of these seemingly isolated patches.

The model was parameterized using only spatial data
on patch occupancy. Another test of the model can
therefore be made by comparing the predicted number
of turnover events, extinctions, and colonizations with
~ the observed one (table 3). For all three intervals between
the four metapopulation censuses, the observed number
of turnover events was within 1 SD of that predicted by
the model. There was thus a good match between the ob-
served and predicted turnover rates. A patch-based anal-
ysis shows no significant difference between the observed
and predicted turnover rates, but this analysis is not very
informative because of the small number of possible
turnover events (fig. 5B).

Other Propertie§ of the Patch Network

The northern network has one large population with an
estimated carrying capacity of 50 individuals, which

Copyright © 1998.

might act as a minor mainland and, thus, strongly affect
the dynamics of the metapopulation as a whole (Smith
and Gilpin 1997). Using the estimated parameter values,
this local population has, in the absence of regional sto-
chasticity, an annual extinction risk of 0.003. To analyze
its role in the dynamics of the metapopulation, we re-
peated the simulations without this mainland patch. The
northern patch network thereby became less stable: the
average p value was reduced, the amplitude of fluctua-
tions in the p value increased, and in most simulation
runs of 1,000 yr, patch occupancy eventually dropped to
0 (fig. 6). However, even without the mainland patch, the
northern network is more persistent than the southern
one (fig. 3C). Thus, according to the model predictions,
the observed difference between the northern and south-
ern networks is only partly due to the presence of the
largest patch in the northern network.

The role of the middle network (fig. 1) in the dynam-
ics of the metapopulation is also worth consideration. By
itself, the middle network with 16 small patches is very
unstable (fig. 3B) and will not remain populated for
more than a few years, a prediction that is consistent
with empirical observations. Only 0.7% of the pooled
colonization potential of the entire metapopulation is lo-
cated in the middle patch network. However, it was evi-
dent from the simulation results that the middle network
acted as a stepping-stone between the northern and the
southern networks. We often observed that the southern
and middle networks both went extinct and that the
southern network was subsequently recolonized via the
middle network. The southern network is located so far
from the northern one that direct colonization is un-
likely, though not impossible, with the parameter values
estimated from the data. This stepping-stone role of the
middle network can be seen by examining the p value
distributions during model simulations. When the mid-
dle patch network was removed from the system, the
southern part of the metapopulation spent significantly
more time at extinction (p = 0) than when the middle
patch network was present (fig. 7). Also, by comparing
figures 2 and 3, one notes thar the presence of the north-
ern network has a strong positive effect on patch occu-
pancy in the middle and southern parts of the meta-
population.

Finally, to demonstrate the use of our measure of colo-
nization potential with the pika metapopulation, we used
equation (4) to rank the patches in an order of decreas-
ing importance. We then removed the patch with the
largest colonization potential and recalculated the coloni-
zation potentials for the remaining patches. We found
that removing just the four most important patches (fig.
1) rendered the entire metapopulation highly unstable
and prone to relatively rapid extinction (fig. 8). These
four patches account for 73% of the pooled colonization
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Figure 6: Patch occupancy in the northern network in 10 replicate simulations with the largest mainland patch (patch 1, fig. 1)

removed (6 = 0.1).

potential in the metapopulation, whereas the 38 patches
with the lowest colonization potentials accounted for
<1% of the pooled total.

Discussion

The incidence function model predicts that patch occu-
pancy in the northern part of the patch network is quasi-
stable, and the pika metapopulation is predicted to per-
sist there for a long time, whereas the middle and south-
ern parts of the network are predicted to show frequent
steep declines in patch occupancy even in the absence of
regional stochasticity. Our results suggest that the ob-
served regional decline in patch occupancy in the south-
ern part of the study area (fig: 1) can be explained by ex-
tinction-colonization dynamics in the presence of some
regional stochasticity. In particular, these results demon-

1.0

strate that no long-term environmental changes are
needed to generate the observed decline. This is not to
say that the observed pattern could not have other expla-
nations, but our explanation is simple and plausible in
the sense that it arises from the basic metapopulation dy-
namics, which are known to operate in this system. The
model used in this study makes no biologically improba-
ble assumptions, it was parameterized with empirical
data, and it predicts well the population turnover rate
and the occupancy of individual patches. We, therefore,
conclude that the model gives a good description of the
dynamics of this metapopulation.

The pika metapopulation has been previously studied
with a two-dimensional stepping-stone model (Smith
and Gilpin 1997). In this model, the southern part of the
metapopulation was always more persistent than the
northern part, which is exactly the opposite to what we

0.0

0.00 25 .50 75

proportion of time

1.00 0.00 .25 .50 .75

§ I————

1.00

proportion of time

Figure 7: The distribution of the proportion of occupied patches in the southern patch network in model simulations (6 = 0.1).
The results are given for simulations involving the entire patch network (A) and for simulations with the middle part removed
(B). When the middle network was removed, the southern network remained extinct (p = 0) for 70% of the time, indicating that
the unstable middle network is important in the recolonization of the southern network. The middle network thus operates as a

functional stepping-stone.
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Figure 8: Simulation results (¢ = 0.1) for the entire metapopu-
lation excluding the four patches with the highest colonization
potential (patches 1-4, fig. 1).

have found in this study and what has been found em-
pirically. This striking conflict in model predictions is
possibly caused by the unrealistic rectangular dispersal
function used in the model presented earlier (Smith and
Gilpin 1997). This function assumes that all patches
within the dispersal radius are equally connected,
whereas patches outside the radius are entirely uncon-
nected. The greater stability in the south than in the
north in the earlier predictions (Smith and Gilpin 1997)
is possibly due to the average distance between patches
being shorter in the south (169 m) than in the north
(204 m). (We cannot conduct a more comprehensive
analysis because the model in Smith and Gilpin 1997 was
poorly documented.) The important message here is that
a spatially explicit metapopulation model incorporating
habitat patch sizes and positions may be inadequate for
the study of particular metapopulations if the model as-
sumptions are not otherwise realistic. Explicit habitat
structure is not enough if the model is based on incorrect
assumptions about the processes determining patch oc-
cupancy patterns, dispersal (determining colonization),
and local dynamics (determining population extinction).

The incidence function model uses information in spa-
tial patch occupancy patterns in parameter estimation.
Another approach to modeling metapopulation dynamics
uses information on observed population turnover events
to independently parameterize functions for extinction
and colonization probabilities (see, e.g., Sjogren Gulve
and Ray 1996). These two approaches differ from each

other in a fundamental way. The incidence function
model assumes that the metapopulation is in a stochastic
steady state, whereas models using turnover data in pa-
rameterization make no such assumption. In the latter
approach, one easily obtains parameter estimates that
predict an upward or downward trend in metapopula-
tion size because, in the short time interval during which
data typically are sampled, there is very likely to be an
imbalance in the observed number of extinction and col-
onization events. In the data used in this study, there
clearly is a strong declining trend in patch occupancy in
the southern network. We have shown that this regional
decline can be expected in this metapopulation due to
extinction-colonization stochasticity only.

We have shown that the observed spatially correlated
pattern in patch occupancy may arise from extinction-
colonization dynamics without any spatially correlated
processes in local dynamics and population extinction.
Our results strongly indicate that the long-term persis-
tence of the Bodie pika metapopulation is dependent on
the quasi-stable northern patch network. On the other
hand, the results obtained with the measure of coloniza-
tion potential (fig. 8) suggest that relatively few patches
may ultimately be responsible for the persistence of the
metapopulation. This is not entirely surprising since
small or isolated patches will generally be of little impor-
tance to the dynamics of a metapopulation as a whole.
However, without having a model to perform a quantita-
tive analysis, it would have been difficult to assess the sig-
nificance of individual patches to the long-term persis-
tence of the metapopulation. Large patches naturally
appear important since they have large and relatively per-
sistent populations. However, assessing the importance of
a patch for recolonization is very difficult without a
quantitative model. The finding that the by-itself insig-
nificant middle patch network is important as a stepping-
stone serves to remind us that even small and/or rela-
tively isolated patches may turn out to be important for
recolonization in metapopulations. This function of
patches is not captured by the proposed measure of colo-
nization potential, which basically measures localized in-
teractions. What is ultimately needed for a comprehen-
sive analysis of the system is the dynamic model itself.

In this study, we have used the incidence function
model as a practical tool to assess the relative importance
of individual patches to the long-term persistence of the
metapopulation as well as to generate predictions about
the performance of a species in particular patch net-
works. It is necessary to emphasize that, before making
such predictions for management purposes, one must
have justified well the use of the model for the particular
system. We have done this for the Bodie pika metapopu-
lation in this study (for two examples on butterfly meta-
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populations, see Hanski et al. 1996a; Wahlberg et al.
1996).

The theory of structured metapopulation dynamics
(Hanski 1985; Gyllenberg and Hanski 1992; Hanski and
Gyllenberg 1993; Hastings and Harrison 1994; Hanski et
al. 1995b; Gyllenberg et al. 1997) predicts that meta-
populations may have two alternative stable equilibria,
one with most of the available habitat occupied and the
other one corresponding to metapopulation extinction.
In deterministic models, alternative equilibria arise from
the presence of a strong rescue effect, which acts as a
positive feedback mechanism in metapopulation dynam-
ics. Regional stochasticity may cause the metapopulation
to switch between the domains of the alternative stable
equilibria. Assuming some migration from outside the
network, which eliminates global metapopulation extinc-
tion as a stable equilibrium point, the hallmark of alter-
native stable equilibria is a bimodal distribution of the
fraction of occupied patches during a long period of time
(Hanski and Gyllenberg 1993; Hanski et al. 1995b). The
southern network in the pika metapopulation shows a
tendency toward a bimodal patch occupancy distribution
(fig. 7), suggestive of alternative equilibria. However, the
mechanism generating bimodality here is not exactly the
same as in the above-cited models, which are determinis-
tic and assume large networks. In real finite networks
such as the one studied here, there are additional mecha-
nisms that lead to bimodality and alternative quasi equi-
libria. The southern pika network is unlikely to stay for a
long time with a small fraction of patches occupied. Ei-
ther it goes extinct due to extinction-colonization sto-
chasticity or many patches become occupied. Thus, in
relatively small networks, the inevitable stochasticity in
extinctions and colonizations amplifies the tendency to-
ward bimodality due to the rescue effect in deterministic
models.

Our results bear on questions about the structure and
dynamics of populations that occur close to the range
margin of the species, such as the Bodie pika metapopu-
lation (Smith 19744, 1974b). It has been commonly ob-
served that average density decreases toward range mar-
gins (Smith 1974a; Hengeveld and Haeck 1982; Brown
1984; Hengeveld 1990; Maurer and Villard 1994). Recent
studies of population variability have revealed that, addi-
tionally, variability typically increases toward the range
margin (Thomas et al. 1994; Curnutt et al. 1996), where
the population turnover rate is also highest. It is reason-
able to assume that suitable habitat becomes increasingly
sparse and more fragmented toward range margins
(MacArthur 1972). In this case, our results predict de-
creased average abundance and increased amplitude of
fluctuations in marginal populations. Decreasing density
of suitable habitat may ultimately set the geographical
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range limit of a species (Carter and Prince 1981; Hanski
1991). The present results demonstrate that the location
of the range boundary may shift without any systematic
environmental changes, owing to extinction-colonization
dynamics in sparse networks, especially if there is sub-
stantial regional stochasticity, as may be expected for
marginal populations (Brown 1984; Curnutt et al. 1996).
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