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Abstract: Statistical analyses based on maximum likelihood methods are presented to jointly estimate harvest rates, sur-
vival, recruitment, and population abundance from age-at-harvest data. To perform the population reconstruction
from the age-at-harvest data, auxiliary field data and information on harvest reporting rates are required. The statis-
tical methods permit tests of model assumptions, goodness-ofit, and standard errors and confidence intervals for all
estimated demographic parameters. We illustrate the methods using harvest data and radiotelemetry studies of elk
(Cervus elaphus) from northern Idaho, USA, 1988-1993. We compare results with abundance estimates using an aer-
ial sightability survey on the same herd. The maximum likelihood methods for age-at-harvest analysis provide a com-
prehensive framework for population reconstruction with abundance estimates comparable to field survey techniques.
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Population analysis, as defined by Eberhardt
(1971:457), is the “process of attempting to deter-
mine the structure of a population and the forces
controlling past and future composition of that
population.” Elements of the analysis include
estimating the age and sex composition of the
population, survival rates, recruitment, rate of in-
crease, and abundance. Population analysis often
is the culmination and integration of many labor-
intensive studies focused on various aspects of
survival, fecundity, and abundance. A population
analysis should be judged by how accurately it
portrays the dynamics and structure of that pop-
ulation. Given good estimates of survival, recruit-
ment, and abundance, “few complications of
mathematics, logic, or technology are involved in
understanding population behavior in general
terms” (Eberhardt 1971:457-458). Unfortunately,
the mathematics become increasingly more diffi-
cult, the assumptions more profound, and “all
sorts of difficulties arise in trying to get along
with the observations that can be obtained”
(Eberhardt 1971:458).

Age-at-harvest data collected at hunter check
stations is a frequent starting point for popula-
tion analysis and reconstruction. Population
reconstruction is a method of using such demo-
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graphic data to reproduce the historical trends in
animal abundance (Eberhardt 1971, Lang and
Wood 1976, Downing 1980, Roseberry and Woolf
1991). Intriguingly nested within the age-at-har-
vest data is information on age and sex composi-
tion, survival, and fecundity rates. However, the
numbers observed also are a function of hunter
effort and reporting rates that might not be con-
stant over time. Nevertheless, the information
within age-atharvest data has compelled many
state agencies to collect these data. Due to the
lack of better analytical methods to interpret
these data, too often age-at-harvest data are col-
lected at considerable expense, then neglected.

Assuming harvest and survival rates are known,
the age-at-harvest data can be calibrated back to
estimates of abundance quite readily (Downing
1980, Roseberry and Woolf 1991, Ferguson 1993).
Current population reconstruction methods that
use age-atharvest data typically rely on rough
estimates of survival, harvest, and reporting rates
with little or no attempt to propagate the uncer-
tainty of this information to the overall precision
of the population reconstruction (Roseberry and
Woolf 1991). In fisheries management, the use of
survival and harvest rates in conjunction with
age-at-harvest data is called virtual population
analysis (VPA). See Fournier and Archibald
(1982) and Deriso et al. (1985) for reviews of this
literature.
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Table 1. Age-at-harvest data from cow elk harvested in Game Management Unit 4, northern Idaho, USA, 1988—-1993.

Total

Age class reported

Year 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17 harvest
1988 21 36 15 8 7 8 6 3 3 4 3 2 1 1 1 2 126
1989 27 40 15 20 9 M 5 10 3 2 5 o 3 2 0 0 o 152
1990 35 42 16 19 15 14 7 7 4 5 0 3 3 3 0 2 o0 175
1991 39 32 12 17 15 10 5 6 6 0 0 o 0 o0 o0 o0 o 142
1992 27 32 25 18 13 19 5 13 5 9 2 2 1 2 1 1 2 177
1993 22 23 21 22 16 15 7 9 10 5 5 5 2 3 3 3 1 172

We present maximum likelihood approaches for
analyzing age-at-harvest data from wildlife popu-
lations that explicitly incorporate auxiliary infor-
mation on harvest and survival probabilities from
radiotelemetry data and harvest reporting rates
from compliance surveys. Traditional population
reconstruction methods (Downing 1980, Roseber-
ry and Woolf 1991) separately estimate population
abundance from other demographic parameters.
Our joint analysis extracts simultaneous estimates
of recruitment, survival rates, harvest rates, age
structure and abundance of cohorts, and recon-
structs population trends over time. The maxi-
mum likelihood estimates subsequently can be
used in viability analysis and estimating rates of
population change. The advantages of these new
techniques include (1) a single comprehensive
framework for estimation, (2) the ability to avoid
assumptions regarding the recruitment process,
(3) maximum information extraction, and (4) the
ability to estimate standard errors or confidence
intervals associated with the demographic para-
meters. We will illustrate the statistical methods
using harvest data from an elk herd in northern
Idaho, USA. The generalization of this approach
to other wildlife populations will be discussed.

EXAMPLE: FEMALE ELK HARVEST DATA

To illustrate the age-at-harvest analysis, data col-
lected by the Idaho Department of Fish and
Game were used. The data came from elk har-
vested in Game Management Unit (GMU) 4, the
Coeur d’Alene River drainage in northern Idaho.
Most of the harvest occurs during an October
general rifle season. Eithersex elk can be har-
vested during a portion of this season. In north-
ern Idaho, all successful hunters must register
their animals at a check station or a department-
approved checkpoint. Checkpoints are business-
es, such as taxidermists and butcher shops, at
which hunters can register their animal. Data

such as sex of the animal, location and date of
the kill, and number of days hunted are record-
ed. The lower jaw is collected to determine the
age of the animal. Calves and yearlings are aged
by inspecting tooth development (Quimby and
Gaab 1957). Older animals are aged by examining
cementum annuli in the I1 tooth (Klevezal and
Kleinenberg 1967). Although data on both sexes
were collected, we examined only the female har-
vest data. The elk ranged from 1 to 23 years of
age. The data for elk 18 years and older were not
used in this analysis because their harvest num-
bers were extremely few. We report the number
of elk harvested by age for 1988-1993 in Table 1.

Although reporting of elk harvests is mandatory,
some hunters fail to do so. Ignoring the nonre-
porting rate would have a negative (i.e., down-
ward) bias on subsequent estimates of harvest
rates and elk abundance. A telephone survey esti-
mated annual compliance (R; i =1, ..., ¥) rates
for the elk hunters in the panhandle region of
northern Idaho that includes GMU 4. The annu-
al estimates of reporting compliance rate were
assumed to be independent of age-class and sex
of the elk harvest. We present in Table 2 the sur-

Table 2. Numbers of successful hunters surveyed by telephone
(a;), numbers of hunters that registered their elk harvest (b;),
and estimated reporting compliance rate (A,) for elk hunters in
the panhandle region of northern Idaho, 1988—1993. Reported
counts were reconstructed from available survey records.

Number of Number who  Estimated
successful hunters registered reporting
Year surveyed (a;) harvest (b)) rate (F}i)
1988 275 143 0.5207
1989 290 154 0.5312
1990 211 AR 1.0
1991 360 272 0.7553
1992 201 201 1.0
1993 325 155 0.4768
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Table 3. Results from a concurrent study of radiocollared cow
elk in GMU 4 in northern Idaho, USA, 1988-1993. Numbers of
total cow elk collared and their fates each year are presented
(Leptich and Zager 1995).

Number of radiotagged elk
Harvested
and Nonharvest

Year Total recorded Survived mortality?
1988 13 1 10 2
1989 25 4 20 1
1990 25 0 24 1
1991 16 0 16 0
1992 25 4 17 4
1993 23 1 18 4

2 Nonharvest mortality includes unrecovered wounding loss,
illegal kill, and natural mortality.

vey results for the proportion of hunters who
reported their elk harvest by year as reconstruct-
ed from available records.

In addition, telemetry studies of radiocollared
cow elk were conducted concurrently (Table 3).
The number of collared cow elk ranged from 13
to 25, and annual information on numbers that
survived, were harvested, and died from natural
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causes were recorded (Leptich and Zager 1995).
These 3 data sets constituted the information
used in the population reconstruction analysis.

STATISTICAL ANALYSIS
Overview

A cohort of individuals all born during the
same year forms the fundamental biological unit
in this population reconstruction analysis. The
change in cohort abundance from 1 year to the
next is dependent on the natural survival rate and
harvest probability of that cohort. The population
can then be visualized as the union of the various
cohorts comprising the population (Fig. 1). The
observed random variables are the annual num-
bers of individuals of that cohort that are har-
vested and reported in consecutive years. The co-
hort data for the cow elk population are
represented by harvest counts along diagonals in
Table 1. However, information beyond simply the
age-at-harvest numbers is needed for population
reconstruction. In other words, the harvest num-
bers alone are insufficient to estimate abundance
and differentiate the processes of survival, har-
vest, and reporting. In this analysis of the demo-
graphic data, parameters were estimated by max-

Age class Total
Year 1 2 3 4 abundance
4
1 N, N, Ny Ny, ; M
) PisS, DS,
4
2 N, Ny, N, Ny, JZ; N
pZ’SI pz;sz pz:ss
4
3N, N, N,y Ny o XMy

Fig. 1. Schematic of the survival and harvest processes across 3 years (Y = 3) and 4 age-classes (A = 4) based on age-specif-
ic survival (Sj = 1,..., 3) and year-specific harvest (p; i = 1, 2) probabilities.
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