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Impact of hunting on pop u la tion growth of
mid-continent Lesser Snow Geese

Abstract

Pop u la tions of Lesser Snow Geese Anser
caerulescens caerulescens in the mid-continent of North
America have increased to the point where they are causing
serious damage to some Arctic coastal eco sys tems. A recent
modelling exercise by R.F. Rockwell and col leagues
(referred to as the Original Model) suggested that increas ing
harvest rates of adults to approx i mately twice the average
level in recent years would lead to negative pop u la tion
growth and hence (under certain assump tions) be suf fi cient
to control the pop u la tion. However, some of the param e ters
in their models appear to have been inap pro pri ate. Based on
revised param e ters, which are con sis tent with analyses of
recent data, we suggest that an increase of 3.0- to 7.3-fold in
the harvest, relative to the same period analyzed in the
Original Model, would have been required to reduce pop u la -
tions at the desired rate in 1994. Despite recent increases in
harvest, we predict that a further increase of 2.1- to 4.7-fold,
relative to the estimated harvest for 1997, would be needed
in 1999 to achieve this pop u la tion reduction. Wildlife
managers need to be aware of these larger targets when con -
sid er ing appro pri ate measures to control the pop u la tion.
Given the uncer tain ties in many parameter estimates, further
modelling, combined with ongoing mon i tor ing of pop u la tion
size and demo graphic param e ters, will be required to
evaluate and refine any man age ment actions.

1. Intro duc tion

Pop u la tions of Arc tic-nesting geese in many parts of
the world are increas ing rapidly (Ebbinge et al. 1984;
Madsen 1991; Ankney 1996; Madsen et al. 1996; Abraham
and Jefferies 1997, and ref er ences therein). These increases
have been attrib uted largely to greater avail abil ity of agri cul -
tural crops for food in winter (Cooch and Cooke 1991;
Ankney 1996; Abraham and Jefferies 1997). In many places,
geese have moved from tra di tional feeding areas, such as
coastal marshes, into agri cul tural crops, such as winter
wheat, rice, and corn (Bateman et al. 1988), which provide a
higher nutrient value and are more widely available than tra -
di tional foods (Alisauskas et al. 1988).

This abundance of nutri tious food may have led to
increased overwinter survival or to higher pro duc tiv ity,
owing to increased nutrient reserves for breeding, allowing
pop u la tions to grow. These pop u la tion increases have often

been welcomed, as they provide increased oppor tu ni ties for
bird-watching and hunting. Some farmers may welcome the
geese insofar as the birds remove surplus plant material, such 
as weeds. Other farmers consider the geese to be a nuisance
because of increased losses to crops.

Whereas many concerns about increas ing goose pop u -
la tions relate to negative inter ac tions between geese and agri -
cul ture in the winter, a major man age ment concern in the
case of Lesser Snow Geese Anser caerulescens caerulescens
(hereafter referred to as Snow Geese) in the mid-continent of
North America is the negative impact that these geese are
having on parts of the Arctic ecosystem. Snow Geese con -
cen trate in large flocks at staging areas and on their breeding
grounds and sometimes feed by uprooting below-ground
veg e ta tion. This has con trib uted to sig nif i cant habitat
destruc tion on the coastal salt marshes of the Hudson Bay
lowlands (Abraham and Jefferies 1997, and ref er ences
therein) as well as on inland habitats, such as around Queen
Maud Gulf (QMG) in Nunavut (Alisauskas 1998). These
Canadian Arctic eco sys tems are being degraded by increas -
ing numbers of Snow Geese, and this problem has become a
focus for agencies respon si ble for waterfowl man age ment. A
mul ti na tional task force was convened to focus on potential
solutions to this problem, cul mi nat ing in a special pub li ca -
tion of the Arctic Goose Joint Venture of the North
American Waterfowl Man age ment Plan entitled Arctic eco -
sys tems in peril (Batt 1997). That report outlined the fun da -
men tal problems of over abun dance of Snow Geese and
discussed related issues of their pop u la tion biology and man -
age ment, from which we summarize the following key
points:

1. There have been very large increases in all mid    -
continent Snow Goose pop u la tions (Abraham and
Jefferies 1997). Estimates of growth rates for the
overall pop u la tion range from 5% to 9% annually
over the last 25 years, resulting in pop u la tion levels in 
the mid-1990s that were perhaps four times what they 
were in the early 1970s. During this time, harvest
declined (Abraham and Jefferies 1997: 27).

2. There is ample evidence indi cat ing that Snow Geese
are causing wide spread destruc tion of Arctic salt-
marsh veg e ta tion, with as much as 30% of the total
area of salt marsh along the coasts of James Bay and
Hudson Bay heavily damaged by geese (Abraham and 
Jefferies 1997).
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3. Some of these geese have thus far avoided den sity-
dependent pop u la tion reg u la tion by col o niz ing
nesting areas not known to have been used by Snow
Geese within historic record.

4. A modelling exercise (Rockwell et al. 1997)
involving analysis of a time-invariant age-classified
pro jec tion matrix was presented, con clud ing that the
most effective man age ment option for reg u la tion of
the pop u la tion would be to increase adult mortality
rates.

5. It was rec om mended that, because annual adult
mortality is composed of both natural and hunting
mortality, appar ently in an additive way, the most
effective way to increase adult mortality would be to
increase hunting kill. From the modelling exercise, it
was suggested that the pop u la tion could be decreased
within a rea son able period if the pop u la tion growth
rate could be reduced to 0.95, and that this could be
achieved if the current harvest rate of adults were
doubled (Rockwell et al. 1997: 99). 

6. It was rec om mended that this doubling of harvest rate 
should be brought about by a variety of changes in the 
current hunting reg u la tions, including removing bag
limits, allowing baiting and elec tronic calls, and
legal iz ing spring hunting (i.e., hunting later than the
current 10 March closing date).

There is little doubt that increased numbers of Snow
Geese have created problems, most acutely in the Arctic eco -
sys tems where they typically breed. However, we challenge
some assump tions under ly ing the sug ges tion in the report by
Batt (1997) that doubling the kill rate would be suf fi cient to
reduce the mid-continent pop u la tion of Snow Geese. Some
parameter estimates in the model of Rockwell et al. (1997;
hereafter called the Original Model) appear to have been
inap pro pri ate. Use of more appro pri ate assump tions changes
estimates of the extent to which the kill rate must be
increased to reduce the mid-continent pop u la tion of Snow
Geese. Rather than a twofold increase in harvest, relative to
the values used in the Original Model, we estimate that a 3.0- 
to 7.3-fold increase would have been needed to reduce pop u -
la tion size ade quately in 1994.

In this paper, we first present an argument, based on
harvest sta tis tics and estimated pop u la tion growth rates, as
outlined in the report (item 1 above; Batt 1997), that suggests 
that anything less than a fourfold increase in harvest, relative
to the period con sid ered in the Original Model, is unlikely to
stop pop u la tion growth. We then review the assump tions
used to derive some of the key param e ters in the Original
Model. Revised estimates for these rates based on currently
available data lead to much higher estimates of the extent to
which harvest needs to be increased to reduce the pop u la tion.

2. A check of the model based on harvest data and
pop u la tion growth

Based on their model, Rockwell et al. (1997)
estimated that doubling the adult harvest rate would increase
mortality suf fi ciently to reduce the pop u la tion. They
assumed that the total harvest, at the time of their analysis,
was equiv a lent to the mean value from 1985 to 1994, which
was 305 000, con sid er ing only the U.S. portion of the harvest 
(Rockwell et al. 1997: 99). Including the Canadian harvest

brings this total to about 400 000 geese (Table 1). This
implies that a reported harvest of 800 000 geese per year
should be suf fi cient to cause the pop u la tion to decline, a
value that was approached by the estimated harvest in 1997
(Fig. 1, Appendix 1). However, simple cal cu la tions of
estimated changes in harvest rates, based on the estimated
harvest and pop u la tion growth rates, suggest that this
increase would not be nearly suf fi cient. 

As noted by Abraham and Jefferies (1997), the
mid-continent pop u la tion of Snow Geese (n) increased at
least three- to fourfold from the early 1970s to the mid-
1990s. At the same time, the estimated total harvest (g)
actually decreased from 1970 to 1994 (the last year of data
used in their analysis) (Fig. 1, Table 1). From this, it follows
that the average harvest rate (g/n), which is assumed to be
pro por tional to the mortality rate due to hunting, must have
decreased during this period. Allowing for the three- to
fourfold increase in pop u la tion size and about a 20%
decrease in the average harvest between 1970 and 1994, the
harvest rate by 1994 must have been between one-quarter
and one-fifth of its value in the early 1970s. 

Thus, a total harvest 3–4 times larger than its mean
value in the early 1970s, equiv a lent to 4–5 times larger than
its mean during the early 1990s, would have been required to 
bring harvest rates to the equiv a lent of 1970s levels.
However, the pop u la tion of Snow Geese was already
growing in the 1970s (Fig. 2). If repro duc tive output and
recruit ment rates have not been changing over time (as was
assumed in the Original Model, based on the tendency for
colonies to move to new nesting grounds if they deplete an
old one), then this four- to fivefold increase in the harvest
will not even be suf fi cient to stop the pop u la tion from
growing, let alone cause it to decline at the intended rate.
Although the estimated harvest has increased in the past few
years (Fig. 1), the U.S. mean from 1995 to 1997 was only
35% higher than the mean during the early 1970s (Table 1).

The preceding arguments suggest that increas ing the
harvest to twice its level in the mid-1990s, as rec om mended
by Rockwell et al. (1997), would not be suf fi cient to control
the pop u la tion, and a much larger harvest would be required.
Thus, some of the assump tions in the Original Model must
have been inap pro pri ate.

3. Review of key assump tions in the Original Model

3.1 Original der i va tion of change in kill rate required to
reduce Snow Goose abundance

Pop u la tion size can be reduced only if the growth rate 
λ (defined as the asymp totic growth rate expected when
neither survival nor fecundity changes over time) is reduced
to a value of less than 1.0. This can be achieved by decreas -
ing repro duc tive output, by increas ing mortality, or both.
Rockwell et al. (1997) carried out a sen si tiv ity analysis of
their model for pop u la tion dynamics of Snow Geese and
showed that pop u la tion growth rate is most sensitive to
changes in adult survival rates. This con clu sion is con sis tent
with expec ta tions for any pop u la tion with rel a tively high
adult survival and little or no evidence of senescent decline
in repro duc tive value (Caswell 1989; Francis et al. 1992b;
Rockwell et al. 1993). Based on this analysis, Rockwell et al. 
(1997) concluded that the most efficient way to control Snow 
Goose pop u la tions would be through increas ing adult
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mortality. In most goose pop u la tions that have been studied,
natural and hunting mortality appear to be additive (Francis
et al. 1992a). This implies that the mortality rate due to
natural causes (E) is not affected by hunting mortality, at
least within observed limits. If we assume the natural
mortality rate is not otherwise changing over time (as was
done by Rockwell et al. 1997), it follows that the overall
mortality rate will increase if hunting kill (K) is increased.
Rockwell et al. (1997) estimated the degree to which hunting 
kill would need to be increased to reduce growth in the
following way. Using their model, they first deter mined the
degree to which adult survival (sa) would need to be reduced
to achieve the desired pop u la tion growth rate (values of
λ = 0.95 and λ = 0.85 were both used). Let this desired lower 
adult survival rate be s'a. Since adult survival is a function of
both natural (E) and hunting mortality (K)

s (1 K)(1 E)a = − − (1)

then the kill rate (K) cor re spond ing to a given adult survival
rate (sa) and natural mortality rate (E) is given as

K 1
s

(1 E)
a= −

−
(2)

Thus, the relative degree to which kill rate K would need to
be increased from present levels to reduce pop u la tion growth 
to a specified value is
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Ta ble 1
Es ti mated mean an nual har vest for Lesser Snow Geese in mid-continental
North Amer ica by five-year pe ri ods as es ti mated from har vest sur veys in the 
United States (Mis sis sippi and Cen tral fly ways) and Can ada (Sas katch e wan, 
Man i toba, and On tario)

Mean an nual har vest (000s)

Time pe riod U.S.A. Canada Total

1970–1974 399 –a –a

1975–1979 427 75 503

1980–1984 394 112 506

1985–1989 292 110 402

1990–1994 317 77 395

1995–1997 540 103 643
a Com pa ra ble har vest es ti mates are not avail able for the Ca na dian prai ries

dur ing this pe riod.

Fig ure 1
Es ti mated to tal num bers of Lesser Snow Geese har vested in the Mis sis sippi and Cen tral fly ways of the U.S.A. and
 central Can ada (On tario, Man i toba, Sas katch e wan) from 1970 to 1997. Re li able data for Can ada were not avail able for
1970–1974, so they were es ti mated from the mean for 1975–1979. Solid line rep re sents a run ning three-year mean. Years 
with un usu ally low har vest (e.g., 1992) were as so ci ated with low pro por tions of young in the har vest and were prob a bly
due to poor breed ing suc cess rather than re duced hunt ing ef fort.
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1
s'

(1 E)

1
s

(1 E)

s' E 1

s E 1
needed

present

a

a

a

a

=
−

−

−
−

=
+ −
+ −

(3)

where s'a is the desired survival rate and sa is the present
survival rate. To solve this expres sion, only estimates of sa

and E are required. Alter na tively, this can be rewritten in
terms of sa and K only:

K

K

s' (K 1) s

s K
needed

present

a present a

a present

=
− +

(4)

In the Original Model, Rockwell et al. (1997) used the
former approach (in principle) and estimated E by first
esti mat ing the kill rate K cor re spond ing to what they
assumed to be current estimates of adult survival (sa). Kill
rate K can be estimated from analysis of recovery data as 

K f / c= φ/ (5)

where f (recovery rate) is the prob a bil ity that (a) a banded
bird is shot (killed), (b) the shot bird is retrieved, and (c) its
band is reported; φ (reporting rate) is the prob a bil ity that a
banded bird will have its band reported, given that it was
shot and retrieved; and c (retrieval rate) is the prob a bil ity that 
a lethally shot banded bird is retrieved. Generally, only the
recovery rate f can be estimated directly from recovery data,
and kill rate K must be derived using known or assumed
values for reporting and retrieval rates. Given an estimate for 
kill rate and adult survival rate, natural mortality rate is
derived by rear rang ing equation 1 as

E 1
s

(1 K)
a= −

−
(6)

Making specific assump tions about recovery, reporting and
retrieval rates, and current survival rate, Rockwell et al.
(1997) derived an estimate for K and (using the preceding
expres sion) for natural mortality rate E. They deter mined that 
hunting kill rate (and thus the total number of birds harvested 
at a given pop u la tion size) would need to be approx i mately
doubled relative to current values to reduce growth to
λ = 0.95 and approx i mately tripled to reduce growth even
further, to λ = 0.85.

3.2 Evaluation of key assumptions in the Original Model

From equation 4, it is clear that estimates of three
param e ters are needed to determine the change in harvest
required to control the pop u la tion: current survival rate sa,
current kill rate Kpresent, and survival rate s'a required to
achieve a par tic u lar λ. In this section, we consider three
potential problems with the estimates for these param e ters
used in the Original Model: temporal variation in survival
and harvest rates; geo graphic variation in these rates; and
uncer tainty in the estimate of s'a.

3.2.1 Temporal changes in recovery and survival rates
The Original Model of Rockwell et al. (1997: 98–99)

used a recovery rate (f) cor re spond ing to the mean value
obtained by Francis et al. (1992a) for the colony at La
Pérouse Bay (LPB) from 1980 to 1988 (f = 0.0254, which
was close to the estimated value for 1983). Similarly, the
Original Model assumed an adult survival rate sa = 0.88,
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Fig ure 2
Mid win ter counts of Lesser Snow Geese in the Mis sis sippi and Cen tral fly ways from 1960 to 1997. The curve was fit ted 
by log-linear re gres sion and sug gests a growth rate of 4% per year. A re gres sion from 1970 on wards sug gests a growth
rate of only 3% per year, but data from breed ing ground counts sug gest that the true pop u la tion growth rate was 5% per
year or higher (see text).



cor re spond ing to the value estimated by Francis et al.
(1992a) for 1987. These rates would be appro pri ate only if
recovery and harvest rates had not changed since those times. 
In fact, the pop u la tion nearly doubled between 1983 and
1997, when their report was written (assuming λ = 1.05),
while harvest remained at or below the 1983 levels, at least
through 1994 (Fig. 1, Table 1). Since harvest rate is simply
the ratio of the total number of birds harvested to the total
number of birds in the pop u la tion at the start of the hunting
season, then, assuming constant natural mortality, we expect
a doubling of pop u la tion size to reduce recovery rate to
approx i mately half. Under assump tions of additivity, this
will increase adult survival rate. Francis et al. (1992a) dem -
on strated that both rates changed sig nif i cantly in the
predicted direc tions between 1970 and 1988 and argued that
the changes were largely a con se quence of increases in pop u -
la tion size without con com i tant increases in harvest. Given
that the pop u la tion continued to grow after 1988, without
further increases in harvest, at least until 1995, it seems
likely that these rates have continued to change.

Thus, values used in the Original Model to calculate
how much harvest needs to be increased to reduce λ were
based on an assumed recovery rate f that was higher, and an
assumed adult survival rate sa that was lower, than was likely 
to have applied during the range of years used in the original
analysis.

3.2.2 Geo graphic variation in survival and recovery rates
A second challenge to the Original Model is that

values for f and sa were based upon data from LPB, which is
one of the smaller colonies of Snow Geese (Fig. 3) and may
not be typical of the rest of the mid-continent pop u la tion.
Recovery rates of Snow Geese banded at LPB were higher
than those of Snow Geese banded at either Cape Henrietta
Maria (CHM) or McConnell River (McC) during the same
years (Francis and Cooke 1992a). Reporting rates for Snow
Geese at LPB appear to be com pa ra ble to those of other
species of waterfowl and were not affected by colour bands
(Appendix 2), sug gest ing that these dif fer ences in recovery
rates were due to intercolony variation in either harvest or
survival rate.

Geese from different colonies around Hudson Bay
follow different migration routes and hence are subject to
different harvest pressures (Francis and Cooke 1992a). In the 
case of geese from CHM, recovery rates were lower than
those of geese from LPB, but survival rates were similar.
Francis and Cooke (1992a) suggested that this was due to
harvest of CHM geese by aborig i nal hunters around James
Bay, who rarely reported bands. During the 1970s, the
annual harvest by Cree around James Bay and Hudson Bay
was estimated at about 31 000 birds in Quebec (Boyd 1977)
and about 45 000 in Ontario (Prevett et al. 1983). The total is 
com pa ra ble to the total reported harvest of mid-continental
Snow Geese elsewhere in Canada during this period
(Table 1). The pro por tion of birds harvested in James Bay
that originate from CHM, as opposed to Baffin Island, is
unknown, but it is plausible that the aborig i nal harvest was
large enough to reduce survival rates of birds from CHM to a 
level com pa ra ble to that of birds from LPB, despite lower
harvest (as indexed by recovery rates) in other areas of North 
America.

In contrast, most geese from McC migrate farther
west, where many fewer are harvested by aborig i nal hunters.

In this case, the lower recovery rate at McC may indicate a
lower harvest rate than at LPB. Assuming no addi tional
sources of natural mortality, this would imply that survival
rates were higher at McC than at LPB. The point estimates of 
adult survival rates from McC were higher than those from
LPB (Francis and Cooke 1992a); however, because banding
at McC continued for only two years, despite very large
sample sizes, the precision was not adequate to confirm this.

If harvest rates differ among colonies, as suggested by 
these analyses, then values from LPB are not nec es sar ily
appro pri ate for esti mat ing demo graphic param e ters of the
entire mid-continent pop u la tion.

3.2.3 Survival rate required to reduce λ to 0.95
Using the Original Model, Rockwell et al. (1997)

concluded that a survival rate of sa = 0.795 would be suf fi -
cient to reduce λ to 0.95, cor re spond ing to a 5% per year
reduction in the pop u la tion. This value was derived from the
pro jec tion matrix used to model the mid-continent pop u la tion 
and is ana lyt i cally correct, given that matrix. However, there
are several reasons to question the validity of pro jec tions
from that matrix. In the Original Model, the matrix elements
were modified a pos te ri ori to derive a matrix yielding an
expected value for λ that matched the observed growth rate
of the mid-continent pop u la tion (assumed to be 5% per year). 
This was done using logical expec ta tions based largely on
data from LPB.

The problem with using growth rate λ as a criterion
for model selection is that there is an infinite set of com bi na -
tions of survival and fertility values that will yield the same
growth rate (Caswell 1989). Thus, it is not possible to verify
the validity of any par tic u lar matrix without addi tional data.
Such data were not available from other colonies for the
same period, but there is ret ro spec tive evidence that suggests 
that the matrix used in the Original Model was not appro pri -
ate. Spe cifically, the value of adult survival of 0.795 required 
to reduce growth to 0.95 was nearly the same as the estimate
for average adult survival rate at LPB from 1970 to 1978
(sa = 0.80), a period when both the LPB pop u la tion (Cooch
and Cooke 1991; Francis et al. 1992a) and the mid-continent
pop u la tion in general were growing rapidly (Reed et al.
1987; Kerbes 1994). If s'a = 0.795 were actually suf fi cient to
reduce pop u la tion size now, this implies that either
(1) average pro duc tiv ity of young through out the
mid-continent pop u la tion is now much lower than it was at
LPB during the 1970s or (2) adult survival rates were higher
at colonies other than LPB, or both. We think that both
expla na tions are insuf fi cient. First, although there are clear
dif fer ences in expected pro duc tiv ity among colonies
(fecundity, espe cially nesting success and immature survival, 
is likely to be lower at the larger, more northern colonies
than at LPB, because of the shorter nesting season and more
frequent total breeding failure), age ratios in the harvest
show no long-term changes in the pro por tion of immature
geese in the mid-continent pop u la tion (C.M. Francis, unpubl. 
data). This suggests that average fecundity of the
mid-continent pop u la tion was not sig nif i cantly higher during
the 1970s than at present. Second, assuming that natural
mortality was at least as great for geese nesting in northern
areas with a longer migration and harsher breeding con di -
tions as for geese at LPB, higher adult survival rates at
northern colonies would have to be due to lower hunting
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mortality. While this appeared to be the case in the com par i -
son of McC and LPB data, estimates of kill rates from
harvest surveys and breeding ground counts suggest that the
average mid-continent harvest rate may actually be higher
than that for LPB (see Section 4.1, below). Thus, there is
little com pel ling evidence to suggest that survival rates
averaged higher at northern colonies than at LPB.

Esti mating the adult survival value s'a needed to
reduce growth rate based on a single pro jec tion matrix
(which nec es sar ily makes sim pli fy ing assump tions about
homo ge ne ity among colonies and no changes over time) is
poten tially prone to sig nif i cant bias. A more robust approach
would require devel op ing a spatially and tem po rally struc -
tured metapopulation model, which is beyond the scope of
the current paper. Nev er the less, we note that, given the
uncer tainty sur round ing the validity of the pro jec tion matrix,
it may be prudent to use a lower target survival rate to
increase the like li hood of sat is fac to rily reducing the pop u la -
tion. A value of s'a = 0.795 may not be suf fi cient to stop

pop u la tion growth, and a target of s'a = 0.72, as rec om -
mended in the Original Model to reduce λ to 0.85, may be
more appro pri ate to ensure that the realized λ is actually
<1.0.

4. Con se quences of revised assumptions

In the preceding section, we showed that estimates of
two of the key param e ters, kill rates and survival rates, in the 
Original Model may have been inap pro pri ate. In this section,
we use available data to obtain better estimates of these
param e ters and then recal cu late the changes in harvest that
would be required to reduce the pop u la tion at an adequate
rate. Apart from revising these estimates, we have retained,
as much as possible, the assump tions and design of the
Original Model.

We carried out this analysis in two stages. We first
cal cu lated the increase in harvest that would have been
required in the 1994 hunting season to control the
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Fig ure 3
Ma jor nest ing ar eas of mid-continent Lesser Snow Geese in north east ern Can ada. Sizes of cir cles are pro por tional to
es ti mated num bers of geese breed ing at each col ony in 1997 or 1998: Queen Maud Gulf, 1 384 000 (Alisauskas et al.
1998); Baffin Is land, 1 767 000; Southampton Is land, 708 000; Cape Henrietta Maria, 200 000; La Pérouse Bay, 66 000; 
McConnell River, 154 000 (R.H. Kerbes, pers. commun.).



pop u la tion. That year was chosen for two reasons. First, it
was the most recent year of harvest data used in the devel op -
ment of the Original Model. As a con se quence, our results
can be compared directly with those of Rockwell et al.
(1997). Second, most of the available data on recovery and
survival rates of Snow Geese, on which we base our cal cu la -
tions, are available only up until that date. The 1994 harvest
was similar to the mean over the previous decade.

As a second step, we then predicted the changes in
harvest that would be required in 1999, relative to the most
recent harvest estimate available (1997–1998 season).
Because we do not have adequate data to measure directly
the con se quences of increases in harvest from 1995 onwards
(Table 1, Fig. 1), we base this pre dic tion on observed rela -
tion ships between harvest and survival rates in earlier years.

From equation 4, we see that the magnitude of the
increase in kill needed to achieve the desired reduction in
pop u la tion growth (under the assump tions of the model used
by Rockwell et al. 1997) is dependent only on the kill rate
and the adult survival rate, so we proceed to estimate those.

4.1 Estimated kill rate in 1994

As pointed out by Rusch and Caswell (1997), there
are two ways in which harvest rate (which is pro por tional to
kill rate) could be estimated. The first is from band recov er -
ies, following equation 5. The second requires estimates of
the total pop u la tion before the hunting season, as well as the
total harvest. We shall consider both of these approaches in
turn.

We estimated the recovery rate for 1994 based on a
modelled rela tion ship between recovery rate and time, rather
than using the point estimate of recovery rate for 1994, to
improve the precision of the estimate and to obtain an
estimate that may better predict changes in the future. We
based our initial analyses on data from LPB, which was the
only breeding colony of Snow Geese with extensive banding
from the 1970s to the 1990s and hence with suf fi cient data to 
estimate the rela tion ship between recovery and survival
rates. Starting in 1988, many birds did not receive colour
bands, but, as shown in Appendix 2, this did not affect
recovery rates, so we pooled data from birds with and
without coloured legbands. We based our estimates of
recovery rates only on direct recov er ies (those in the season
imme di ately following banding), for two reasons. First, we
could pool data from the sexes, thus increas ing the precision
of estimates. Second, recovery rates of pre vi ously banded
birds tend to be lower than those of newly banded birds,
possibly because of changes in breeding status (Francis et al.
1992b).

The results indicate that recovery rates declined, at
least through 1994 (P << 0.001; Table 2), as we had
predicted from a constant or declining harvest and growing
pop u la tion. Mean recovery rates in the 1990s were about
one-quarter of what they were in the early 1970s, as
predicted by the arguments in Section 2 of this paper. The
estimated value for 1994 was 0.011 (95% con fi dence limits
0.009–0.013). Assuming a reporting rate of 0.38 and a
retrieval rate of 0.8, this cor re sponds to a kill rate of 0.036
(range 0.029–0.044 based on the 95% con fi dence limits of
the recovery rate estimate).

We also estimated recovery rates for Snow Geese
banded from 1990 to 1997 at QMG, the only other breeding

colony where large numbers of birds have been banded every 
year recently. We included only birds that had received
either a single metal legband or a metal band on one leg and
a coloured band on the other leg. The latter were applied to
most of the immature females but none of the adults. We
excluded birds with neck collars, because their recovery rates 
were about twice those of birds marked con cur rently with
only legbands (C.M. Francis, unpubl. data). During 1990–
1994, mean recovery rates of both adults and young were
similar to, but slightly lower than, those estimated for LPB
during the same period (Table 2). The estimated adult
recovery rate for 1994, based on linear regres sion over time,
was 0.0078 (95% con fi dence limits 0.002–0.014). These data 
are con sis tent with the earlier McC data sug gest ing that
recovery rates may be lower for some of the more western
colonies than for LPB, as discussed above (Section 3.2.2).
Assuming similar reporting rates at these colonies, as at LPB, 
these cor re spond to a kill rate of 0.026 (range 0.007–0.047).

An alter na tive approach for esti mat ing harvest and
kill rates is based on estimates of the total pop u la tion at the
start of the hunting season and the total harvest. Current
estimates of the total legal harvest (g) by licensed hunters of
Snow Geese in Canada and the United States, based on the
harvest survey data, are believed to be rea son ably unbiased
(Cooch et al. 1978; Geissler 1990), although this must be
taken partly on faith, as there are many uncer tain ties related
to ques tion naires that are not returned, as well as to the kill
by unli censed hunters. On the other hand, estimates of the
pop u la tion at the start of the hunting season are not available
directly. Francis et al. (1992a) used midwinter inventory data 
(N) to derive a crude estimate of direc tions of change in
harvest rate with the formula g/(g + N). However, that
approach is not suitable for quan ti ta tive measures of harvest
rates, for several reasons. First, the midwinter inventory is, at 
best, only an index of the total pop u la tion, which may
represent less than 50% of the true winter pop u la tion (e.g.,
Kerbes 1975). Without an estimate of the cor rec tion factor
required to convert midwinter counts to total pop u la tion size, 
g and N cannot mean ing fully be added together. Second, the
pro por tion of the pop u la tion counted on the midwinter
survey has likely been changing over time, as increas ing pro -
por tions of Snow Geese winter in agri cul tural fields away
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Ta ble 2
Mean di rect re cov ery rates of Lesser Snow Geese banded at La Pérouse Bay, 
Man i toba, and Queen Maud Gulf, Nunavut, from 1970 to 1995 by five-year
pe ri odsa

Adult re cov ery rate Im ma ture re cov ery rate

Lo ca tion/time pe riod Mean SE Mean SE

La Pérouse Bay
1970–1974 5.19 0.49 9.44 0.46

1975–1979 4.42 0.44 8.49 0.37

1980–1984 3.06 0.15 5.52 0.54

1985–1989 1.87 0.24 2.53 0.53

1990–1994 1.28 0.22 2.22 0.52

1995b 1.38 0.40 1.46 0.40

Queen Maud Gulf
1990–1994 1.00 0.24 1.95 0.76

1995–1997b 1.67 0.16 2.89 0.65
a For this anal y sis, sexes were pooled, as were birds with and with out col our 

legbands, be cause nei ther of these fac tors in flu ences di rect re cov ery rates.
b Note that re port ing rates may have in creased dur ing this pe riod be cause of

the use of a toll-free tele phone num ber start ing in 1995 to re port bands.



from the coast. Third, the midwinter survey takes place
before the end of the hunting season, so that part of the
harvest (g) rep re sents birds counted in the midwinter survey.
Fourth, the preceding equation does not consider crippling
loss and natural mortality between the start of the hunting
season and the time of the midwinter survey. Fifth, the
midwinter survey does not dif fer en ti ate between Ross’ Geese 
Anser rossii and white-phase Snow Geese, which have
poten tially been increas ing at different rates. Finally, harvest
rates differ by age class, but the midwinter survey provides
no infor ma tion on the age com po si tion of the pop u la tion
(although age com po si tion has been estimated for flocks in
some areas since the 1950s; U.S. Fish and Wildlife Service
1997).

An alter na tive source of infor ma tion on pop u la tion
size is from counts of breeding colonies (Fig. 3). These
counts, based mostly on aerial pho tog ra phy, are believed to
provide rea son able estimates of the number of breeding indi -
vid u als on each colony surveyed (Kerbes 1975, 1994;
Alisauskas et al. 1998). These surveys have not been carried
out every year, but, during 1997 and 1998, all known
moderate to large breeding colonies in the Arctic were
surveyed (Fig. 3). The total estimated breeding pop u la tion in
those colonies at that time was 4.38 million adults. This
under es ti mates the total pop u la tion to the extent that geese
are nesting in colonies that were not surveyed or were
outside the bound aries that were surveyed. The extent of the
under es ti mate is thought to be small (R.H. Kerbes, pers.
commun.), but it is obviously unknown. In contrast, this
could over es ti mate the 1994 pop u la tion to the extent that the
pop u la tion continued to grow through 1997–1998. To
estimate the number of adults in the fall flight in 1994, we
assume that those two factors cancelled each other out. We
also assumed that the numbers of these geese that were
harvested in other flyways (e.g., the Pacific Flyway) were
com pa ra ble to the numbers of geese from more western
colonies (e.g., Banks Island) that were included in the
Central Flyway harvest. To estimate the adult harvest rate in
1994, we also need to estimate the number of nonbreeding
adult geese present during the fall flight. We used matrix
models, with the same param e ters as the models of Rockwell 
et al. (1997), to estimate the nonbreeders at 28% of the
number of breeding geese (E.G. Cooch, unpubl. data). This is 
similar to the pro por tion of nonbreeders estimated by
Alisauskas et al. (1998) to be present on the colony at QMG
(32% of the number of breeders). Using the mean of these
two estimates (30%), we estimated the fall flight in 1994 at
approx i mately 5.6 million adults. The mean total harvest
during 1985–1994, which was similar to the estimated
harvest in 1994, was 400 000. The estimated average age
ratio in the harvest during this period, based on parts surveys
by the U.S. Fish and Wildlife Service and the Canadian
Wildlife Service, was 0.575. Thus, the estimated adult
harvest was 230 000, and the estimated harvest rate was
230 000/5 600 000 = 0.04. Allowing for a retrieval rate of
0.80, as we did in the recovery rate analysis, this rep re sents a 
kill rate of 0.05. This is close to the estimated kill rates
obtained from recovery rate analyses, espe cially con sid er ing
the unknown precision and accuracy of most of the param e -
ters used in obtaining the estimates.

4.2 Estimated survival in 1994

If mortality asso ci ated with hunting is additive to
other sources of mortality, and if nonhunting mortality has
not changed over time (as was assumed in the Original
Model), then it follows that a decrease in harvest rates, as
indicated by the decline in recovery rates, should be asso ci -
ated with an increase in survival rates. To test this, again
using banding data from LPB, we used SURVIV (White
1983) to estimate adult survival rates using models derived
from those in Brownie et al. (1985). We used data from birds 
banded as both adults and immatures. The most general
model we fitted allowed all survival and recovery rates to
vary among years (model H1). However, adult survival rates
were estimated with very poor precision from that model,
espe cially in recent years, owing to declining sample sizes
banded as well as declining numbers recovered. To increase
sen si tiv ity for detecting changes in survival rates, we then
fitted a model in which survival rates were con strained to be
constant over each five-year period from 1970 to 1994 (the
final year for which survival rates could be estimated,
because banding stopped in 1995). We compared this with
models in which survival was con strained to be constant for
the final 15 or final 10 years of the period, cor re spond ing
with the assump tions of the models of Rockwell et al.
(1997).

For data from both male and female Snow Geese, the
most par si mo ni ous model, as deter mined by the Akaike
Infor ma tion Criterion, allowed adult survival to differ among 
five-year periods, with the final five-year period different
from earlier five-year periods (Table 3). In a one-tailed test
of the hypoth e sis that mean adult survival rates increased in
the final period (as predicted by the change in harvest rates),
versus the hypoth e sis that they had not increased, the hypoth -
e sis of no change was rejected for males and females
(P < 0.05 in both cases).

We also estimated survival rates based upon adult
banding data from 1989 to 1995 at QMG. We used the same
criteria as in the recovery rate analysis, except that we also
included 1989 data (the start of banding at that site) to
increase the sample. Although precision was poor, the mean
estimates for both sexes were remark ably close to the most
recent estimates for LPB (Table 3), reaf firm ing the sug ges -
tion that adult survival rates are currently higher than pos tu -
lated by Rockwell et al. (1997).

Although it seems likely that survival continued to
increase from 1990 to 1994, our best estimates of survival
rates for 1994 from these models are the estimates of mean
survival during the final period, of approx i mately sa = 0.94.
Unfor tu nately, even if we pool data from males and females,
the standard error (SE) of this estimate from LPB is rel a -
tively high at ±0.029. This cor re sponds to 95% con fi dence
limits for survival between 0.88 and 1.0, rep re sent ing
mortality rates between 0.12 and 0.0.

An alter na tive approach to esti mat ing survival rates
for 1994 is to model survival as a linear function of recovery
rates (Francis et al. 1992a). Following Francis et al. (1992a),
we fitted this model using data from birds banded only as
adults, with males and females pooled. The resultant model,
including data from 1970 to 1995, was nearly identical to
that derived by Francis et al. (1992a) using only data through 
1988: si = 0.92 – 2.9fi, where si is adult survival rate in year i
and fi is the adult recovery rate in year i. Based on our earlier 
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estimate of 0.011 for the recovery rate in 1994, this suggests
a survival rate that year of 0.89, near the lower con fi dence
limit of the direct estimate. A third approach is to model
survival as a linear function of time. Although survival
obviously cannot increase indef i nitely in a linear fashion, this 
model was an equally good fit to the regres sion in relation to
recovery rates within the range of years analyzed (1970–
1994). The estimated survival rate for 1994 from this model
was 0.91.

4.3 Impact of revised parameters on required harvest
estimates in 1994

In the preceding sections, we estimate adult kill rates
for 1994 at 0.026 and 0.036 based on recovery data from
QMG and LPB, respec tively, or at 0.05 based on estimates of 
total harvest and total fall adult pop u la tion. The dif fer ences
between QMG and LPB were similar to the dif fer ences
between McC and LPB in the late 1970s. The lower values
based on banding data could be due to any of several factors: 
(1) reporting rates of banded birds were lower than we
assumed (despite two inde pend ent der i va tions of a similar
value); (2) harvest rates from at least one of these colonies
were lower than the mean for the pop u la tion; (3) the harvest
surveys are biased high, perhaps because of nonresponses; or 
(4) the fall flight of adults was under es ti mated, perhaps as a
result of over looked colonies, inac cu rate counts, or a pro por -
tion of nonbreeders that was higher than estimated. There are 
insuf fi cient data to determine which of these may be most
important; in any case, standard errors are not available for
several of the com po nents of both estimates. We suspect that
the estimate of 0.026, although poten tially appro pri ate for
some colonies, is too low for the mid-continent pop u la tion as 
a whole, because this implies that either fall flight of adults
was twice as high as we estimated or that actual harvests
average only half as large as estimated by harvest surveys.
Although errors of this magnitude are possible, they seem
unlikely, so we will restrict our analyses to the range from
0.036 to 0.05 (if 0.026 was correct, the required increase in
harvest would be even greater than we estimate).

Direct modelling of survival suggests a value of 0.94
for both LPB and QMG, but, as noted above, the con fi dence
limits are fairly wide. Com par i son with the preceding

estimates of kill rate suggests that these estimates are
probably too high, as they imply a natural mortality rate (E),
based on equation 1, between 0.01 and 0.03. These are con -
sid er ably lower than the estimate of E = 0.08 derived from
the long-term rela tion ship between recovery and survival
rates at LPB (Francis et al. 1992a). They are also much lower 
than mortality estimates from a nonhunted pop u la tion of
Barnacle Geese Branta leucopsis (Owen 1984), although the
latter may be expected to be greater than for Snow Geese
because of a longer, more arduous migration flight over the
ocean. Although ready avail abil ity of food on staging and
wintering areas may have led to low natural mortality of
adult Snow Geese, it seems unlikely to be less than 0.03, and
it could well be higher. Estimated survival from long-term
models was between 0.89 and 0.91, implying natural
mortality rates between 0.04 and 0.08. The true average
value for the pop u la tion in 1994 was likely between these
limits of 0.89 and 0.94, so we base our analyses on these
limits.

Based on the models of Rockwell et al. (1997), sa

must be reduced to 0.795 to reduce λ to 0.95 and to 0.72 to
reduce λ to 0.85. From equation 4, for the ranges of param e -
ters just mentioned, we estimate that an increase in kill rate
between three- and fivefold would have been required to
reduce sa to 0.795 in 1994, and between 4.5- and 7.3-fold to
reduce sa to 0.72 (Fig. 4). These results contrast with the con -
clu sions of Rockwell et al. (1997) that doubling the kill rate
for the first rate and tripling it for the latter rate would have
been suf fi cient. Fur ther more, as we noted in Section 3.2.3,
reducing survival to 0.80 may not be suf fi cient to reduce λ
below 1.0, so the estimates for sa = 0.72 may be more
appro pri ate.

If we consider the total estimated harvest during 1994 
of 230 000 adults (see above), a three- to fivefold increase
(as required to reduce sa to 0.795) implies a harvest between
0.7 and 1.1 million adult geese, whereas a 4.5- to 7.3-fold
increase (to reduce sa to 0.72) implies a harvest between 1.0
and 1.6 million adults. Assuming an age ratio of 57% adults
in the harvest, these ranges cor re spond to a total harvest
(including young birds) somewhere between 1.2 and 2.8
million geese.

4.4 Predicted increase required for 1999

Survey data indicate that the Snow Goose harvest has
increased since 1994, with the total estimated harvest for
1997 about 80% higher than the 1985–1994 mean (Table 1).
Mean recovery rates of geese marked at QMG were about
60% higher in 1995–1997 relative to 1990–1994 (Table 2),
sug gest ing that this increased harvest led to increased harvest 
rates. However, the increased recovery rates could also be
due to the intro duc tion of a toll-free telephone number to
report goose bands in 1995, as well as increased efforts to
promote band reporting. Thus, we cannot use these recovery
rates to estimate harvest and kill rates directly. Instead, we
predict the required harvest for 1999 based on estimated
changes in pop u la tion size. We note that even an 80%
increase in harvest was far less than our minimum estimate
of a threefold increase required to stop pop u la tion growth. If
the pop u la tion continued to grow at 5% per year (λ = 1.05),
it would be about 27% larger in 1999 than it was in 1994.
Even allowing for some reduction in the growth rate due to
increased harvest, it seems likely that the pop u la tion will be
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Ta ble 3
Adult sur vival rates of Lesser Snow Geese banded at La Pérouse Bay,
Man i toba, and Queen Maud Gulf, Nunavut, from 1970 to 1995 by five-year
pe ri odsa

Male sur vival rate Fe male sur vival rate

Lo ca tion/time pe riod Mean SE Mean SE

La Pérouse Bay
1970–1974 0.80 0.019 0.80 0.020

1975–1979 0.82 0.015 0.81 0.017

1980–1984 0.86 0.014 0.84 0.017

1985–1989 0.86 0.018 0.83 0.020

1990–1994 0.94 0.039 0.94 0.042

Queen Maud Gulf
1989–1995 0.94 0.063 0.92 0.064
a Pa ram e ters were es ti mated with SURVIV, in de pend ently for each sex,

us ing a model that as sumed that adult sur vival re mained con stant within
each five-year pe riod, but im ma ture sur vival rates and all re cov ery rates
var ied among years (birds banded as immatures were in cluded in the
anal y ses for La Pérouse Bay only).



at least 20% larger in 1999 than it was in 1994. Under this
assump tion, the total harvest required to control the pop u la -
tion in 1999 would be about 20% higher than was estimated
in the previous section. Thus, the total required harvest
would be between 0.85 and 1.9 million adults, which,
assuming no changes in age ratios (the estimated age ratio in
the 1997 harvest was again 57%), rep re sents between 1.5 and 
3.4 million geese. Relative to the most recent harvest
estimate available, of 720 000 birds for 1997, this cor re -
sponds to a further 2.1- to 4.7-fold increase.

If we assume that the harvest and fall flight estimates
we used for 1994 were rea son ably accurate and that sa must

be reduced from 0.89 to 0.72 to ensure adequate reduction in
the pop u la tion, then our best estimate of the required harvest
in 1999 would cor re spond to about 2.1 million geese out of a
predicted fall flight of 9.2 million geese (assuming 20%
growth from 1994 to 1999 and 27% immatures in the flight).
However, we caution that we cannot be sure that harvest or
breeding pop u la tion estimates are more accurate than
estimates from recovery rates, and the required harvest could 
be anywhere between 1.5 and 3.4 million, based on our
current knowledge.
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Fig ure 4
Ef fect of dif fer ent val ues of cur rent adult sur vival and kill rate on es ti mated in crease in kill rate needed to re duce adult
sur vival to 0.795 or 0.72, the val ues re quired to achieve growth rates of λ = 0.95 and 0.85, re spec tively, based on the
as sumed ma trix in the Orig i nal Model of Rockwell et al. (1997). Lines rep re sent pairs of sur vival and kill rate val ues
cor re spond ing to a spec i fied num ber of times in crease in kill rate. For ex am ple, if cur rent adult sur vival rate is 0.91 and
cur rent kill rate is 0.04, then re duc ing sa to 0.795 will re quire an ap prox i mately 3.8- to 4.0-fold in crease in kill.



5. Discussion

We agree with Rockwell et al. (1997) that a deter min -
is tic stage-based matrix model can be a valuable tool for
modelling demog ra phy of animal pop u la tions, including
Snow Geese. However, as was shown by Francis et al.
(1992a), there have been long-term changes in survival rates
of both adult and immature geese, as well as large annual
fluc tu a tions in pro duc tiv ity and postfledging survival. Under
these cir cum stances, the stable age dis tri bu tion assumed in
the standard analyses of matrix models will not be reached
(Caswell 1989), and use of mean values of demo graphic
param e ters, espe cially survival rates, may be of limited
utility for pop u la tion modelling. Although it is still possible
to use matrix pop u la tion models, their pre dic tions will be
accurate only if the model param e ters include the current age 
dis tri bu tion of the pop u la tion and current values of demo -
graphic param e ters. Fur ther more, the ability of the model to
predict beyond the immediate future will depend upon the
extent to which it models changes in these demo graphic
param e ters and the precision to which they can be estimated.
As Figure 4 clearly shows, the relative increase in kill needed 
to achieve man age ment objec tives is very sensitive to
estimates of adult survival and kill rates.

In this paper, we have con cen trated on esti mat ing
these two demo graphic param e ters. We have accepted, for
the moment, the assump tions in the Original Model
regarding most param e ters, such as mean age-specific repro -
duc tive output, but we have shown that the values used by
Rockwell et al. (1997) for survival and kill rates were not
appro pri ate for the mid- to late 1990s. We predict that the
harvest must be increased 1.5- to 3.0-fold more than was
estimated in the Original Model to achieve the required
reduc tions in adult survival rates.

The preceding estimates (like those presented in the
Original Model) were cal cu lated in terms of increas ing adult
harvest but are expressed in terms of increases in the total
harvest, assuming no long-term change in age ratios in the
harvest. Because the repro duc tive value of young birds is
sub stan tially less than that of adults, the increased harvest of
young birds will have a pro por tion ately much smaller effect
on pop u la tion growth (E.G. Cooch, J.D. Lebreton, and F.
Cooke, unpubl. data), but it will still have an effect. Using a
model developed by Francis (this volume), we estimated that 
a threefold increase in the total harvest would be roughly
equiv a lent to a fourfold increase in the adult harvest with no
change in the immature harvest (C.M. Francis, unpubl. data). 
Con sidering that harvest rates of immature geese have also
been decreas ing over time (as indexed by recovery rates;
Table 2), an increase in their harvest is probably required to
meet the assump tions of the Original Model. Whether this
should be increased by more or less than the adult harvest
could be deter mined only by revis it ing all of the assump tions 
of the Original Model, which is beyond the scope of the
current paper.

It is worth noting that if it were possible to increase
the pro por tion of adults in the harvest by selec tively shooting 
adults or by hunting in areas or at times when adults are
more vul ner a ble, this would reduce the amount of increase
required in the total harvest. On the other hand, if an increase 
in the overall harvest resulted in a higher pro por tion of
immature birds being taken, then an even greater increase in
the total harvest would be required to achieve the desired
growth rate targets.

Although we have con cen trated on the con se quences
of using inap pro pri ate values of survival and recovery rate
estimates, there is a need to recon sider other assump tions in
the Original Model. Here, we restrict ourselves to outlining
some of the possible vari a tions to the assump tions that need
to be con sid ered. If man age ment actions are to be taken
based upon these models, we feel that it should be a very
high priority to develop new models to test the effects of
varying these assump tions.

One of the more critical assump tions was that λ was
stable over time and that 1.05 was an accurate estimate of λ.
Rockwell et al. (1997) con structed a matrix based upon the
best available estimates of indi vid ual param e ters and found
that the estimated growth rate was higher than suggested by
measures of change in overall pop u la tion size. They then
argued that, because some of the input param e ters of the
model were not well measured (e.g., the pro por tion of adult
females that breed each year), it was appro pri ate to adjust
some of the other param e ters to match the observed λ. We
agree that poorly measured param e ters should be adjusted to
match those that are measured more precisely.

Unfor tu nately, there is some uncer tainty about the
pop u la tion growth rate over the period in question. The
estimate of 1.05 reported by Rockwell et al. (1997) was
derived incor rectly from the midwinter surveys by a simple
linear regres sion of abundance against year for the period
1970–1994. A more appro pri ate analysis of the midwinter
surveys, using the logarithm of abundance against year, gives 
λ = 1.03 for the period 1970–1997 or λ = 1.04 for the period
1961–1997 (Fig. 2). Assuming a constant growth rate,
constant harvest, and asymp totic age dis tri bu tions, λ can also 
be estimated from changes in recovery rate. Under these
assump tions, pop u la tion size at any time t is given by:

N Nt 0
t= λ

and recovery rate at time t is:

f ft 0
t= −λ

Based on recovery rate estimates from either LPB or
CHM (Francis et al. 1992a), λ was 1.06, which is higher than 
estimates from winter counts. Allowing for the slight
decrease in harvest between 1970 and 1995 (Table 1), 1.05
may be con sis tent with these estimates.

The parameter λ can also be estimated from breeding
ground counts. Most of the colonies in the central and eastern 
Canadian Arctic were surveyed using aerial pho tog ra phy,
combined with some ground counts, in 1973 (Kerbes 1975)
and again in 1997–1998 (Alisauskas et al. 1998; R.H.
Kerbes, pers. commun.; Fig. 3). Inter po lating estimates for
colonies that were surveyed in other years, the total mid -
continent pop u la tion increased from about 1.1 to 4.19 million 
breeding adults, which cor re sponds to λ = 1.057. Some
colonies, such as those around QMG, have been growing
much more quickly (Alisauskas et al. 1998), but this may be
due partly to immi gra tion from other colonies that have been
declining. This λ is similar to the estimate derived from the
recovery rate analysis and sub stan tially higher than the
estimate from winter counts: over a 25-year period, a growth
rate of 1.057 cor re sponds to a fourfold increase, while a
growth rate of 1.031 rep re sents only a 2.1-fold increase.
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Even if the mean value of λ has been close to 1.05
over the study period, there is reason to believe that λ may
have changed over time, because survival rate has been
increas ing. If this has not been com pen sated by reduc tions in
other demo graphic param e ters, then λ must have been
increas ing as well. If λ was actually higher than 1.05 in 1994, 
then the Original Model may have under es ti mated the extent
to which survival rates need to be reduced to cause the pop u -
la tion to decline. As noted above (Section 4.3), the Original
Model suggested that sa = 0.795 would be suf fi cient to
reduce λ to 0.95, whereas empirical data from LPB indicate
that adult survival was approx i mately equal to that value
from 1970 to 1978 (Francis et al. 1992a), a period when the
pop u la tion was increas ing rapidly. This dis crep ancy could be 
due to use of inap pro pri ate fecundity param e ters owing to
incorrect assump tions about λ and whether it was changing
over time.

The issue of possible den sity-dependent processes
should also be con sid ered. The param e ters used in the
Original Model were derived from a colony that had large
reduc tions in repro duc tive output and immature survival
rates between the early 1970s and the late 1980s. The
Original Model assumed that repro duc tive output was
constant over time and that Snow Geese, con sid er ing the
mid-continent pop u la tion as a whole, avoided den sity -
dependent reduc tions in repro duc tive output by moving to
new breeding sites when con di tions dete ri o rated at any given 
locality. Indeed, analyses of age ratios in the long-term
harvest data provide no evidence for long-term reduc tions in
pro duc tiv ity (C.M. Francis, unpubl. data). However, some of
the values used in the Original Model were based upon mean 
values from 1973 to 1984. Rockwell et al. (1997: 83) assert
that, during this period, “the veg e ta tion at La Pérouse Bay
was above the threshold for adequate foraging and gosling
growth,” but this is not con sis tent with the obser va tions that
growth (Cooch et al. 1991) and survival rates (Francis et al.
1992a) of immature geese had already declined dra mat i cally
by 1978. Without revis it ing all of the assump tions of the
Original Model, it is unclear how this may affect the
con clu sions.

If den sity-dependent effects were causing changes in
the nonhunting mortality rate E, this would also affect the
con clu sion. Increased nonhunting mortality of immature
Snow Geese was dem on strated at LPB, appar ently as a result 
of dete ri o ra tion of feeding con di tions on their breeding
colony (Francis et al. 1992a). Although some geese, espe -
cially young ones, may be able to avoid this effect by
moving to new breeding areas, many mature adults continue
to return to the same breeding areas despite dete ri o ra tion of
the breeding envi ron ment (Cooch et al. 1993; Ganter and
Cooke 1998). As a result, increas ing dete ri o ra tion of habitat
on breeding colonies is likely to have at least some negative
effects on pop u la tion growth. It is con ceiv able that this could 
also increase nonhunting mortality of adults, although no
data are available to test this. If so, a smaller increase in
harvest may be suf fi cient to reduce survival rates to values
necessary to control the pop u la tion. On the other hand, if E
were increas ing as a result of any sort of com pen sa tory
effects, then larger increases in harvest might be required,
because at least some of the increased harvest might be com -
pen sated by reduc tions in other forms of mortality. Unfor tu -
nately, our estimates of E depend upon the assump tion that
mortality has been additive, so we cannot test this directly.

The ultimate test of any model will be through
measuring changes in growth rate of the pop u la tion if the
harvest is increased. Obviously, close mon i tor ing will be
required to measure any such changes in demo graphic
param e ters, including pop u la tion size, growth rate, survival
rate, and harvest rate. Such mon i tor ing will not be without
con sid er able financial cost and logistic dif fi cul ties. Mon i -
toring survival rates requires continued banding of large
numbers of birds at the same site for many years, pref er a bly
sites that have been used exten sively in the past. Unfor tu -
nately, with the current very low recovery rates, even
banding several thousand birds per year may provide
survival estimates with insuf fi cient precision to measure the
expected changes in survival rates. For example, after
banding about 5000 geese at QMG between 1989 and 1996
(excluding neck-collared birds, which differ in recovery and
probably survival rates), the 95% con fi dence limits of mean
adult survival for sexes combined ranged from 0.84 to 1.0
(Table 3). These cover a very wide range of pop u la tion
growth rates. Increased recovery rates owing to greater
harvest, the recent intro duc tion of toll-free numbers for
reporting bands, and efforts to promote band reporting
should improve precision. At the same time, some of those
measures mean that recovery rates can no longer be inter -
preted as indices of harvest rates, at least until new estimates
of reporting rates are available. Thus, it will also be critical
to develop a reward band study for mid-continent Snow
Geese to measure the new reporting rates, once the effects of
efforts to increase reporting rates have sta bi lized.

6. Management implications

Any math e mat i cal model of pop u la tion growth in a
pop u la tion of wild animals nec es sar ily involves a sim pli fi ca -
tion of reality, with a variety of assump tions. If the assump -
tions are appro pri ately chosen and the critical com po nents of
the system are ade quately rep re sented, then the model may
provide useful pre dic tions of the con se quences of various
man age ment options. Although the dif fer ences between our
assump tions and those of the Original Model appear to be
quite small, the change in the pre dic tions is very large.

A major rec om men da tion of the Arctic Goose Habitat 
Working Group of the Arctic Goose Joint Venture was to
reduce the pop u la tion growth rate to an annual level between 
0.85 and 0.95 by increas ing the harvest to between two and
three times the mean harvest levels at the time (Batt 1997:
118–119). However, with revised assump tions, which are
supported by analyses of recent data, we estimate that a 3.0-
to 7.3-fold increase relative to the harvest at that time would
have been required in 1994. Despite a nearly 1.8-fold
increase in the estimated harvest by 1997 relative to the
earlier mean values, we estimate that a further 2.1- to 4.7-
 fold increase would still be required in 1999 to reduce the
pop u la tion ade quately. For the mid-continent pop u la tion, this 
cor re sponds to a total harvest, as measured by the harvest
surveys, of between 1.5 and 3.4 million geese.

We emphasize the uncer tainty in these estimates. If
the true value required is close to the higher of these
estimates, then achieving the lower value would likely be
insuf fi cient to stop pop u la tion growth. Con versely, if the true 
value is at the lower limit, then harvest at the upper limit
would lead to a much faster decline in the pop u la tion than
intended. We also caution that there is likely to be variation
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among colonies in current harvest and growth rates. For
example, estimated recovery rates from QMG were lower
than those from LPB, sug gest ing that the QMG geese may be 
subject to lower than average harvest rates. Other colonies
may be subject to higher harvest rates. Depending upon the
dis tri bu tion of increased harvest, some colonies could be dis -
pro por tion ately affected by changes in harvest and could
decline much more rapidly than others. Finally, we note that
we have con sid ered uncer tainty in only some model param e -
ters. There is an urgent need to revisit all of the assump tions
of the Original Model and carry out a new modelling
exercise, using sto chas tic rather than deter min is tic models
(Nations and Boyce 1996), to obtain the best possible
estimates of the effects of various man age ment actions on the 
colonies.

Even con sid er ing the lower limit of our estimates,
managers need to determine whether planned measures will
be suf fi cient to achieve the required changes in harvest. If
not, suc cess fully reducing the pop u la tion could require addi -
tional control measures. Efforts to reduce pro duc tiv ity have
been suggested, although Rockwell et al. (1997) showed that
pro por tion ately much larger changes are required in pro duc -
tiv ity than in survival param e ters. Any alter na tive options
should again be modelled prior to imple men ta tion. If man -
age ment actions are not able to reduce the pop u la tion growth 
rate λ to less than 1.0, the pop u la tion will continue to grow
until it is limited by external factors, such as reduced avail -
abil ity of food on wintering or staging areas, loss of habitat
on the breeding areas, or large-scale disease outbreaks.

Whatever measures are adopted, continued mon i tor -
ing of total pop u la tion size and demo graphic param e ters is
essential to determine the effec tive ness of those measures.
Mon i toring should include detailed studies at multiple
nesting colonies, to determine whether any colonies are dis -
pro por tion ately affected. Any such mon i tor ing should be
preceded by appro pri ate modelling and power analyses to
determine the level of precision with which various param e -
ters can be measured, to ensure optimal allo ca tion of
resources among mon i tor ing programs.
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Ap pen dix 1
An nual es ti mated mid win ter sur vey counts and har vest to tals for Lesser
Snow Geese in the Mis sis sippi and Cen tral fly ways and the Ca na dian
prov inces of On tario, Man i toba, and Sas katch e wan from 1970 on wardsa

No. of Snow Geese (000s)

Mid win ter sur vey Har vest es ti mates

Year Central Mississippi Central Mississippi Canada

1970–1971 412.4 654.9 314.3 258.4 –

1971–1972 394.5 937.3 180.7 159.7 –

1972–1973 493.0 532.3 151.1 109.2 –

1973–1974 657.4 532.3 254.8 153.0 –

1974–1975 655.4 441.5 241.3 173.2 –

1975–1976 870.8 691.6 350.1 167.6 80.1

1976–1977 579.0 571.3 256.5 102.3 63.7

1977–1978 1172.9 794.1 306.3 126.8 52.0

1978–1979 772.5 513.0 189.0 133.9 57.6

1979–1980 793.5 594.2 338.4 165.6 122.7

1980–1981 901.7 504.6 251.8 144.4 116.9

1981–1982 925.7 868.3 269.9 110.8 110.0

1982–1983 923.4 832.1 241.7 124.4 107.6

1983–1984 905.5 588.9 245.7 187.2 117.8

1984–1985 980.4 992.7 292.8 101.5 109.6

1985–1986 837.6 611.7 216.9 99.0 140.9

1986–1987 900.5 1013.3 149.9 69.7 84.1

1987–1988 735.9 1014.6 182.6 56.5 100.0

1988–1989 598.1 1358.0 250.8 51.4 98.3

1989–1990 661.3 1063.0 286.3 97.3 125.7

1990–1991 799.9 1335.9 211.8 92.8 89.3

1991–1992 908.4 1113.5 250.0 110.7 91.2

1992–1993 896.0 848.2 149.5 60.2 48.1

1993–1994 1015.2 1185.6 270.2 71.7 73.2

1994–1995 1203.4 1521.7 270.5 99.0 85.1

1995–1996 835.6 1562.6 332.0 191.3 94.2

1996–1997 1208.6 1642.3 299.2 231.1 81.7

1997–1998 1058.7 1918.5 349.0 239.0 132.8
a Mid win ter sur vey and U.S. har vest data from Sharp and Moser (1998);

Ca na dian har vest data from com puter files pro vided by Hélène Lévesque
of the Ca na dian Wild life Ser vice.

Ap pen dix 2
Ef fects of col our bands on band re port ing and re cov ery rates 

Most geese at LPB were banded with sup ple men tary alpha-numeric 
coloured legbands. These are often assumed to increase reporting rates, but
here we use an indirect approach to show that average reporting rates of
these geese are com pa ra ble to those of other species of waterfowl, and we
also show that reporting rates of geese banded at LPB with and without
colour bands were similar.

The reporting rate assumed in the Original Model was 0.38, as
taken from studies of Mallard Anas platyrhynchos reporting rates (Nichols et 
al. 1991). This value is similar to that reported by Martinson and McCann
(1966) for Canada Geese Branta canadensis. Although no direct measures
of reporting rates are available for Snow Geese, analyses of the rela tion ship
between recovery and survival rates provide inde pend ent evidence that this
value was rea son able for geese banded at LPB. Francis et al. (1992a) used
an ultra-structural model to estimate the rela tion ship between survival rate in 
year i (si) and recovery rate in the same year (fi) as si = 0.92 - 2.9fi. If we
assume that the nonhunting mortality rate is unaf fected by hunting mortality
(complete additivity), then this equation can be rewritten as si = so (1 - bfi),
where so = 0.92 rep re sents the survival rate in the absence of hunting, and b
= 2.9/0.92 = 3.1. This implies that every bird reported rep re sents 3.1 birds
killed, so the cor rec tion from kill rate to recovery rate is (3.1)!1 = 0.32. This
cor rec tion incor po rates both the retrieval rate (the pro por tion of birds killed
that are retrieved) and the reporting rate. If we return to the Original Model
assump tion of a reporting rate of 0.38 and a retrieval rate of 0.8, then the
cor re spond ing con ver sion from kill rate to recovery rate is 0.8 × 0.38 = 0.30. 
The sim i lar ity of these two values, despite their der i va tion from inde pend ent 
sources, suggests that they may be close to the true average value for LPB.

To test whether colour bands affected recovery rates directly, we
analyzed data for LPB from 1988 to 1993, when some geese received colour 
bands and standard legbands, while others received only standard legbands.
These were not randomly assigned by sex (females were much more likely
to receive colour bands than males); however, Francis and Cooke (1992b)
showed that, although recovery rates in years after banding differed by sex,
owing to emi gra tion of males, there were no dif fer ences between the sexes
in direct recovery rates. Thus, we could pool across sexes for analysis of
direct recovery rates. We compared direct recovery rates relative to presence 
or absence of colour bands on a year-by-year basis, using composite Z-test
analyses (described in Brownie et al. 1985). Separate analyses by year were
necessary because recovery rates varied among years, as did the numbers of
birds with and without colour bands. There was no evidence that colour
bands affected reporting rates (Table A-1). Thus, we conclude that, at least
for data from LPB during this time period, colour bands did not lead to any
increase in reporting rates.

Ta ble A-1
Com par i son of di rect re cov ery rates be tween Lesser Snow Geese banded
with sup ple men tary col our bands and with out col our bands, La Pérouse Bay, 
Man i tobaa

No col our bands Col our bands

Age Year
No.

banded
No.

recovered
Rate
(%)

No.
banded

No.
recovered

Rate
(%) Zb

Adult 1988 606 13 2.15 1551 23 1.48 1.08

1992 913 7 0.77 2377 33 1.39 −1.46
1993 1199 16 1.33 1198 13 1.09 0.56

Mean 1.42 1.32 0.10

Young 1988 1292 27 2.09 1383 28 2.02 0.12

1989 386 4 1.04 462 2 0.43 1.04

1990 431 10 2.32 417 6 1.44 0.94

1991 1190 33 2.77 1191 41 3.44 −0.94
1992 368 8 2.17 406 13 3.20 −0.88
1993 2189 76 3.47 1213 29 2.39 1.75

Mean 2.31 2.16 0.82
a In cludes only years with >100 of an age class in each cat e gory.
b Pos i tive val ues in di cate re cov ery rates are higher for birds with out col our

bands, neg a tive val ues the re verse. None of the dif fer ences is sig nif i cant.
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