
LandscapeEcology vol. 4 nos. 2/3 pp 157-170 (1990)
SPB Academic Publishing bv, The Hague

The elements of connectivity where corridor quality is variable k//

~(ringen Henein and Gray Merriam

f/~e Ottawa-Carleton Institute of Biology, Department of Biology, Carleton University, Ottawa, Canada

KIS 5B6

l(eywords: connectivity, corridor, landscape, model

Abstract

Small mammals in heterogeneous environments have been found to disperse along corridors connecting
habitat patches. Corridors may have different survivability values depending on their size and the degree of

cover they provide.
This deterministic model tests the effects of varying corridor quality on the demographics of a metapopula-

tion of Peromyscus leucopus. Two types of corridors are defined based on the probability of survival during
a dispersal event.

Results indicate that mortality during movement through corridors influences metapopulation demograph-

ics. We found that:

1. Any connection between two isolated patches is better than no connection at all in terms of persistence
and population size at equilibrium.

2. Metapopulations with exclusively high quality corridors between patches have a larger population size
at equilibrium than do those with one or more low quality corridors.

3. Increasing the number of high quality corridors between patches has a positive effect on the size of the
metapopulation while increasing the number of low quality corridors has a negative effect.

4. The addition to a metapopulation of a patch connected by low quality corridors has a negative effect
on the metapopulation size. This suggest the need for caution in planning corridors in a managed
landscape.

5. There is no relationship between the number of corridors and the metapopulation size at equilibrium
when the number of connected patches is held constant.

6. Geometrically isolated patches connected by low quality corridors are most vulnerable to local ex-

tinctions.

We conclude that corridor quality is an important element of connectivity. It contributes substantially to
the effects of fragmentation and should be carefully considered by landscape planners.

Introduction mosaics in which some areas are suitable animal
habitat and some are not (Wilcove et al. 1986).

Natural landscapes are never homogeneous. Varia- Agricultural practices accentuate this by further
tions in soil, topography, and vegetation result in fragmenting the landscape into pasture and crop-
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land, with scattered remnants of the natural com- overall population stability. Hamilton and May pus across a stream t
munity retained as woodlots and fencerows (Hen- (1977) designed an evolutionarily stable strategy ing without such a
derson et al. 1985). that showed dispersal to be adaptive for a species (1959) studied Microi,

Small mammals in such heterogeneous environ- even in stable environments where fluctuations are found that bare or sl"
ments aggregate in suitable patches that may be iso- small and empty habitats may be unavailable, used than weedy on
lated from each other to varying degrees by an in- Field studies have shown that some small mare- press) have found b~;
hospitable matrix. Interconnected populations mals in patchy environments tend to disperse along telemetrically tracke:
make up a functional unik that Levins (1970) has corridors connecting habitat patches (Wegner and fencerows in prefer~
called a metapopulation. Local extinctions are a Merriam 1979; Henderson et al. 1985). Fahrig prefer structurally co,
common occurrence in fragmented landscapes (den (1983) designed a stochastic model to test the inn- Given the amount
Boer 1981). Population sizes fluctuate due to varia- portance of such corridors to the recolonization of corridors affects thei
tions in weather, resources, and predation. The per- local extinctions and the persistence and stability of ed to reassess the e
sistence of a metapopulation depends on the ability a metapopulation of Peromyscus leucopus in corridor quality wa ’
of the populations in the patches to exchange in- woodlots in an agricultural mosaic in the Ottawa work of Fahrig (1982
dividuals by dispersal (Fahrig and Merriam 1985). area. Fahrig and Merriam (1985) found that popu- oped a deterministic

In the past, the effects of dispersal were not lations in isolated (i.e. unconnected) woodlots be- pus metapopulation,
stressed by population ecologists, as dispersers were came extinct within four model years, while con- connected by corri&.
assumed to be individuals with low survivability nected patches were able to persist for much longer ty. Quality was defi~
and poor reproductive potential (Lidicker 1975). periods. They concluded that for a particular spe- animals using the
However, many studies have shown the importance cies, there is a minimum number of patches to most fundamental e
of dispersal to the dynamics of metapopulations in which a population group must have access to en- The mod de~,

heterogeneous landscapes (Reddingius and den sure its survival. In an extension of this work, Lef- quantity oI ~ect
Boer 1981; Roff 1974a, b; Lidicker 1975; Hamilton kovitch and Fahrig (1985) showed that the elements scape affect the size
and May 1977; Comins et al. 1980; Gaines and of connectivity affecting the metapopulation were populations. It addt:
McClenaghan 1980; Lomnicki 1980; Fahrig and 1) whether or not patches were connected, and 2)

1. Does the qu~
Merriam 1985). . the size of the largest geometric figure of which a

patches affect
Dispersal is difficult to measure in nature due to patch was a part.

2. Does the numb~the large scale (i.e., tens of hectares) at which it In thosestudies, variation in corridor quality was
lation affect th

sometimes takes place, the problem of separating not considered. Patches were either connected or
3. Do extinction.emigration from mortality (Fairbairn 1977), and they were not. What constitutes a corridor for a

the difficulty of identifying dispersers (Gaines and particular species depends on such factors as the
patches with Ic

4. Is the proporti,
McClenaghan 1980). Models have been developed physical aspects of the landscape (cover, type of

ridors a factor!,
to estimate dispersal rates based on patch geometry vegetation, moisture, elevation, etc.), the distance

sistence?
(Stamps et al. 1987), dispersal success based on dis- between patches, and the behaviour of the animals
tance moved (Waser 1985; Buechner 1987) and dis- themselves. These components describe the connec- The null hypothe.’
persal effects on connected patches (Roff 1974a, b; tivity of a habitat (Merriam 1984), and imply that cant effect on size a
Reddingius and den Boer 1970; Hamilton and May not all corridors are created equal. For example, a when quality of cot
1977; Fahrig 1983). species may show a reluctance to travel in certain

Reddingius and den Boer (1970) developed types of agricultural areas while moving freely
model for insects that showed the importance of through others. Ongoing studies in this laboratory Methods
dispersal between patches to the persistence of the show that corn and small grain fields, as well as
population. They found that migration damped the fencerows, are used by P. leucopus, but hayfields The model is desig~,
effect of environmental fluctuations. As long as present a barrier (Wegner and Merriam, submit- dynamics of P. l:
populations did not fluctuate in synchrony, re- ted). Yahner (1983) found that P. leucopus in patches fo~
colonization could offset local extinction. Roff shelterbelts in Minnesota showed poor dispersal functions .ase

(1974a, b) extended this work to show that such tendencies across non-wooded areas such as road- patches and demo

spreading of risk among patches was essential for sides. Savidge (1973) reported homing of P. leuco- literature. Populati
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Iy. Hamilton and May yus across a stream to be less successful than horn- patch, for each of thirty-three weeks, in each year.

~io! stable strategy ing without such a barrier. Ogilvie and Furman By changing the pattern and quality of connections
e a .re for a species (1959) studied Microtus montanus in fencerows and between patches for each simulation run, compari-
s where fluctuations are found that bare or shrubby corridors were less well sons of population size and patch persistence can be
nay be unavailable. L~sed than weedy ones. Merriam and Lanoue (in made between landscape arrangements. The model
~ that some small mare. press) have found both resident and translocated, was written in Microsoft Fortran 77 V3.30 and can
ts tend to disperse along telemetrically tracked P. leucopus to move along be run on IBM compatible personal computers. A
~t patches (Wegner and fencerows in preference to fields, and to clearly simplified logic diagram is provided in Fig. 1 and a
a et al. 1985). Fahrig prefer structurally complex over simpler fencerows, program listing may be obtained from the authors.
c model to test the ina- Given the amount of evidence that the quality of
to the recolonization of corridors affects their role in connectivity, we want-
"sistence and stability of ed to reassess the elements of connectivity when A) Modelparameters
romyscus leucopus in corridor quality was allowed to vary. Using the
I mosaic in the Ottawa work of Fahrig (1983) as a starting point, we devel- The simulation uses a number of structural para-
1985) found that popu- oped a deterministic model to simulate a P. leuco- meters to control run cycling and landscape pat-
~nnected) woodlots be- pus metapopulation in which habitat patches are tern. Metapopulations are set up with from two to
~odel years, while con- connected by corridors of either high or low quali- five patches. All patches are assumed to be equal in
persist for much longer ty. Quality was defined by the survival rate of the size, appeal, and viability. Since dispersal has been
at for a particular spe- animals using the corridors, since this factor has the found to be density-independent (Krohne et al.
number of patches to most fundamental effect on demography. 1984; Krohne and Miner 1985), patch size is not 
nust have access to en- The model was designed to show how quality and contributing factor to the dynamics of the model,
sion of this work, Lef- quantity of connectivity in a heterogeneous land- although in reality it may contribute to the carrying
.owed that the elements scape affect the size and persistence of fragmented capacity of a population through resource availa-
.~ metapopulation were populations. It addresses the following questions: bility (Fahrig and Merriam 1985). Pairs of patches

verf qected, and 2) are designated as unconnected, connected by high
errS, re of which a 1. Does the quality of connections among

quality corridors, or connected by low quality cor-
patches affect the size of a metapopulation?

ridors.
in corridor quality was 2. Does the number of corridors in a metapopu-

Each run follows a metapopulation for ten years.
re either connected or lation affect the overall metapopulation size?

This was sufficient time for all 45 patterns studied
tutes a corridor for a 3. Do extinctions occur more frequently in

to reach equilibrium. (i.e., for each pattern there
m such factors as the patches with low quality connections?

exists a population size such that the number of
Iscape (cover, type of 4. Is the proportion of low to high quality cor-

mice in the last week of year n reduces over winter
on, etc.), the distance ridors a factor in metapopulation size and per-

to a population in week 1 of year n + 1 that recapit-
~aviour of the animals sistence?

ulates the previous year. Week 33 of year n + 1 =
ts describe the connec- The null hypothesis states that there is no signifi- week 33 of year n. Because of the deterministic na-
1984), and imply that cant effect on size and survival of metapopulations ture of the model, this cycle continues to repeat
equal. For example, a when quality of connections is varied, thereafter). The 33 weeks for which the population
ce to travel in certain size is calculated each year include a breeding sea-
while moving freely son of 28 weeks, typical’of P. leucopus in northern

:ties in this laboratory Methods latitudes (Rintamaa et al. 1976; Hansen and Batzli
:ain fields, as well as 1978; Millar et al. 1979; Millar 1984; Wolff 1985).
ucopus, but hayfields The model is designed to simulate the population The breeding season begins in the second week of
nd Merriam, submit- dynamics of P. leucopus within and between the simulation (corresponding to the first week in
that P. leucopus in patches for a number of breeding seasons. Model March), and there are four additional weeks at the
towed poor dispersal functions are based on the connectivity of the end of the season, taking the population to the last
d areas such as road- patches and demographic parameters from the week in October. The remaining 19 weeks represent
t homing of P. leuco- literature. Population sizes are calculated for each winter and are modelled by applying an overwinter
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start three classes represent mice of trappable age cape- Table 1. Demographic pa

L
ble of dispersing As inamong patches. Fahrig’s
(1983) model, nestlings, defined by Sheppe (1965) parameter

input
init pop size as unweaned babies less than 3 weeks old, do not Weekly birth rate:
connectivity move from patch to patch and are not included in
birth rates weekly totals.emig rates
surviv rates Demographic parameters were estimated from P. Average litter size

o leucopus studies in the literature. They are used for

all runs and have no variance associated with them. Nestling survival rate

set up This means that population dynamics are deter- Weekly emigration:
week 1 ministic in these simulations. Although not realis-

l tic, this enables conclusions to be drawn from the
~ ~ comparison of different patch and corridor at- Weekly resident

calc juv survival rate:pop size , ,,
rangements that would otherwise be difficult to do

&emig with confidence. Demographic parameters include

birth rate, age-specific emigration rate, average
Weekly corridor

litter size, nestling survival, resident survival by age survival rate:
calc subadlt group, overwinter survival, and corridor survival
pop size
& emig for the two corridor types. Table 1 shows the values Overwinter survival rate

used and the literature sources for their calculation.
Breeding in P. leucopus is bimodal, especially in

calc atilt patch northern populations (Sheppe 1965; Rintamaa et
pop size < n el. 1976; Wolff 1985) with peaks in the spring and ences (mice .... {vel?
&emig

fall, and a hiatus over midsummer. Therefore the another, with the bi
birth rate is high in April and May, and again in route). 2) Assign diff

assign ~ week
August and September, but lower in the intervening ridors so there is a hi~

immigs

t

< 3a periods, ty routes than in low
to patches Emigration rates are difficult to obtain from the criminate among co~

literature because emigration and immigration are approach.
not usually separated from gross mortality and Since we are not a

calc/output year recruitment. We have used the work of Krohne et sure corridor mortal
year totals < 10

al. (1984) to calculate three dispersal rates based rates had to be estir

age and season (Table 1). Juveniles had low disper- runs were made to e’,

[ calc/output 1
sal in the spring (weeks 1-13) and high dispersal only fall within reasc

final values autumn (weeks 27-33), with moderate dispersal produce stable resul

I between. Sub-adults had high dispersal in spring demographic param,

and summer (weeks 1-26), and moderate dispersal mortality during disl:
end in autumn (weeks 27-33). Adults had low dispersal Burgin 1987), so sur~

in spring and autumn, and moderate dispersal in to be set lower than
Fig. 1. Logic diagram, summer, much lower? Using d

Movement between patches occurs only through on mouse mortality
survival rate to the previous October’s population corridors in this simulation. To test the hypothesis we initially set a lo4
at the beginning of each new year. that differences in corridor quality affect popula- during a dispersal

There are four age classes of mice in the model: tion dynamics, it was necessary to find a method of showed a higher mo~
nestlings (under three weeks old), juveniles (3 to modelling the variability in the patch connections, such as co~ th~
weeks of age), sub-adults (6 to 8 weeks old), Two approaches were possible: I) Divide emigrants rival rate in. . qua
adults (over 8 weeks) (Harland et el. 1979). The last among outgoing routes based on corridor differ- 90%, the patch sur~
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ce ( ~pable age capa. Table 1. Demographic parameters for Peromyscus leucopus used in the simulation runs.

pat .... s. As in Fahrig’s
defined by Sheppe (1965) parameter Reference

:ban 3 weeks old, do not Weekly birth rate: low .30 Millar et al. 1979, Sheppe 1965,
a and are not included in moderate .60 Rintamaa et al. 1976,

high .90 Wolff 1985

,’S were estimated from p ~verage litter size 4.9 Morris 1986, Millar et al. 1979,

rature. They are used for Millar 1984

Ice associated with them. Nestling survival rate .75 Harland et al. 1979, Wolff 1985

on dynamics are deter- Weekly emigration: low .15 Krohne et al. 1984

ns. Although not realis- moderate .23
~s tO be drawn from the high .30
patch and corridor ar- Weekly resident
erwise be difficult to do ~urvival rate: juvenile .90 Fairbairn 1977, Millar 1984

subadult .93 Adler and Tamarin 1984,phic parameters include
adult .96 Wolff 1985nigration rate, average

Weekly corridor
resident survival by age survival rate: low quality .73 see text
, and corridor survival high quality .81
[’able 1 shows the values Overwinter survival rate .25 Snyder 1955, Fairbairn 1977,
:es for their calculation. Harland et al. 1979
S bimodal, especially in
9pe 1965; Rintamaa et
9eaks in the spring and ences (mice actively choose one corridor over end, we chose the corridor survival rates shown in

~un~ Therefore the another, with the bias toward the higher quality Table 1. These rates lay within this range, and al-
,nd~: , and again in route). 2) Assign different survival rates to the cor- lowed the various patch arrangements under com-
ower in the intervening ridors so there is a higher success rate in high quali- parison to reach equilibrium by year ten.

ty routes than in low quality ones (mice do not dis-
.’ult to obtain from the criminate among corridors). We chose the second
a and immigration are approach. B) Model description
~ gross mortality and Since we are not aware of any studies that mea-
he work of Krohne et sure corridor mortality directly, corridor survival The model inputs all required parameters at the be-
ispersal rates based on rates had to be estimated indirectly. Several trial ginning of the run, including the initial population
’eniles had low disper- runs were made to establish values that would not values. Each week then builds on the previous week
) and high dispersal in only fall within reasonable bounds, but would also until thirty-three weeks have been calculated. Sub-
moderate dispersal in produce stable results when combined with other sequent years apply the overwinter survival rate to
:h dispersal in spring demographic parameters in the model. Increased the values in the last week of the previous year to
ld moderate dispersal mortality during dispersal is expected (Krohne and begin a new season.
ults had low dispersal Burgin 1987), so survival rates in the corridors had There are two aspect~ of the population dynam-
noderate dispersal in to be set lower than those in the patches, but how ics that must be handled: 1) The within-patch inter-

much lower? Using data gathered by Lanoue (1988) actions involving ’births’ of new juveniles, ’gradua-
occurs only through on mouse mortality per trapping night as a guide, tion’ from juvenile to sub-adult and from sub-adult

"o test the hypothesis we initially set a lower limit of 66°70 for survival to adult, and deaths of individuals of all ages based
uality affect popula- during a dispersal event. Since Metzgar (1967) on the resident survival rates. 2) The between-patch
~, to find a method of showed a higher mortality rate in unfamiliar areas population dynamics, including emigration from
e patch connections, such as corridors than in home territory, the sur- each patch along corridors with high or low survival
: l) Divide emigrants viral rate in high quality corridors had to fall below rates, and immigration into patches by surviving

o~
idor differ- 90%, the patch survival rate for juveniles. In the emigrants from a variety of starting points. Dis-



162

persing mice only move one patch per week, but After new additions and graduates have been ac- emigration rate to i~:
may move again any number of times over the counted for, the proportion of juveniles emigrating lower than the rate fc~
season, is calculated based on the juvenile emigration rate model of Lefkovitch

For the first seven weeks of each year, only adults for the week. from these isolated p
surviving from the previous autumn are present.

Ejt = (Jt- 1 + Jnt’- SAnt) × ejt the system, based on
The first births occur in week five, and the first / in open areas.
juveniles are added to the population in week eight. Ej = juvenile emigrants 2) Sub-adults:
For the remaining weeks, three age classes are cal- ej = juvenile emigration rate adults. New sub-adu
culated as follows:

"r’hen the size of the juvenile population (before ira- population, graduat
1) Juveniles: New additions each week are based

migration) is calculated as: the previous week’s tracted, emigrants
on the number of births to females present three

population size plus new juveniles, minus graduates and the resident sur~
weeks previously, linearly averaged over three

to the sub-adult class, minus emigrants. The resi- plied.
weeks to allow for asynchronous pregnancies,

dent survival rate is applied to this result.

(At.3) × bt_3 × L Jt = (Jt-I-b Jnt-SAnt-Ejt) × Sj Ant

Jnt =
2

J = juvenile population size before immigration
3

Sj = resident survival rate for juveniles

An = new adults

Jn = new juveniles
SA = sub-adults

A = adults
Finally, the emigrants are assigned to various desti- gs = graduation r~

b = birth rate
nations according to corridors leading out of the k = graduation fz

L = litter size
patch.

Es. At.t = time in weeks
~ (E~)

~
Ij = × rij Est = sub-adult emii=l

A proportion of juveniles present three weeks

es = sub-adult emi

previously will graduate to the sub-adult class. A Ij = immigration at patch i

graduation factor sets this proportion. If the num- Ei = no. of emigrants at patch i
SAt = (SAt- 

bet of juveniles in week t-4 was zero, then all juve- ci = no. of corridors out of patch i

niles from week t-3 will be ready to achieve sub- rij = survival rate in corridor i Ssa = resident sub-~i
adult status and the factor will be 1. If juveniles n = no. of patches connected to i

were present in week t-4 but not in week t-5, then Fahrig (1983) addresses the question of whether Again, emigrants ar~
half the juveniles in week t-3 will be ready to be- mice disperse from isolated patches (i.e. patches based on connectin~l
come sub-adults (factor = 2). Otherwise one third with no corridors). She concludes that dispersal 3) Adults: New re(’
will move up to sub-adult status (factor = 3). The does occur from these areas, but at a lower rate. lation are added, en~

graduation rate is calculated from the resident class Wegner and Merriam (1979) measured movement adult resident survi,
survival rate and the emigration rates, and repre- of P. leucopus between a beech-maple wood and new adult populatio
sents the per cent of juveniles available for gradua- connecting fencerows, and between the wood and
tion in a particular week. surrounding fields over a breeding season. They

Eat = (

found the frequency of travel between wood and

Jt-3 × gjt fencerows was more than twice that between wood Ea = adult emigran
SAnt -

k and fields. For a truly isolated wood, with no con- ea = adult emigrat:

SAn = new sub-adults
necting fencerows available, less movement into the
fields might be expected. Yahner (1983) found n~,

At = (At_J = juveniles movement of P. leucopus between isolated shelter-
gj = juvenile graduation rate belts. Adler et al. (1984) live trapped 97 P. leucopus A = adult lat!~
k = graduation factor (1,2,3) in woods and an adjacent field, and caught only

Sa = resid~ .ult
three individuals in both areas. We applied an
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g~ ’ -tes have been ac. emigration rate to isolated patches that was 60°70 When all age groups in all patches have generated

on{. :niles emigrating lower than the rate for connected patches. As in the emigrants, and these emigrants have all been as-
e ju~ .... te emigration rate model of Lefkovitch and Fahrig (1985), dispersers signed to the appropriate destinations, the total im-

t’rom these isolated patches were assumed lost from migration to each patch can be added to the popula-

nt -- SAnt) x ejt the system, based on a high probability of mortality tion to complete the interpatch calculations for the

in open areas, week.

2) Sub-adults: The procedure is similar for sub-
rate adults. New sub-adults are added to the sub-adult

ile population (before irn. population, graduates to the adult class are sub- C) Preliminary simulation runs

as: the previous week’s tracted, emigrants are calculated and deducted,
To ensure that results of the simulation representaveniles, minus graduates and the resident survival rate for sub-adults is ap-

inus emigrants. The resi- plied,
true differences in connectivity rather than in the

ed to this result, size of the initial population or the distribution of
mice in the metapopulation, three preliminary runs

SAt-2 × gst
SAnt-Ejt) × Sj Ant = k

were made.

;ize before immigration 1) Four treatments were run to test whether the

’, for juveniles An = new adults size of the starting population affects the size at sta-

SA = sub-adults bility. Number of patches and type of connections
assigned to various desti- gs = graduation rate for sub-adults were held constant, but the size of the starting
idors leading out of the k = graduation factor (1,2) population was set at 5, 10, 20, and 30 mice per

patch. The initial size of individual patch popula-

’ Est = (SAt- 1 + SAnt - Ant) × est
tions had no effect on the size of the metapopula-
tion at equilibrium. However, larger initial popula-gin rij

l~st sub-adult emigrants.ci = tions took longer to reach the stable point than
[ es = sub-adult emigration rate smaller ones.

1 i
~at~la", 2) Five treatments were run to test whether con-

of patch i SAt = (SAt - 1 + SAnt - Ant - Est) × Ssa centrating the mice in one patch while the others are
left empty affects the population size at stability.

dor i Ssa = resident sub-adult survival rate The location of the starting population in a meta-
’,cted to i

population was varied while the number of patches,
ae question of whether Again, emigrants are assigned to their destinations size of starting population, and type of connectivity
.~d patches (i.e. patches based on connecting corridors, were held constant. Concentrating the population
oncludes that dispersal 3) Adults: New recruits from the sub-adult popu- in one patch at the start of a run made no difference
as, but at a lower rate. lation are added, emigrants are deducted, and the to either the eventual metapopulation size or the
9) measured movement adult resident survival rate is applied to obtain a time to equilibrium. Empty patches were colonized
beech-maple wood and new adult population, by week two and the distribution at the end of the
between the wood and first year was similar to the results of runs with the
breeding season. They

Eat = (At_ 1+ Ant) × eat
initial population l;qually distributed among

Lvel between wood and patches.
vice that between wood Ea = adult emigrants 3) Four treatments were run to test whether the
ted wood, with no con- ea = adult emigration rate number of patches alone affects the total meta-
, less movement into the population size at stability. The number of patches
ahner (1983) found 

At = (At_ l+Ant) _ Eat) × 
(2,3,4, or 5) was varied while holding quality 

etween isolated shelter- connections and total starting population constant.
trapped 97 P. leucopus A = adult population size before immigration The number of patches in the metapopulation was
field, and caught only

Sa = resident adult survival rate positively related to the final size of the metapopu-
areas. We applied an lation at stability (Table 2). This implies that corn-

(
\
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Table2. Effect of number of patch populations on metapopula- the largest drop in population size occurs with the 72
tion size in year 10, with size of initial patch populations (5 mice addition of a single low quality corridor (Fig. 3).
per patch) and quality of connections (high) held constant. 

The results of the simulations are summarized aseach metapopulation, a central patch is connected to 1, 2, 3, or
4 other patches, as shown in Fig. 3, patterns a, c, f, and j. follows:

1) Low quality connections were better than no
Number of patches Initial size of Metapopulation size connections at all (compare Fig. 2: w, y, and ee with
in metapopulationmetapopulationin year 10

ff). Unconnected patches quickly went extinct while 26

2 25 36.2 those connected by low quality routes persisted
3 25 o 54.4 despite occasional local extinctions. Nevertheless,
4 25 61.8 these low quality corridors constitute a drain on the
5 25 83.3 metapopulation because of increased mortality as-

sociated with them. A population beginning with 20
mice in week one of the first year grew to 72 mice at

parisons of metapopulation size should be restrict-
equilibrium when connected by four high quality

ed to metapopulations with the same number of
corridors (Fig. 2: b) but fell to only 9 mice when con-

patches,
nected with four low quality corridors (Fig. 2: y).

2) Exclusively high quality connections produced o

the largest metapopulations at equilibrium (58-72
D) Main simulation runs

mice) and were always superior to those with one or
more low quality connections (Fig. 5) regardless 

1) Thirty-two simulations were run to compare
the total number of connections involved.size and persistence of metapopulations with differ-

3) Four high quality connections were found to
ent arrangements of patches and connectivity (Fig.

be superior to three high quality connections (Fig.2). All metapopulations contained four patches.
Corridors were low or high quality, or combina- 2: b vs d) in terms of final metapopulation size, but

tions of the two. Each arrangement began with five four low quality connections were not as good as

mice per patch, and was run for ten years. All three low quality connections (Fig. 2: y vs s). In-

simulations reached equilibrium during the ten year creasing the number of high quality corridors be-

period, tween patches has a positive effect on the size of the
ee

2) Fourteen runs were made to compare popula- metapopulation while increasing the number of low

tion size in single patches connected to 1, 2, 3, or 4 quality connections has a negative effect.
Fig. 2. Four-patch arrange

other patches by combinations of high or low quali- 4) The inclusion of a patch connected by low and dashed lines are low q
ty connections (Fig. 3). quality corridors in a metapopulation otherwise Large numbers represent ~

connected by high quality corridors depresses the are patch identifiers.

overall metapopulation size at equilibrium. Fig. 6

Results compares the effect of low quality connections to 5) We found no
unconnected patches and to high quality connec- number of corridors

We found the persistence of a metapopulation and tions in similar four-patch metapopulations. When tion and the metap(
its size at equilibrium to depend significantly on the the central patch was connected to the other three The Pearson correlat
mortality in the corridors connecting the patches, patches using low quality connections, the Number of connecti,
Introduction of a single low quality corridor into a metapopulation size was depressed more than when population size.
four patch metapopulation previously connected the central patch was eliminated. Although the 6) Geometrically
with only high quality corridors resulted in a large population in the unconnected patch in Fig. 6B fell low quality corridor
reduction in metapopulation size at stability. Addi- to zero, the overall metapopulation reached extinctions. Patches
tional low quality substitutions continued to reduce equilibrium at 54 mice while the metapopulation during the r’ " are s
the metapopulation size (Fig. 2). This trend can also connected to the central patch by low quality con- Losses to ~ ;iot
be seen at the level of the individual patch, where nections (Fig. 6C) stabilized at only 23. by immigrat .... will
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Fig. 2. Four-patch arrangements shown in order of size of metapopulation at the end of year 10. Solid lines are high quality connections

connected by low and dashed lines are low quality connections. Solid circles represent patch populations suffering local extinctions during the simulation.
,pulation otherwise Large numbers represent size of the metapopulation at the end of year 10. Letters are pattern identifiers. Small numbers in pattern ee
idors depresses the are patch identifiers.

equilibrium. Fig. 6
tlity connections to

5) We found no relationship between the total by birth, and result in extinction in this determinis-
gh quality connec-

number of corridors in a four-patch metapopula- tic model. In all cases, the geometrically most iso-
populations. When tion and the metapopulation size at equilibrium, lated patches were the ones affected. Consider pat-
t to the other three The Pearson correlation coefficient was only 0.165. tern ee in Fig. 2. Only one third of the emigration
connections, the Number of connections alone is not a predictor of from patch I goes to patch 4, and there is high mor-

;ed more than when population size. tality in the corridor. But mice from patch 4 emi-
ted. Although the 6) Geometrically isolated patches connected by grate at the same rate as from other patches so there
~atch in Fig. 6B fell low quality corridors are most vulnerable to local is a relative loss at 4. Since patches 2 and 3 send only
)pulation reached extinctions. Patches that suffered local extinctions half their emigration to i, and again there is high
ae metapopulation during the runs are shown in Fig. 2 as solid circles, mortality in the corridors, the population at 1 does
~y low quality con- Losses to emigration and death that are not offset not increase either, and there are progressively
only 23. by immigration will eventually exceed replacement fewer emigrants sent to 4. Patches 1,2, and 3 even-
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patch. This is intu
or 4 other patches by combinations of high and low quality con- really is, why is th
nections. Solid lines are high quality connections. Dashed lines

. course, factors such:are low quality connections. Numbers show size of the patch
availability bepopulation at the end of year 10. Letters are pattern identifiers. ~ ~ :

A B C simulations .ate

so Fig. 6. Size of metapopulation for 3 arrangements showing ef- in the metapopulati

~
4 ~oot~, fects of low quality connectivity on size of metapopulation in answer the questior :

t ,m ...................... year 10. Circles are patches, solid lines are high quality connec- The number of 1
~, tions, and dashed lines are low quality connections¯ Numbers may be low, or the

a~o.t.~ represent metapoputation size in year 10. Note that the~o a0 ~ro.,,~ ed, and this contrit
~ metapopulation in pattern B is larger than in pattern C even with
~ a local extinction at the central patch¯ size. The patch may~

, ao patch, with high n
~ w~nter thereafter. Analogous explanations apply to rider,- giving it a d
~ ~o patterns r, t, u, w, z, aa, bb, cc, and dd in Fig. 2. without a measure

0i
Patches connected by low quality, single corridors nectivity is both qu~

.... to other groups of patches, themselves connected these characteristics’
0 1 2 .3 4number of high quality c .... ctlona by mainly low quality corridors, are at risk because patch and the meta

Fig. 4. Patch population size versus number of high quality con- of the low source of immigration. Patterns f and ff Lefkovitch and "

nections. Patch may be connected directly to 1, 2, 3 or 4 other in Fig. 2 are limiting cases where extinction is per- ments of connectJvfi
patches. Largest drop in population size occurs when one low manent because there is no source of colonists for or absence of a cent
quality connection is introduced, the patches, geometric figure to

7) The size of a population at a single patch in Our results suggest
tually stabilize at low population levels, but 4, year 10 increased with the number of other patches stability of the recta:

which is more isolated, suffers local extinction over to which it was connected, but also with the ratio of the connections a
winter. Some recovery takes place when the birth of low to high quality corridors when number of of connectivity nee,
and emigration rates rise in the spring, because 4 is patches is held constant (Figs 3 and 4). Patches factor.
still connected to a viable group of patches, but its with purely high quality connections were always The pro~ ,f c

population never has a chance to build up to high superior to combinations regardless of number of discussed t ;M

levels, and the extinction continues to repeat every patches, into the interaction
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Discussion the system. In our model, the difference between

~ the population size in week one and that in week

~ 1"he simulations confirm the findings of Fahrig and thirty-three depends on the yearly net growth and
¯ Merriam (1985) that persistence of metapopula- the overwinter mortality. When these balance, the

tions is enhanced by connectivity that lessens the population stabilizes. However, if growth exceeds
isolation of individual patches. But the model also overwinter mortality, so that a higher population

., shows that differential survival in corridors (during occurs in week one from year to year, then the

:~ dispersal events)and the qualitative pattern of con- population will grow indefinitely, as there is no
nectivity have important implications for the popu- stochasticity. Nor is any density dependent effect
lation levels in the patches, and for the potential on growth included, since there is some evidence

+---+ ~ ~ size and variability of the metapopulation. AI- that P. leucopus populations at the northern lim-bo 70 80 90 100, co,~.,,~t~o.~ though all connected arrangements survived, some it of their range never reach carrying capacity
versus percentage of high stabilized at very low numbers. Very small popula- (Middleton and Merriam 1981). For corridor sur-
arrangements. Numbers tions are in jeopardy when fluctuations in environ- viral rates below 0.73, many combinations with
identical metapopulation mental and demographic factors inevitably occur, largely low quality connections suffered permanent
ated with the addition of

Roff (1975) and Gilpin and Diamond (1976) found extinction within 10 years. At the other extreme,
that the probability of extinction of a local patch patch arrangements with predominantly high quali-
varied inversely with the population size of the ty corridors grew indefinitely when corridor sur-

23

~
patch. This is intuitively obvious. The question vival rates were greater than 0.81. In the natural
really is, why is the population size so low? Of world, however, survival rates in some corridors
course, factors such as predator numbers and food may lie outside these limits. In this event, the carry-
availability may be important, but results of the ing capacity of a metapopulation may be a critical

C simulations indicate that the pattern of connectivity factor, while some arrangements may not be viable.

rangements showing el- in the metapopulation must also be understood to On the other hand, combinations of more extreme
~opulation in answer the question, survival rates may be supported by arrangements of

:a;~.~ ,ality connec- The number of patches in the metapopulation mixed corridor quality, while variations in demo-
connections. Numbers may he low, or the patches may be poorly connect- graphic parameters such as growth and emigration

ar 10. Note that the
n in pattern C even with ed, and this contributes to a low metapopulation may affect the level of corridor survival required

size. The patch may be connected to just one other for metapopulation equilibrium.
patch, with high mortality occurring in the cor- Although low quality corridors kept metapopu-

~lanations apply to ridor, giving it a degree of isolation not obvious lations from going extinct in these simulations,
, and dd in Fig. 2. without a measure of corridor quality. Thus con- such connections were a drain on the overall sys-
y, single corridors nectivity is both qualitative and quantitative, and tern, resulting in stable population sizes much lower
mselves connected these characteristics make a difference, both at the than those at the start of the simulation. High quali-
are at risk because patch and the metapopulation level, ty corridors, on the other hand, not only kept meta-
.. Patterns f and ff Lefkovitch and Fahrig (1985) defined the ele- populations going, but allowed them to grow and
.~ extinction is per- ments of connectivity for a patch as: 1) the presence stablize at higher population levels than they began
ze of colonists for or absence of a connection; 2) the size of the largest with. This is similar to Fahrig and Merriam’s (1985)

geometric figure to which the patch is connected, findings of significantly*higher growth rates with
a single patch in Our results suggest that large figures increase the increasing connectivity. Since other checks on

r of other patches stability of the metapopulation only if the majority natural populations, such as predation, resource
lso with the ratio of the connections are o f high quality. The elements limitation, and crowding, will tend to control exces-
when number of of connectivity need revision to include this new sive growth, the minimum corridor survival rate is
and 4). Patches factor, probably the most important of the two to know,

ions were always The process of choosing corridor survival rates but an understanding of both ends of the scale
ess of number of discussed under ’Model Parameters’ offers insight could help predict what results to expect from a

into the interaction of pattern and demography in landscape pattern.
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The model assumes all patches are the same size. dents averaged 288.7 m, mice translocated fronl surements of dispel
Urban and Shugart (1986) modelled birds in a frag- forest averaged 421.5 m, and those translocatecl known to be disper
mented landscape and found a curvilinear relation- from other cropland averaged 286.6 m. during known dispe
ship between persistence and connectivity that was The processes of model construction and evalua- Despite the limita~
most pronounced for small patches. In the case of tion can introduce a variety of problems of which techniques, we belie
birds, connectivity was less important for large modelers must beware (Loehle 1987). In this model, tions, showing corri~
patches. Since carrying capacity was not considered population parameters were chosen carefully, but merit of connectivit)
a factor for P. leucopus in this area, and emigration there is always the chance of error, particularly as vationists and land
was not density dependent, ~to size value is attached no single study can provide all the answers. Differ- fragmented landsca
to the patches. However, the size of the fragments ences in design, emphasis, and locale can result in well as benefits (
in a landscape can be important if choices are being values from many contexts. We have made some as- Although the), facili
made about conservation and elimination. Wilcove sumptions to reduce complexity: for example, all dispersal between t
et al. (1986) argue for the preservation of a few patches are the same size, residents and dispersers times have a negati
larger fragments rather than many small ones. The have a 1 : 1 sex ratio, population dynamics are deter- population, for exat
model suggests, however, that at least for P. leuco- ministic and unaffected by carrying capacity. The centrators. Corrido
pus, the population sizes will be larger when more model does not describe the functioning of the real survival is low may
patches are involved in the metapopulation. In real- system in exact terms. Rather, it provides a tool for ing viable popular
ity, separate patches will have population dynamics comparing corridors and arrangements, and mak- results underline th
that are not in synchrony, and this could be an ad- ing predictions about populations without the con- quality as well as
vantage during environmental fluctuations (Red- founding influence of variations that normally oc- designing landscape
dingius and den Boer 1970; den Boer 1981). Great cur in the field. Results are theoretical, and field
care should be taken when choosing which frag- work is required to extend them to the real world. --
ments to maintain. Elimination of a central frag- Johnson (1985) suggests that the primary use Acknowledg .... ents
merit that was actually a major source of emigrants a model is to point the way toward future resarch.
for many others could significantly lower the size of Many additional questions arise from this work, The authors wish to
the metapopulation (Fig. 6A and 6B). Degredation for example: Forman, and other
of corridors has an even greater negative effect helpful comments o

1. What constitutes a corridor of high quality or(Fig. 6A and 6C). Connectivity and interaction
low quality for a particular species?among patches must be an important consideration

when conservation areas are being established. 2. How do animals choose among corridors
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