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Migration is widespread among animals, but the
factors that influence the decision to migrate are
poorly understood. Within a single species, popu-
lations may be completely migratory, completely
sedentary or partially migratory. We use a popu-
lation model to derive conditions for migration
and demonstrate how migratory survival, habitat
quality and density dependence on both the
breeding and non-breeding grounds influence
conditions for migration and the proportion of
migrants within a population. Density depen-
dence during the season in which migratory and
sedentary individuals use separate sites is necess-
ary for partial migration. High levels of density
dependence at the non-shared sites widen the
range of survival values within which we predict
partial migration, whereas increasing the
strength of density dependence at the shared sites
narrows the range of survival values within which
we predict partial migration. Our results have
important implications for predicting how con-
temporary populations with variable migration
strategies may respond to changes in the quality
or quantity of habitat.
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1. INTRODUCTION
Annual migration is a widespread adaptation to

seasonally varying environments, but the factors that

influence the decision to migrate are poorly under-

stood. Within a species, populations may be

completely migratory, completely sedentary or par-

tially migratory. Partial migration, where some indi-

viduals within the population migrate and others do

not, occurs in a wide array of taxa including insects,

fishes and birds (Lundberg 1988; Dingle 1996).

Breeding experiments demonstrate that migratory

behaviour in birds can be selected for, or against, in

few generations (
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meter dR1, representing asymmetric competition.
The number of migrants at the end of the winter
MtC(1/2) is given by

MtCð1=2Þ ZMtðdKdd 0ðMt CRtÞÞ: ð2:2Þ

Reproductive output is similarly modelled with a
density-independent (bR for residents and bM for
migrants) and a density-dependent component (b0R
for residents and b0M for migrants). At the beginning
of the next winter, the number of residents and
migrants is given by

RtC1 ZRtCð1=2ÞðbRKb0RRtCð1=2ÞÞ; ð2:3Þ



All parameters are shown in table 1. Substituting



only the boundary between residency and partial
migration is affected by changing b0R.

Higher density dependence on either breeding site
increases the range of survival values in which partial
migration is expected to occur and lower density
dependence decreases the range of survival values
for partial migration. Graphically, the upper bound
on figure 1a moves down towards the dotted line as
b0M/0 and the lower bound moves up towards the
dotted line as b0R/0. When there is no density
dependence at either breeding site, the two
boundaries are convergent on the dotted line and
partial migration will not occur. In this case, the
condition for complete migration is given by
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