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Life history theory predicts trade-offs based on growth,
mortality, density and reproduction (reviewed in Roff
1992, Stearns 1992, Charnov 1993). Intraspecific com-
parisons have been used to describe trade-offs between
timing of maturation, growth rate and juvenile mortal-
ity (e.g. Sæther & Haagenrud 1985, Elowe & Dodge
1989, Gaillard, Sempéré, Boutin, Van Laere & Boisau-
bert 1992, Hewison 1997). One such trade-off is the
change in mortality associated with age at maturity
(Cole 1954, Stearns 1992). In large mammals, age-
specific mortality follows a general pattern (Siler 1979,
Eberhardt 1985, Sibly, Collett, Promislow, Peacock &
Harvey 1997). Typically, high juvenile mortality is fol-

lowed by low adult mortality (Linnell, Aanes & Ander-
sen 1995, Gaillard, Festa-Bianchet & Yoccoz 1998).

I propose the following method for estimating age at
maturity and juvenile mortality for hunted moose Alces
alces populations. Using survivorship curves estimat-
ed from cohort analysis, I calculate the point of change
from an increasing to a decreasing rate of mortality. From
the survivorship curve, the x-value (age in years) at this
point indicates age at maturity. The y-value (% surviv-
al) at this point indicates juvenile mortality. I use cohort
data from 15 hunted moose populations in Ontario and
Newfoundland, Canada, to test this technique. Moose
have evolved flexible reproduction as an adaptation to
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highly variable environments (e.g. seral stages associ-
ated with disturbances such as fire; Geist 1974, 1987).
Thus, this technique will allow intraspecific compari-
sons of moose mortality patterns. Contrasting this
change from juvenile to adult mortality among popu-
lations over time will assist in comparing life-history
trade-offs.

Methods

Study area
Study areas included four moose management popula-
tions in Ontario and 11 moose management populations
in Newfoundland (Ferguson & Messier 1996, Ferguson,
Bisset & Messier 2000). Both study areas lie within the
boreal forest region (Rowe 1972). Newfoundland moose
density ranged within 0.5-4.0 moose/km2 during 1969-
1991 (Ferguson 1993). Harvest of moose accounted for
the majority of annual mortality (Ferguson & Messier
1996) although black bear Ursus americanus predation
of neonates occurs (Albright & Keith 1987). No wolves
Canis lupus exist in Newfoundland and the recent
arrival of coyotes Canis latrans did not affect moose pop-
ulation dynamics during the period of this study (Larivière
& Crête 1993). The Ontario moose populations were
located >1,000 km to the west of Newfoundland and aver-
age moose density ranged within 0.08-0.5/km2 during
1971-1993 (Timmermann & Whitlaw 1992). Ontario
moose experience high juvenile predation due to wolves
and black bears (Krefting 1975).

Cohort analysis
I used the Deriso, Quinn & Neal (1985) cohort analy-
sis model (CAGEAN) to estimate age-specific moose
numbers and annual survival of female cohorts (Fer-
guson 1993). The minimum number of individuals
alive each year can be reconstructed provided that
catch-at-age data are provided from a long enough
time series to allow several newborn cohorts to live out
their lives (Gulland 1983). Moose demography can be
modelled using cohort analyses as moose show synchro-
nized spring parturition and time series data on age-spe-
cific kills (i.e. catch-at-age data) are available for hunt-
ed moose populations (Solberg, Sæther, Strand & Loi-
son 1999). To reconstruct population size from cohorts
with surviving members requires estimates of the num-
ber of individuals killed in recent years. I obtained
such estimates by calculating age-specific hunting vul-
nerability per unit effort from completed cohorts and
using hunting effort (total number of hunter days) from
recent years.

Estimation of population size for cohort analysis de-
pends on the following assumptions (Fryxell, Mercer
& Gellately 1988, Solberg, Loison, Sæther & Strand
2000):

1. Hunters do not avoid animals older than the termi-
nal age (12 years). A negligible number of female
moose >12-years-old (<1%) was estimated from kill
at age data.

2. Little annual variation in natural mortality. No esti-
mate of age-specific natural mortality was available
for Newfoundland and Ontario moose populations.
I used annual survival rates of 0.99 and 0.95 for 0.5-
1.5 and >1.5-year-old moose, respectively. Gener-
ally, adult’s experience high and stable adult surviv-
al (Gaillard et al. 1998). Also, the largest mortality
for moose was due to hunting accounting for 3-
22% of the annual population size (Ferguson et al.
2000).

3. A closed population. I cannot evaluate this assump-
tion although there is little evidence of large num-
bers of moose emigrating or immigrating.

4. No annual variation in age-specific harvest vulner-
ability due to a change in hunting methods. This effect
is less important here, as I reconstructed later pop-
ulations based on catch-at-effort data that will track
changes in hunting methods over time.

I compared cohort analysis results with other popula-
tion estimates. The most recent female population size
based on percentage females classified from aerial sur-
veys for each moose population (N = 15) was correlat-
ed (Pearson’s product moment correlation) with estimates
from cohort analysis to compare accuracy (closeness of
measured value to its true value; Sokal & Rohlf 1981:
13). Aerial survey results were obtained for Newfound-
land (Ferguson 1992) and for Ontario (Timmermann &
Whitlaw 1992).

Data collection
Hunters provided the lower jawbone from harvested
moose. Age of moose was estimated from tooth erup-
tion pattern for juveniles and by counting incremental
growth rings in the cementum layer on the first incisor
from older animals (Sergeant & Pimlott 1959). During
the study period, 311-2,780 female moose were harvest-
ed and age determined from each population (see Table
1). To correct for missing individuals (<23% of jawbones
from hunter-killed moose were not collected), particu-
larly calves, the annual number of moose within each
sex and age group was multiplied by a correction fac-
tor (Ferguson 1993).
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Age at maturity
In large mammals, age-specific mortality follows a
general pattern (Siler 1979, Eberhardt 1985, Sibly et al.
1997). Typically, high initial mortality of newborns is
followed by a less dramatic, but still high, mortality of
juveniles that precedes a low adult mortality (Gaillard,
Delorme, Boutin, Laere & Boisaubert 1993, Jorgenson,
Festa-Bianchet, Gaillard & Wishart 1997, Gaillard,
Festa-Bianchet, Yoccoz, Loison & Toigo 2000). For hunt-
ed moose, females with their first calves are highly
vulnerable to hunting mortality, which is likely associ-
ated with the inexperience of new mothers during the
hunting season (Ferguson 1993). Thus, I propose the fol-
lowing method for estimating age at first reproduction
for hunted moose populations. I calculated the age of
first reproduction as the inflection point of a third-or-
der log-polynomial of survivorship curves (i.e. the
point of greatest rate of mortality).

I decided on the following tests of the hypothesis that
the point of greatest hunting mortality demarcates age
at first reproduction in moose. First, I compare age of
first reproduction for a Newfoundland (MMU 16) and
two Ontario (District 15 & 21) populations that had data
available to estimate age of first reproduction using
survivorship curves and an independent method. Age
at maturity (>50% of females; Sand & Cederlund 1996)
was estimated using corpora lutea counts obtained
from Newfoundland (Pimlott 1959) and Ontario moose
ovaries (Cederwall & Ranta 1982, Bergerud & Snider
1988). I then calculated mortality rate of females using
cohort analysis (see below) for the same population using
catch-at-age data from Newfoundland (Bergerud &
Manuel 1968) and Ontario (Timmermann & Whitlaw
1992). Second, for a hunted moose population in cen-
tral British Columbia, examination of a sample of re-
productive tracts estimated age at first reproduction
that was compared with age-specific hunter-killed
moose data to ascertain the female age class that expe-
rienced the greatest hunting mortality (Heard, Barry,
Watts & Child 1997). Third, I compared estimates of
age at first reproduction using cohort analysis from
the 15 moose populations studied here to the range
observed for 14 moose populations in Sweden (Sand &
Cederlund 1996) estimated using examination of repro-
ductive tracts. I recognize that these are necessary but
not sufficient tests of the hypothesis that peak hunting
mortality is correlated with age at first reproduction.

Estimating age at maturity
I fitted a third-order log-polynomial function to annu-
al survivorship curves for each population (e.g. Caugh-
ley 1966, 1977, Messier, Huot, Le Hénaff & Luttich

1988) using SigmaStat’s (Jandel Scientific Software,
1992, Chicago, Illinois) non-linear estimation procedure.
Moose are considered sexually mature by at least four
years of age (Sand & Cederlund 1996). Thus, I fit the
following regression equation to the number of female
moose survivors against age from 0.5 to 5.5 years (Fig.
1).

Y = b0 + b1 X + b2 X2 + b3 X3 (1)

where Y is survivorship (number of female moose sur-
vivors out of an initial cohort of 1,000), X is age in years,
b0 is the intercept, and b1, b2, b3 are the regression
coefficients. In these survivorship curves, b0 estimates
the initial number in the cohort, -1 < b1 < 1, and b2 <
0. The inflection point (I) was calculated as the second
derivative (Larson, Hostetler & Edwards 1990). Age at
maturity was the x-value of the inflection point minus
0.5 years (birth occurred six months previously) esti-
mated from the polynomial regression equation (1):

I = xinflection = - b2 / 3 b3 (2)

where b3 is constrained to be positive and b2 < 0.
First, I compare years within a population to describe

the relationship between juvenile mortality and age at
maturity. This relationship is constrained by the sam-
pling correlation between the two parameters estimat-
ed from the same survivorship curves. Such sampling
correlations may invalidate the relationship. Therefore,
I compare population means (mean of years) to describe
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Figure 1. Survivorship versus age of female moose for a population in
central Newfoundland. A third-order polynomial regression is fitted to
data for ages 0.5 through 5.5 years, and the inflection point demarcates
age at maturity and total juvenile mortality. The initial cohort was based
on animals 0.5 years of age (i.e. first age class in hunter-kill samples).
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the relationship between age at mortality and juvenile
mortality. I test among different models to find the best
regression that describes this relationship. Compar-
ing populations avoids the problem of the sampling arte-
fact.

Estimating juvenile mortality
I calculated juvenile mortality (%) using the survivor-
ship (y-value) at the inflection point ((1,000-survivor-
ship)/10). The values for juvenile mortality given in Table
1 are percent of total population mortality that occurred
before maturity (i.e. the inflection point). The form of
the relationship between juvenile mortality and age at
maturity was investigated by comparing R2 values de-
rived from fitting logarithmic (y = y0 + alnx), power (y =
axb), exponential (y = eax), and polynomial (y = y0 + ax +
bx2) models.

Results

The following tests evaluated the hypothesis that the
point of greatest hunting mortality demarcates age at first
reproduction in moose. First, a study area in New-
foundland (MMU 16 located near MMU 24; see Table
1) estimated age at maturity (>50% of females; Sand &
Cederlund 1996) as 3.5 years using Pimlott’s (1959) data
of corpora lutea counts obtained from moose ovaries
(N = 347). I then calculated mortality rate of females
using cohort analysis for the same population over the

subsequent years (1960-1966; Bergerud & Manuel
1968). Using the inflection point method I estimated age
of maturity at 3.3 years, which compares with 3.5 years
estimated independently from inspection of ovaries.
For two northern Ontario populations 66 ovaries were
examined for corpora lutea and more than 50% (6 of
11) of moose aged at 1.5 years in the autumn were
pregnant for the first time (Cederwall & Ranta 1982, Ber-
gerud & Snider 1988). These estimates (i.e. first repro-
duction at two years of age) agree with my independent
estimates of age at first reproduction of 2.5 years of age
using cohort analysis data to calculate the inflection point
in survivorship. Second, for a hunted moose population
in central British Columbia, a sample of 1,198 repro-
ductive tracts estimated age at first reproduction at age
2.0, which was the same female age class that experi-
enced the greatest hunting mortality (Heard et al. 1997;
Fig. 2). Further evidence supporting the hypothesis
that age at inflection in survivorship curves represents
age at maturity is that the range in age at maturity
between the 15 moose populations studied here (1.7-
3.0 years) is similar to the range observed for 14 moose
populations in Sweden (2.1-3.2 years; Sand & Ceder-
lund 1996).

I tested the accuracy of cohort analysis to provide rea-
sonable estimates of the number of female moose. The
estimated number of females in each population from
cohort analysis was correlated with aerial survey esti-
mates (r = 0.73, P = 0.002, N = 15; Fig. 3).

Age at maturity was positively correlated with juve-

Table 1. Demographic statistics for the 15 Canadian moose populations with data on age at maturity (in years), number of females and juve-
nile mortality (in %) given as mean ± SE.

Location Age at Juvenile
Sample Area maturity Number mortality

Population Years sizea (km2) Latitude Longitude (years)b of femalesc (%)d

Ontario
WMU 13e 1971-1991 2421 13325 48° 40' 89° 23' 2.04 ± 0.24 2419 ± 1153 60.2 ± 5.4
Dist. 13 1975-1993 1952 9759 49° 40' 90° 21' 1.71 ± 0.20 3691 ± 825 70.0 ± 5.1
Dist. 15 1975-1993 2284 57670 51° 31' 90° 50' 2.22 ± 0.24 6635 ± 1484 60.6 ± 5.4
Dist. 16 1975-1993 2780 103023 51° 49' 93° 28' 2.07 ± 0.12 2250 ± 1071 58.0 ± 5.4

Newfoundland
MMU 3e 1973-1991 299 3580 50° 25' 56° 44' 2.38 ± 0.26 9652 ± 4572 29.3 ± 5.9
MMU 7 1973-1991 576 1720 49° 6' 57° 30' 2.44 ± 0.27 2120 ± 1004 40.5 ± 5.8
MMU 9 1970-1991 496 809 48° 7' 58° 52' 2.82 ± 0.31 4653 ± 2221 39.9 ± 5.8
MMU 11 1973-1991 502 2844 48° 10' 58° 8' 2.80 ± 0.29 4864 ± 2304 38.1 ± 5.9
MMU 16 1966-1991 1007 1676 48° 39' 56° 4' 2.59 ± 0.28 3167 ± 1532 41.1 ± 6.7
MMU 18 1973-1991 548 3871 48° 14' 56° 23' 2.50 ± 0.27 2181 ± 1023 35.9 ± 6.3
MMU 19 1973-1991 327 2228 47° 53' 57° 48' 2.63 ± 0.28 6038 ± 2861 29.1 ± 4.2
MMU 22 1975-1991 312 2015 49° 14' 54° 48' 2.64 ± 0.28 1942 ± 916 51.4 ± 6.6
MMU 23 1973-1991 311 4302 49° 11' 53° 58' 2.99 ± 0.29 2621 ± 1242 46.3 ± 6.8
MMU 24 1966-1991 1882 910 48° 49' 55° 3' 2.83 ± 0.31 2569 ± 1231 50.7 ± 5.7
MMU 36 1973-1991 1210 3469 47° 2' 53° 15' 2.25 ± 0.25 2184 ± 1035 54.9 ± 8.5

a Number of aged female moose from hunter harvest.
b Calculated as the x-value at the inflection point of survivorship data – 0.5 years (see Methods).
c From cohort analysis (see Ferguson 1993).
d Calculated as the y-value at the inflection point of survivorship data (see Methods).
e Wildlife Management Unit (WMU) and District (Dist.) for Ontario, and Moose Management Unit (MMU) for Newfoundland.
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nile mortality within populations (0.46 < r > 0.91, P <
0.01, N = 18-26 years). Modelling population means for
age at maturity and juvenile mortality indicated a cur-
vilinear relationship (Fig. 4) that was best fit by a pol-
ynomial model (y = y0 + ax + bx2; logarithmic model
r2 = 0.32; power model r2 = 0.30; and exponential mod-
el r2 = 0.23). Among populations, age at maturity was
negatively correlated with juvenile mortality (r = -0.64,
P = 0.01, N = 15). Mean age at maturity among popu-

lations ranged within 1.7-3.0 years and juvenile mor-
tality varied from 29 to 70% of the total mortality (see
Table 1). Ontario populations experienced the greatest
juvenile mortality (mean = 64%) and had the earliest age
at maturity (mean = 2.0 years), whereas the Newfound-
land populations with low juvenile mortality (mean =
40%) had later age at maturity (mean = 2.7 years; see
Table 1).

Discussion

Estimating age at maturity using survivorship curves pro-
vides the opportunity to test life-history theory. For ex-
ample, is greater juvenile mortality among populations
associated with earlier or later age at maturity (Cole 1954,
Law 1979, Reznick & Endler 1982), or is recruitment
and juvenile mortality related to density (Abrams &
Rowe 1996, Sæther 1997)? The age-specific mortality
hypothesis predicts that maturation should be attained
at an earlier age if adult mortality increases relative to
juvenile mortality, and the converse if adult mortality
decreases (Gadgil & Bossert 1970, Charlesworth 1994,
Abrams & Rowe 1996). Hunted populations have con-
siderable demographic data available over long time peri-
ods and this method would allow for testing ecological
theory. Moose are an appropriate species to test life-his-
tory predictions as females of temperate ungulates
vary offspring size with habitat quality (Sadleir 1969,
Clutton-Brock, Guinness & Albon 1982, McNamara
& Houston 1992). Additionally, age and size at matur-
ity vary with habitat quality (Albon, Clutton-Brock &

0 5 10 15 20
0

20

40

60

80

100

0

50

100

150

AGE (years)

P
R

E
G

N
A

N
T

 (
%

)

N
U

M
B

E
R

 O
F

 M
O

O
S

E
 K

IL
LE

D
 B

Y
 H

U
N

T
E

R
S

Age
 a

t

m
at

ur
ity

Figure 2. Age-specific mortality and pregnancy for central British
Columbia moose (Heard et al. 1997). Age of the greatest number of
moose shot by hunters (2.5 - 0.5 = 2.0 years; horizontal bars) agrees
with age at first reproduction (2.0 years; line) defined as >50% of age
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Figure 4. Plot of age of first reproduction against juvenile mortality for
15 Canadian moose populations. Model: y = 0.925 + 0.110x - 0.00134x2,
where y = age in years at maturity and x = % juvenile mortality; r2 =
0.72, F1, 13 = 18.3, P = 0.001.
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Guinness 1987, Sæther & Heim 1993, Festa-Bianchet,
Jorgenson, Lucherini & Wishart 1995). If the age at
inflection in the survivorship curve approximates age at
maturity, researchers could measure age of first repro-
duction maturity determined from time series data.

Does the inflection point of survivorship curves ap-
proximate age at maturity? Theoretical models show
that mortality influences both shape and position of mat-
uration reaction norms (Stearns & Koella 1986, Perrin
& Rubin 1990). Differential mortality between juve-
nile and adult stages in fish has often been shown to
produce good predictions of maturation age (Hutchings
1993, Reznick, Butler, Rodd & Ross 1996). The mor-
tality pattern of female moose in a Norwegian popu-
lation was U-shaped with highest harvest mortality of
less fecund young (1-3 years) age classes (Solberg et
al. 2000). Testing this method requires estimated age at
maturity from independent data such as corpora lutea
counts of moose ovaries. Accuracy of the survivorship
method of estimating age at maturity depends on the
quality of data used in cohort analysis, particularly the
sample size of female moose from hunter kills.

Data collected in long-term studies have provided evi-
dence for demographic patterns throughout life that
include the apparent inferiority of first-time breeders (i.e.
breeding probability, reproductive success and surviv-
al). Bird and mammal studies have found evidence of
1) an increase in probability of breeding after the first
reproduction (Wooller & Coulson 1977, Weimerskirch
1992, Boyd, Croxall, Lunn & Reid 1995, Cézilly, Vial-
lefont, Boy & Johnson 1996), 2) an increase in breed-
ing success after first reproduction (Nelson 1988, Gail-
lard, Allainé, Pontier, Yoccoz & Promislow 1994, Lunn,
Boyd & Croxall 1994, Forslund & Pärt 1995, Clutton-
Brock, Stevenson, Marrow, MacColl, Houston & McNa-
mara 1996, Cam & Monnat 2000), and 3) increased sur-
vival or return rate after initial reproduction (Wooler,
Bradley, Skira & Serventy 1990, Promislow 1991,
Chastel, Weimerskirch & Jouventin 1995, Clutton-
Brock et al. 1996, Cam & Monnat 2000). Inferiority of
first-time breeders (e.g. survival) may be due to inex-
perience in survival requirements (Newton 1985) that
include behavioural mechanisms that minimize hunting
mortality or greater proportional energy investment in
reproduction relative to stored somatic energy (Ainley
& DeMaster 1980, Promislow 1991, Künkele 2000) that
may predispose low quality individuals to mortality.

For moose, predation effects generally exceed food
effects (Messier 1994, 1995) and populations general-
ly experience high predation by wolves on juveniles
(Pimlott 1967, Keith 1974, 1983). In Ontario moose pop-
ulations that live with wolf predation as the major mor-

tality factor age at maturity was earlier than in Newfound-
land populations which live without wolf predation
and with human hunting as the major mortality factor.
Previous research found that low predation on juvenile
moose in Newfoundland has led to decreased growth
rate and fecundity (Ferguson et al. 2000), and now,
later age at maturity relative to Ontario moose. Natu-
ral predators did not limit Newfoundland moose pop-
ulations but instead limitation occurred by a combina-
tion of hunter predation and food limitation (Ferguson
& Messier 1996). Apparently, the selective phenotyp-
ic response of moose populations in Newfoundland in
the absence of significant natural predation on juveniles
was for a shift to smaller body size, reduced fecundi-
ty, and later ages of first reproduction.
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