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Abstract. Population ecologists have devoted disproportionate attention to the esti- 
mation and study of birth and death rates and far less effort to rates of movement. Move- 
ment and fidelity to wintering areas have important ecological and evolutionary implica- 
tions for avian populations. Previous inferences about movement among and fidelity to 
wintering areas have been restricted by limitations of data and methodology. We use 
multiple observation data from a large-scale capture-resighting study of Canada Geese in 
the Atlantic flyway to estimate probabilities of returning to previous wintering locations 
and moving to new locations. Mark-resight data from 28 849 Canada Geese (Branta can- 
adensis) banded with individually coded neck bands in the mid-Atlantic (New York, 
Pennsylvania, New Jersey), Chesapeake (Delaware, Maryland, Virginia), and Carolinas 
(North and South Carolina) were used to estimate movement and site fidelity. Two three- 
sample mark-resight models were developed and programmed using SURVIV to estimate 
the probability of moving among or remaining within these three wintering regions. The 
model (MV2) that incorporated "tradition" or memory of previous wintering regions fit 
the data better than the model (MV1) that assumes that a first-order Markov chain described 
movement among regions. Considerable levels of movement occurred among regions of 
the Atlantic flyway. The annual probability of remaining in the same region for two suc- 
cessive winters, used as a measure of site fidelity, was 0.7 10 + 0.0 16 (estimated mean i 
SE [S), 0.889 i 0.006, and 0.562 k 0.025, for the mid-Atlantic, Chesapeake, and Carolinas, 
respectively. The estimated probability of moving to the Chesapeake from the mid-Atlantic 
or from the Carolinas was 3 x and 25 x as high, respectively, as the probability of moving 
in the opposite directions. Changes in estimated probabilities of moving between years 
corresponded to changes in winter harshness. In warm years, geese moved north and in 
cold years, they moved south. Geese had a high probability of moving to and remaining 
in the Chesapeake. Annual changes in the movement probabilities did not correspond to 
annual changes in the United States Fish and Wildlife Service midwinter survey. Consid- 
erable numbers of geese from the Carolinas appeared to be wintering in more northerly 
locations ("short-stopped") in subsequent winters. 
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INTRODUCTION 

All changes in population size result from changes 
in birth, death, immigration, and/or emigration. Pop- 
ulation ecologists have devoted disproportionate at- 
tention to the estimation and study of birth and death 
rates and far less effort to rates of movement. The 
inability to account for observed population changes 
solely in terms of birth and death rates has led to an 
increased awareness of the potential importance of 
movement to population dynamics (e.g., Krebs et al. 
1973, Lidicker 1975, Hestbeck 1982, 1986, 1988, Con- 
nor et al. 1983, Pienkowski and Evans 1985). 

Movement and fidelity to wintering areas have im- 
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portant ecological and evolutionary implications for 
avian populations. Possible survival and future repro- 
ductive "benefits" of returning to the same wintering 
area include familiarity with the distribution of food 
resources, roost sites, cover, and predators (Raveling 
1969, Spaans 1977, Nichols et al. 1983). However, if 
the relative suitability of different wintering sites with 
respect to factors affecting fitness varies from year to 
year, and if this variation can be perceived by birds, 
then opportunistic selection of the "most suitable" 
wintering grounds could occur each year (Nichols et 
al. 1983). 

Previous inferences about movement among and fi- 
delity to wintering areas have been restricted by lim- 
itations of data and methodology. Annual variation in 
bird counts on wintering areas and in winter band re- 
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Year 

FIG. 1. Number of Canada Geese kt,, wintering in the 
mid-Atlantic (-), Chesapeake (- --), and Carolina (-----) 
regions of the Atlantic flyway from 1948 to 1989. 

covery distribution patterns has provided evidence of 
variation in wintering ground location (Pulliam and 
Parker 1979, Nichols et al. 1983, Terrill and Ohmart 
1984, Diefenbach et al. 1988a, b). Recapture or re- 
sighting of marked individuals in the same wintering 
area in different years has provided evidence of fidelity 
(Koerner et al. 1974, Raveling 1979). Such methods 
sometimes permit tests for differences in fidelity among 
groups (Diefenbach et al. 1988a, b), but they do not 
permit estimation of the proportion of birds alive in a 
particular winter that return to the same wintering area 
used the previous year. 

During the last three decades, dramatic changes in 
the number of Canada Geese wintering in different 
regions have occurred for the Atlantic population (Fig. 
I), as well as other North American populations (e.g., 
Mississippi Valley population [Reeves et al. 1968, 
Rusch et al. 19851, Eastern Prairie population [Vaught 
and Kirsch 1966, Humburg et al. 19851, Hi-Line pop- 
ulation [Szymczak 19751, and Rocky Mountain pop- 
ulation [Krohn and Bizeau 19881). It is generally be- 
lieved that Canada Geese have a strong propensity to 
use the same geographical locations for migration and 
wintering grounds year after year (Raveling 1969, 1970, 
1979, Bellrose 1980). Yet, as new habitat has become 
available in more northern states, Canada Geese ap- 
pear to have abandoned wintering locations in the 
southern states (Reeves et al. 1968). 

In the Atlantic flyway during the 1960s, the number 
of geese wintering in the Chesapeake (Delaware, Mary- 
land, Virginia) increased, while the number wintering 
in the Carolinas (North and South Carolina) decreased. 
In recent years, numbers of geese have subsequently 
decreased in the Chesapeake and increased in the mid- 
Atlantic (New York, Pennsylvania, New Jersey). These 
changes may have resulted from lower survival for 
geese migrating to more southerly locations, from geese 
moving into newly created habitat in the north (short- 
stopped), or from changes in both movement and sur- 
vival (Crider 1967, Hankla and Rudolph 1967, Addy 

and Heyland 1968, Crissey 1968). In the Atlantic fly- 
way, Trost et al. (1986) found that survival differences 
between Maryland and North Carolina were consistent 
with the direction of change in relative numbers during 
the 196Os, but that the difference was not large enough 
to account for the observed change in relative number 
between these two states. Hestbeck and Malecki (1989) 
also found that regional survival differences in the At- 
lantic flyway have contributed to changes in relative 
numbers occumng in the 1980s. The role of movement 
in causing these changes is unknown and remains to 
be explored. 

In this paper, we use multiple observation data from 
a large-scale capture-resighting study of Canada Geese 
in the Atlantic flyway to estimate probabilities of re- 
turning to previous wintering locations and moving to 
new locations. We first develop two different models 
to test the hypothesis that wintering ground selection 
is described by a first-order Markov chain (i.e., that 
wintering ground location in year i depends only on 
wintering location in year i - l), vs. the alternative 
that wintering ground selection involves a second-or- 
der stochastic process (i.e., that location in year i de- 
pends on wintering location in years i - 1 and i - 2). 
We then use estimates under the appropriate model to 
evaluate current ideas about fidelity of Canada Geese 
to particular wintering grounds, the directionality of 
shifts in wintering grounds (e.g., short-stopping), and 
possible influences of weather on shifts in wintering 
ground location. Finally, we combine these estimates 
with United States Fish and Wildlife Service midwinter 
survey estimates of goose numbers to evaluate the role 
of movement in recent changes in relative numbers of 
geese in regions of the Atlantic flyway. 

Field methods and data sources 

Information about numbers of geese was obtained 
from the United States Fish and Wildlife Service mid- 
winter survey. Since the total midwinter estimate of 
geese changed annually, the estimated percentage of 
geese present within each region was used for com- 
parisons. The percentage was estimated by summing 
the midwinter counts for each state within a region, 
dividing the regional totals by the midwinter total for 
all three regions, and multiplying by 100. 

Information on climate was obtained from monthly 
summaries of "Climatological Data" (NOAA). Re- 
cordings for the mid-Atlantic came from airport sta- 
tions in Rochester, New York, Erie, Pennsylvania, and 
Atlantic City, New Jersey. Recordings for the Chesa- 
peake and Carolinas came from airport stations in Sal- 
isbury, Maryland and New Bern, North Carolina, re- 
spectively. Individuals from the mid-Atlantic 
population (Bellrose 1980) start migrating from north- 
ern Quebec in September and amve at their southern 
terminus from November to January (Bellrose 1980). 
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The number of days with a minimum temperature 
recording 50°C during November, December, and 
January was used as a measure of winter severity to 
illustrate the effect of weather on the regional move- 
ment of geese. Lincoln (1935) found that movement 
of the 2°C isotherm appeared to govern the speed at 
which Canada Geese migrate north. The measure of 
winter severity for the mid-Atlantic was the mean of 
recordings for the three stations. A temperature gra- 
dient was estimated by subtracting the total number 
of days 50" for the Carolinas from the total for the 
mid-Atlantic. 

Project personnel banded 28 849 adult and subadult 
Canada Geese with uniquely coded yellow neck bands 
during the fall and winter of 1983-1984, 1984-1985, 
and 1985-1 986 in the mid-Atlantic, Chesapeake, and 
Carolinas. Observers travelled specific routes within 
the eight states and recorded 10 1 732 resightings. Each 
state was surveyed every 1-3 wk from October to April, 
1983 through 1988. Because we were concerned with 
only the migrant population, observations were also 
made during summer 1987 to detect resident geese. All 
marked individuals found within the wintering states 
during summer were classified as residents and were 
removed from the analyses. 

The sampling period used to estimate movement 
rates was defined as 4 January to 15 February. This 
period excludes the fall migration and corresponds to 
the time when most geese are at their southern ter- 
minus. The hunting season for Canada Geese generally 
began in early to mid-October and ended in mid- to 
late January. The hunting season was closed in South 
Carolina from the fall of 1985 to present. The effect of 
harvest on movement appears to be strongest during 
the early stages of the hunting season (J. B. Hestbeck, 
personal observation). 

The analysis was applied to three independent, re- 
gional cohorts of geese for each year (1 984-1 986) where 
n,, represented the number of geese banded or observed 
during the sampling period of year i in region j. Ob- 
servations of these geese during the subsequent two 
sampling periods provide the observation histories used 
for estimation. We denote the three regions as A for 
the mid-Atlantic, B for the Chesapeake, and C for the 
Carolinas. We also use 0 to denote the event that an 
individual was not observed during a given sample 
period. Let XYZ denote a particular observation his- 
tory where X = A, B, or C depending upon the region 
of initial observation, Y = 0, A, B, or C depending on 
whether and where the goose was observed, and Z = 

0, A, B, or C, also depending on whether and where 
the goose was observed. For example, history AOB de- 
notes a goose captured or observed in region A during 
year i, not seen during year i + 1, and observed in 
region B during year i + 2. The raw data for each 
analysis included the number of geese in each of three 
regional cohorts and the number of geese associated 
with each possible capture history. If a goose was ob- 

served in > 1 region during a particular sampling pe- 
riod, the observation was randomly assigned to one 
region. This occurred for only 1% of the individuals 
included in the analysis. 

Mark-resight models 

We developed two three-sample mark-resight mod- 
els to estimate movement probabilities. One model, 
MV1, appears to be equivalent to that of Arnason (1 972, 
1973) and is parameterized with transition and sighting 
probabilities defined as: 

$I,,,,, = probability that a bird alive and present in 
region j during year i survives and is 
present in region k during year i + 1, 

P , ,  = probability that a bird present in region j 
during year i is observed during that period. 

Sighting probabilities, P,,, are similar to the capture 
probabilities of the standard Jolly-Seber model (Jolly 
1965, Seber 1965) and differ only in that they are de- 
fined for region j. Transition probabilities, d,,,, are 
similar to Jolly-Seber survival probabilities but differ 
in specifying the location of the goose at the beginning 
(region j) and ending (region k) of the transition period 
(i to i + 1). Movement in MV1 is described by a first- 
order Markov chain, i.e., movement between two con- 
secutive sampling periods depends only on location of 
a bird in the prior sampling period. For example, the 
d,,,,,, (transition probabilities) depend only on the 
location u) of the goose during i + 1. 

The assumptions required by model MV1 are similar 
to those required by the standard Jolly-Seber model 
(Seber 1982, Pollock et al. 1990): (1) time- and region- 
specific sighting and transition probabilities are the 
same for all marked birds found in a particular region 
and in a particular sampling period, (2) birds behave 
independently with respect to sighting probability, sur- 
vival, and movement, (3) marked birds do not lose 
their marks, (4) all samples are instantaneous, and (5) 
losses to the population through emigration are per- 
manent. These assumptions are testable, to some de- 
gree, with model goodness-of-fit statistics. 

The effect of violation of the assumptions has not 
been examined for model MV1; however, because the 
sighting and transition probabilities of model MV1 are 
similar to the capture and survival probabilities of the 
standard Jolly-Seber model, respectively, an idea of 
possible biases due to violation of the assumptions of 
MV1 can be obtained by examining the effects of vi- 
olation of the assumptions of the Jolly-Seber model. 

Carothers (1979) found that biases in the estimation 
of survival rates (hence transition rates) due to hetero- 
geneity in probability of capture among individuals 
were negligible even when the test of equal catchability 
revealed significant variation in capture probabilities. 

For the second assumption, birds behave indepen- 
dently with respect to sighting probability, survival, 
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and movement. This assumption will be violated for 
geese because geese are not independent entities (Sulz- 
bach and Cooke 1978). Although this will not bias any 
estimators, the true sampling variances are larger than 
those computed from the statistical models for the data 
(Pollock and Raveling 1982). 

The third assumption is that marked birds do not 
lose their marks. If geese lose their neck bands, esti- 
mates of survival will be negatively biased. However, 
when the transition probabilities are decomposed into 
survival and movement components, as noted below, 
the bias due to tag loss will be associated with the 
survival and not the movement component. 

The assumption that sampling is instantaneous can 
never be strictly met. Because all mortality for the 
Jolly-Seber model and all movement and mortality for 
model MV 1 should occur between samples, estimation 
of survival or transition probabilities is sensitive to the 
length of the sampling and intersampling periods. To 
guarantee this, the length ofthe sampling period should 
be small compared to the length of time between sam- 
pling, and sampling should not occur during periods 
of high mortality, such as the opening of hunting sea- 
sons, or high movement, such as times of migration. 
As noted earlier, sampling for this experiment occurred 
3 mo after the opening of the hunting season in the 
northern states and during the time when geese are 
more sedentary and at their southernmost terminus. 

The assumption regarding nonpermanent emigra- 
tion can be important for a study of survival and move- 
ment. For studies on a flyway level, nonpermanent 
emigration will be very small because almost all regions 
are sampled. However, for smaller scale projects, non- 
permanent emigration can be a greater problem. The 
best way to restrict this problem is to conduct the es- 
timation during a period of time when migration or 
smaller scale movement will be small. 

In addition to model MV1, we developed a more 
general model, MV2, which incorporated "tradition" 
or memory of previous wintering regions into a prob- 
abilistic model. In this model, movement was de- 
scribed by a second-order stochastic process such that 
the transition probabilities, $,-, , ,, depend on the lo- 
cation not only at i + 1 but also the location during 
the previous year at i. Specifically, we allow the tran- 
sition probability from location j at i + 1 to location 
k at i + 2 to differ for geese that were located in region 
k at time i , ,) vs. geese that were not located at 
k during time i ($*,-, , ,). 

The assumptions for model MV2 are similar to those 
for model MV1 except that the first assumption is mod- 
ified to allow that all marked birds with the @,-, ,, or 
4*,-, , , transition probabilities have the same proba- 
bility of moving from region j to k given that the bird 
was either inside or outside of region k at time i and 
was in region j at time i + 1. 

The likelihood functions for models MV 1 and MV2 
can be written as the product of the three multinomial 

distributions corresponding to birds initially released 
from each region at time i. The likelihood function is 
conditioned on the numbers of released birds, n,,,. Each 
cell of the multinomial corresponds to a particular ob- 
servation history. The probability associated with each 
cell is modeled using the transition and sighting prob- 
ability parameters of the respective model, MVl or 
MV2. A listing of the 48 possible capture histories with 
their associated probabilities under each model is 
available from the authors. The observed numbers of 
birds exhibiting each observation history are then used 
in conjunction with program SURVIV (White 1983) 
to obtain maximum likelihood estimates under each 
model. We made no attempt to derive closed-form 
estimators, but note that Arnason (1 973) derived mo- 
ment estimators for MV1. We tested fit of our models 
(and hence model assumptions) using the goodness-of- 
fit test of SURVIV and tested the more biologically 
interesting hypothesis of an influence of memory and 
tradition, using a likelihood ratio test between models 
MV1 and MV2. 

We were primarily interested in movement proba- 
bilities, but the transition probabilities we estimated 
actually represent products of movement and survival 
probabilities. We can write the transition probabilities 
as: 

dz,j,h = st,] +8,J,h,  (1) 
where S,, represents the probability that a goose alive 
during time i in region j survives (does not die or 
permanently emigrate) until time i + 1, and +,,,,, de- 
notes the probability that a goose in region j during 
time i moves to region k at time i + 1, given that the 
goose survives from i to i + 1. 

3 

Because Z) +,,,,, = 1, we can write an identity for 
k= 1 

+L,.A as: 

An estimator for +, , , can be obtained using Eqs. 1 and 
2 as: 

Because the $,,, must be estimated, we used the mod- 
ified estimator and associated variance presented in 
Appendix A to estimate +,, , instead of the method 
implied in Eq. 3. We used Z statistics to compare 
estimates of $, , , among years and regions (Brownie et 
al. 1985:180-182). 

Population projections 

To project the relative, regional abundance of geese 
that would be expected to result solely from the esti- 
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mated movement probabilities, we viewed regional 
movement as a first-order Markov chain and used ihe 
average estimated annual movement probabilities, $,,,, 
to construct a matrix of probabilities of moving among 
the three regions, T' (e.g., see Quirin 1978): 

Assuming the $,, are constant through time, we can 
compute an equilibrium distribution of movement 
probabilities by taking T' to the nth power until it 
converges to an equilibrium matrix W. Each row of 
W is equivalent and corresponds to the equilibrium 
probability distribution of being located in the three 
regions ( e g ,  Quirin 1978). 

The transient effects of movement on population size 
of each region yere examined by comparing estimated 
immigration, I,,, and emigration, E,,,, for year i and 
region J. Immigration and emigration were estimated 
using the estimated movement probabilities, $,,,,,, sur- 
vival rates, S,,,, for year i and region J from Hestbeck 
and Malecki (1 989), and population number, N,,,, for 
year i and region J from the United States Fish and 
Wildlife Service midwinter survey. For example, im- 
migration and emigration for the mid-Atlantic region 
for year i were estimated as: 

Variances were estimated as (Goodman 1960): 

G r t j ,  
n A n A 

= N2, .(i2, .vart+, B,Al + Jzi B, <VartS, .I 

Because variances for t h e  N,, are not known or esti- 
mated, variances for I,, and E,, are underestimated. 
Net movement, M,,, for region J and year i was esti- 
mated as M = j,, - E,,. The variance of M~,  was 

I J n  n A 

estimated as ~ a r [ ~ , , ]  = VartZ,,] + = r [ ~ ,  ,I. 

Midwinter survey 

The distribution of geese within the Atlantic flyway 
has greatly changed from 1948 to the present. During 

the period ofthis study (1 983-1 988), the relative abun- 
dance of geese wintering in the mid-Atlantic has in- 
creased while decreasing in the Chesapeake. From 1984 
to 1988, the midwinter percentages have gone from 19 
to 32% in the mid-Atlantic, 77 to 65% in the Chesa- 
peake, and 4 to 3% in the Carolinas. Of particular 
interest, from 1984 to 1986 the midwinter percentages 
were approximately constant for the three regions. Then 
between 1986 and 1987, the midwinter percentage in- 
creased from 20 to 29% for the mid-Atlantic, dropped 
from 77 to 68% in the Chesapeake, and remained at 
3% in the Carolinas. 

Climate data 

Our data for winter harshness varied over time (Ta- 
ble 1). The number of days with a minimum temper- 
ature S O 0  during November, December, and January 
ranged from 58 to 67 d for the mid-Atlantic, 48 to 57 
d for the Chesapeake, and 26 to 36 d for the Carolinas, 
and the temperature gradient ranged from 22 to 4 1. 
The winter of 1985-1986 was warmest in the mid- 
Atlantic (58 d) and coldest in the Carolinas (36 d), and 
the gradient was 22. The winter of 1986-1 987 was 
coldest in the mid-Atlantic (67 d) and warmest in the 
Carolinas (26 d), and the gradient was 4 1 d. 

Mark-resight models 

Goodness-of-fit tests for MV 1 indicated rejection of 
this model (P  < .001) for data from each year. Ex- 
amination of the observed and expected numbers of 
geese for each observation history and the correspond- 
ing contribution to the total x2 statistic showed that 
only a few specific histories were responsible for the 
lack of fit. The number of geese making a particular 
transition from i + 1 to i + 2 was larger than expected 
when the locations at times i and i + 2 were the same, 
and smaller than expected when the locations were 
different. 

Model MV2 fit the data from the 1984 (x2,, = 21.3, 
P = .13) and 1985 (x2,, = 19.7, P = .19) cohorts ad- 
equately, but did not fit the 1986 cohort data (x2,, = 

4 1.0, P < .001). However, 47% of the total x2 value 
for the 1986 cohort was contributed by a single cell. 
When this cell was omitted, the model fit the data 
adequately (x2,, = 2 1.6, P = .09). Under MV2, com- 
parison of estimated average annual transition prod- 
ucts (d*,+,J,kP,-2,k VS. d'i-IJ,iP,+2.k) demonstrated that 
geese located in region k at time i had consistently 
higher probabilities of being found in region k at time 
i + 2 than geese that were not located in region k at 
time i (Table 2). Comparison of MV2 and MV1 using 
a likelihood ratio test also provided strong evidence of 
the need to incorporate memory and tradition into the 
mode1 (1984, x2, = 31.6, P < .001; 1985, x2, = 95.1, 
P < .001; 1986, x2, = 90.9, P < .001). These results 
indicated that the assumption that a first-order Markov 
chain described movement was not appropriate. 

Estimated annual sighting and transition probabili- 
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TABLE 1 .  Climatic data for the mid-Atlantic, Chesapeake, 
and Carolinas for winters 1983-1984 through 1986-1987. 

Number of days min. temp. <O°C 
Temp. 

Novem- Decem- Janu- grad.* 
Region ber ber arq Total (d) 

1983-1984 
Mid-Atlantic 11 23 29 63 30 
Chesapeake 4 19 28 51 
Carolinas 2 12 19 33 

1984-1985 
Mid-Atlantic 15 18 30 63 33 
Chesapeake 16 13 28 57 
Carolinas 8 4 18 30 

1985-1986 
Mid-Atlantic 6 2 5 27 58 22 
Chesapeake 2 2 3 25 50 
Carolinas 0 16 20 36 

1986-1987 
Mid-Atlantic 15 23 29 67 41 
Chesapeake 8 18 22 48 
Carolinas 1 11 14 26 

*Temperature gradient is computed as the difference in 
total number of days 5 P C  between mid-Atlantic and Car- 
olina regions. 

ties varied among years and regions (Table 3). Annual 
sighting probabilities were 0.605 i 0.024 ( 2  i G),  
0.433 + 0.013, and 0.542 i 0.036, for the mid-At- 
lantic, Chesapeake, and Carolinas, respectively. The 
estimated probabilities of moving also varied among 
years and regions (Table 4). Geese had a higher prob- 
ability of moving north during the winter of 1985- 
1986 than during 1984-1985. The probability in- 
creased for geese moving from the Chesapeake to the 
mid-Atlantic (Z = 2.89, P = .002) and from the Car- 
olinas to the Chesapeake (Z = l .66, P = .048). During 
the winter of 1986-1 987, geese had a higher probability 
of moving south when compared to the previous win- 
ter. The probability increased for geese moving from 
the mid-Atlantic to the Chesapeake ( Z  = 1.96, P = 

.025) and from the Chesapeake to the Carolinas (Z = 

3.53, P < .001). The probability decreased for geese 
moving from the Chesapeake to the mid-Atlantic ( Z  
= 3.07, P = .001) and for geese moving from the Car- 
olinas to the Chesapeake ( Z  = 4.52, P < .001). Also 
during the 1986-1987 winter, the probability of re- 
maining in the Carolinas dramatically increased from 
0.464 in 1985-1986 to 0.717 (Z = 4.77, P < .001). 

The mean annual probabilities of geese moving into 
the Chesapea,ke from the mid-Atlantic or from the Car- 
olinas were three times (0.096 to 0.287) and 25 times 
(0.01 5 to 0.37 1) as high, respectively, as those of mov- 
ing in the opposite directions. In regard to short-stop- 
ping geese from the Carolinas, the mean probability of 
moving into the Carolinas from the mid-Atlantic or 
Chesapeake was smaller than the probability of moving 
from the Carolinas to the mid-Atlantic (Z = 6.37, P 
< .001) or Chesapeake ( Z  = 14.8, P < .001). 

The probability of remaining in the same region for 
two successive years (a measure of site fidelity) was 
0.710 f 0.016 ( 2  + S), 0.889 i 0.007, and 0.562 i 
0.025, for the mid-Atlantic, Chesapeake, and Caroli- 
nas, respectively. The average probability of remaining 
in the Chesapeake was higher than that of remaining 
in the mid-Atlantic ( Z  = 10.3, P < .001), and the 
probability of remaining in the mid-Atlantic was high- 
er than that of remaining in the Carolinas ( Z  = 4.99, 
P < .001). 

Population projections 

The transitio? matrix of mean estimated movement 
probabilities, q,,,, yielded an equilibrium relative 
abundance of 0.247, 0.727, and 0.027 for the mid- 
Atlantic, Chesapeake, and Carolinas, respectively. 
These projected proportions of Atlantic flyway geese 
in each of the three regions resulted from the repeated 
application of the average annual movement proba- 
bilities from Table 4 and are very similar to indepen- 
dent estimates of relative abundance based on the mid- 
winter survey. 

No consistent patterns were found in the annual es- 
timates of the number of geese moving among regions 
(Table 5). In the Carolinas, net losses of geese occurred 
during 1984-1985 and 1985-1986, but a net gain oc- 
curred for 1986-1 987. Changes in the annual estimates 
of the number of geese did not match the changes ob- 
served in the midwinter survey. 

All changes in population size result from changes 
in birth, death, immigration, and/or emigration. The 
inability to account for observed population changes 
solely in terms of birth and death rates has led to an 
increased awareness of the potential importance of 
movement to population dynamics. Our analyses per- 
mit several inferences about movement among and 
fidelity to wintering areas for Canada Geese. Our re- 
sults indicated that considerable movement occurred 
among large-scale regions. The estimated probabilities 
of returning to the previous wintering ground, used as 
a measure of site fidelity, were consistently highest for 

TABLE 2. Comparison of mean estimated transition products 
under model MV2 for geese that were either located in 
region k at time i ( @ I , +  , , ,P,+,,,) or not located in region k 
at time i (4*,+, ,,,P,+,,,). 

From To A - 
region J region k 4*,+ ,, ,P,+, , @',+ ,, ,P,+, , 

A A 0.2 1 0.3 1 
A B 0.043 0.11 
A C 0.0023 0.0022 
B A 0.026 0.12 
B B 0.22 0.25 
B C 0.0048 0.063 
C A 0.021 0.075 
C B 0.084 0.12 
C C 0.1 1 0.30 
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TABLE 3. Number of individuals released from each cohort (n,,]), and estimated means (with corresponding estimated standard 
errors) of the probability of surviving and moving to region k given that the goose was released at time i from region j 
(4,,],k, where j and k may be regions A, B, or C); of surviving until i+ 1 given that the goose was alive at time i in region j 
(S,,);* and of being observed during time i+ 1 given that the goose was in region j at that time (P,,,,). Means, estimated 
SES, and approximate 95% confidence intervals, of those estimates are also shown for the three periods combined. 

Transition periods (i to i + 1 )  

1984-1985 1985-1986 1986-1987 Three periods combined 

f SE[~] 1 SE[~] 1 SE[.?] R SE[~] 95% c? 
Mid-Atlantic 

4 . 4  785 2083 2663 
4 ,  0.424 0.035 0.450 0.025 0.363 0.020 0.412 0.016 0.382-0.443 

0.156 0.021 0.161 0.014 0.180 0.013 0.166 0.010 0.147-0.184 
, 0.000 0.000 0.000 0.000 0.006 0.002 0.002 0.0007 0.0006-0.003 
st A 0.580 0.033 0.61 1 0.024 0.549 0.019 0.580 0.015 0.55 1-0.609 
P,,,,, 0.715 0.055 0.520 0.030 0.581 0.032 0.605 0.024 0.559-0.652 

Chesapeake 
'4 B 2086 39 15 4028 
& , B A  0.057 0.007 0.079 0.007 0.052 0.005 0.063 0.004 0.055-0.070 
k i B B  0.647 0.036 0.535 0.024 0.570 0.023 0.584 0.016 0.552-0.616 
? , , B c .  0.007 0.003 0.005 0.002 0.018 0.003 0.010 0.002 0.007-0.0 13 
st B 0.71 1 0.034 0.619 0.023 0.640 0.022 0.656 0.016 0.626-0.687 
P,,,,, 0.452 0.027 0.412 0.020 0.436 0.019 0.433 0.013 0.408-0.458 

Carolinas 
nt.~ 622 1100 9 12 
i,,c.,A 0.056 0.01 2 0.026 0.007 0.017 0.006 0.033 0.005 0.023-0.042 
4,,c.,B 0.185 0.027 0.234 0.022 0.127 0.017 0.182 0.013 0.157-0.207 
?,,< , 0.246 0.034 0.224 0.023 0.362 0.037 0.278 0.019 0.241-0.314 
st.< 0.488 0.037 0.484 0.025 0.506 0.036 0.493 0.019 0.455-0.530 
P,,,,, 0.437 0.066 0.647 0.064 0.542 0.057 0.542 0.036 0.471-0.613 

* Although the s , ,  are presented for completeness, we prefer the annual survival estimates of Hestbeck and Malecki (1989), 
which are based on a different method and use more of the available data. 

geese in the Chesapeake region, averaging 0.89. Av- rejected the assumption that a first-order Markov chain 
erage estimated probabilities of returning to the mid- described movement and provided evidence that win- 
Atlantic and Carolinas were 0.7 1 and 0.56, respec- teringground location in any given year ( i )  is influenced 
tively. by wintering ground location not only in the previous 

The comparison of models MV1 and MV2 also pro- year (i - l), but also 2 yr previous ( i  - 2). The com- 
vided information about the role of site fidelity or tra- parison of estimated transition products in Table 2 
dition in wintering ground selection. These tests clearly provided evidence that geese located in region k at time 

TABLE 4. Estimated annual probability with corresponding standard error of being in region k at time i+ 1 given that the 
goose is alive at i+ 1 and was released at time i from region j (+,,,,). Means, estimated SES, and approximate 95% confidence 
intervals for these estimates are also shown. 

Transition periods (i to i + 1 )  

1984-1985 1985-1986 1986-1987 Three periods combined 

R SE [RI 2 SE[RI R SE[RI K SE[~I 95% 

Mid-Atlantic 
0.662 
0.328 
0.010 

Chesapeake 
0.08 1 
0.891 
0.028 

Carolinas 
0.033 
0.250 
0.717 
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TABLE 5. Estimated immigration (i,,), emigration (E,,), net movement (A?,,) (means and their corresponding SE's) of geese 
for region j and years i to i + l.* Observed annual changes in the midwinter number of geese as estimated from the 
midwinter survey are shown for comparison. 

Change in mid- 
i, , SE (i, ,) E,  SE ( E .  ,) .G, SE (M, ~) winter countst . .,,, . . ,, 

Mid-Atlantic 
1984-1985 38 700 5200 27 100 5500 1 1  600 7600 15 800 
1985-1986 58 200 5800 30 000 2900 28 200 6500 8100 
1986-1987 35 700 4100 45 300 5000 -9600 6500 29 600 

Chesapeake 
1984-1985 36 700 4100 45 300 5000 -4000 6500 - 16 400 
1985-1986 37 100 3000 61 300 5900 -24 300 6600 68 500 
1986-1987 48 300 5000 47 100 4700 1200 6900 -185 200 

Carolinas 
1984-1985 4100 1800 11 700 1500 -7600 2300 - 11 400 
1985-1986 3900 1100 7800 700 - 3900 1400 3900 
1986-1987 13 400 2400 5000 700 8400 2500 -2800 

- 

* Estimates were computed uslng survival estimates of Hestbeck and Maleckl (1989), movement estimates from Table 4, 
and number of geese counted in the US Flsh and Wildlife Service midwinter survey. 

t Estimated as AT,-, - N, 

i had consistently higher probabilities of being found 
again in region k at time i + 2 than geese not located 
in region k at time i. 

The annual estimates of movement probabilities 
demonstrate strong site fidelity to the Chesapeake but 
also support the notion that geese are opportunistic in 
selecting wintering areas. Estimated probabilities of 
moving from the mid-Atlantic or the Carolinas to the 
Chesapeake ranged from 0.26 to 0.48 and were 3 and 
25 times as high, respectively, as that of moving from 
the Chesapeake to the mid-Atlantic or Carolinas. Also, 
the average estimated probability of geese moving north 
from the Carolinas was 0.44. The high probability of 
moving north from the Carolinas provides empirical 
evidence of "short-stopping" and supports the idea 
that movement may have contributed to historical de- 
clines in southern goose populations. These estimates 
are also consistent with the idea that the Chesapeake 
is a region of high habitat suitability (sensu Fretwell 
1972) and suggest that significant annual variation in 
habitat suitability occurs in the surrounding regions. 

The estimated probabilities of moving varied among 
years. Although a formal analysis was not possible with 
estimates for only 3 yr, we found that the annual vari- 
ation in movement probabilities corresponded to 
changes in weather. During the winter of 1985-1 986, 
the mid-Atlantic had the fewest days below freezing 
and the temperature gradient between the mid-Atlantic 
and Carolinas was the smallest. Estimated movement 
probabilities during this period indicated that geese 
were wintering farther north. In the next winter, 1986- 
1987, the mid-Atlantic had the highest number of days 
below freezing and the temperature gradient was the 
largest. Estimated movement probabilities during this 
period indicated that geese were wintering farther south. 
These observations are consistent with the idea that 
fall-winter temperatures play some role in wintering 

ground selection by Canada Geese (Humburg et al. 
1985). Ponds provide food and refuge for geese (Bell- 
rose 1980), and warm weather keeps ponds ice-free 
and available for use. 

The rejection of the assumption that a first-order 
Markov chain described movement, the existence of 
temporal variation in movement probabilities, and the 
knowledge that survival and reproduction may also 
influence the regional relative abundance of geese, in- 
dicate that our Markov process model is not strictly 
appropriate for projecting equilibrium regional abun- 
dances of geese. However, we note that our use of this 
model is analogous to the use of Lotka-Leslie demo- 
graphic projections (e.g., Leslie 1966, Mertz 197 1, 
Nichols et al. 1980, Lande 1988), which assume that 
survival and reproductive rates vary only with age (not 
with physiological condition or any other individual 
attribute) and remain constant over time. Equilibrium 
behavior of these demographic models is of substantial 
interest to the study of population dynamics and the 
evolution of life history characteristics (Charlesworth 
1980), despite the realization that the models do not 
provide strictly accurate descriptions of natural pop- 
ulations. The equilibrium regional relative abundances 
associated with our average estimated movement 
probabilities, T, matched the independent estimates of 
relative abundance based on the midwinter survey. 

The estimated numbers of geese emigrating or im- 
migrating annually (Table 5) depend not only on move- 
ment probabilities, but also on regional survival rates 
and abundances ofgeese. The projected annual changes 
in regional goose numbers based strictly on survival 
and movement probability estimates did not corre- 
spond to annual changes estimated from the midwinter 
survey. Changes in regional goose numbers are func- 
tions of survival, reproduction, and movement, where- 
as we estimated only the number of moving survivors. 
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In addition, we know very little about  the  accuracy o r  
precision of  the  midwinter counts. 

T h e  changes in relative abundance of  wintering Can- 
ada  Geese during the  1960s may have been caused by  
differential hunting pressure a n d  by changes in  agri- 
cultural practices that  created favorable goose habitat 
in the Chesapeake (Crider 1 967, Hankla a n d  Rudolph 
1967, Addy a n d  Heyland 1968). Changes in  relative 
abundance have continued during the  1980s. T h e  rel- 
ative abundance of  wintering geese has  increased in  the  
mid-Atlantic, decreased in  the  Chesapeake, a n d  re- 
mained constant in the  Carolinas. T h e  changes in  the  
1980s d o  not  appear t o  be caused primarily by move- 
ment. T h e  probability of  moving favors moving t o  a n d  
remaining in the  Chesapeake. Changes in the  relative 
abundance of  wintering geese have, however, been re- 
lated t o  changes in regional survival rates (Hestbeck 
a n d  Malecki 1989). 

Model M V 2  provided a n  adequate description of  our  
capture-resight data.  Models M V l  a n d  M V 2  should 
be useful for other researchers studying among- a n d  
within-year probabilities of  movement .  These models 
can also be used t o  study transition probabilities among 
any strata o r  subclasses (e.g., age, mass, reproductive 
condition, territorial class) of  interest within a popu- 
lation. 

We used a two-step process t o  estimate movement  
probabilities, first estimating d,,,,, using program SUR-  
VIV and  then using Appendix A t o  estimate $,,,,. Fol- 
lowing suggestions f rom W.  A. Link and  from K. H .  
Pollock, we also attempted t o  estimate movement  
probabilities directly by parameterizing our  models with 
S,, and  $, , , (rather than d,, ,) using the  constraint that 

3 

$,, , = 1. Under  this model, useful estimates for the  
k = i  

Canada Goose data could not  be obtained using pro- 
gram SURVIV. However, we believe that this ap- 
proach holds promise a n d  plan t o  investigate i t  further 
in the  future. 
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APPENDIX A 

The probability of moving, j,,,,,, to region k at time i + 1 
from region j at time i given that the goose survives from i 
to i + 1 was estimated (Mood et al. 1974) as: 

The vari ance for was estimated as: 

where 

and 




