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Abstract. Temporal variation of demographic characteristics for animal populations is
of interest to both ecologists and biological modelers. The standard deviation of a series
of estimated parameter values (e.g., estimated population size) or some function thereof
(e.g., log of the estimated parameters) is commonly used as a measure of temporal vari-
ability. These measures of temporal variation overestimate the true temporal variation by
not accounting for sampling variability inherent to the estimation of unknown population
parameters. Using a variance-components approach to partitioning the total variability of
an estimated parameter, we demonstrate the ease with which sampling variation can be
removed from the observed total variation of parameter estimates. Estimates of temporal
variability of survival are given after removal of sampling variation for three bird species:
the federally listed Roseate Tern (Sterna dougallii), Black-capped Chickadees (Parus atri-
capillus), and Mallard ducks (Anas platyrhynchos). Sampling variation accounted for the
majority of the total variation in the survival estimates for nearly all of the populations
studied. Substantial differences in observed significance levels were observed when testing
for demographic differences in temporal variation using temporal variance estimates ad-
justed and unadjusted for sampling variance.
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INTRODUCTION

Temporal variation of demographic parameters has
been investigated for a variety of populations (Connell
and Sousa 1983, Schoener 1985, Pimm and Redfearn
1988, Owen and Gilbert 1989, Thomas 1991, Schoener
and Spiller 1992). Estimates of temporal variability
have been used for comparisons between taxa (Connell
and Sousa 1983, Schoener 1986, Ostfeld 1988), con-
trasts among the same taxa (Hansson and Henttonen
1985, Owen and Gilbert 1989), testing the effects of
treatments on temporal variability (Lawler 1993), and
correlation to the degree of spatial synchrony in the
dynamics of local populations (Hanski and Woiwood
1993). In these studies, the observed variability of an
estimated population parameter is taken to be the es-
timated temporal variability. However, such estimates
also include variability due to sampling the population.
In some instances, the magnitude of the variability due
to sampling may be on the order of the true temporal
variability (McArdle and Gaston 1993) or larger (Burn-
ham et al. 1987).

Almost a decade ago, Burnham et al. (1987:260-
264) described a variance-components approach in
which the variability due to sampling was separated
from the “‘total”” variability of the observed estimates.
Yet as Xia and Boonstra (1992) stated in their appendix,
many ecologists have continued to ignore the impor-
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tance of sampling variation in estimating temporal vari-
ability. We believe that failure to account for sampling
variance in estimates of temporal variability is still
prevalent, as found in recent work on insect populations
(Hanski and Woiwood 1993), arachnids (Schoener and
Spiller 1992), plants (Nault and Gagnon 1993, Pake
and Venable 1995), vertebrates (Loiselle and Blake
1992, Schoener 1994, Rieman and MclIntyre 1996), and
protozoans (Lawler 1993).

Knowledge of the temporal variation in demographic
parameters can be important to investigations of the
evolution of life history patterns and the dynamics of
populations as investigated by stochastic modeling
(Link and Nichols 1994). One form of stochastic mod-
eling that is particularly popular in conservation bi-
ology is population viability analysis (PVA). PVA uses
estimates of important demographic population param-
eters (e.g., growth rate, fecundity, etc.) to quantify risks
of extinction for localized populations and metapop-
ulations (Soulé 1987, Shaffer 1990, Boyce 1992). PVA
has been applied to a wide diversity of species (Dennis
et al. 1991, Armbruster and Lande 1993, Haig et al.
1993, Doak et al. 1994, Lindenmayer and Lacy 1995)
and, with the availability of simulation programs such
as ALEX (Possingham et al. 1992) and VORTEX (Lacy
1993), its use is becoming more prevalent. PVA is not
without its limitations though and has not always in-
cluded potentially important variables (McCarthy et al.
1994, Wilson et al. 1994, Young 1994, Young and Isbell
1994). We wish to emphasize that the failure to account
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for sampling variability in temporal variability esti-
mates of population parameters can result in inaccurate
conclusions about the longevity of a species. Specifi-
cally, estimates of temporal variability that include
sampling variability are positively biased and will lead
to faster predicted extinction times or greater proba-
bilities of extinction for fixed-length time periods.

Researchers have commented on the importance of
removing sampling variability and have presented
methods for its elimination (Skalski and Robson 1992,
Link and Nichols 1994, McArdle and Gaston 1995,
Stewart-Oaten et al. 1995), but these authors have dis-
cussed the subject strictly in the context of animal
abundance. In this paper we focus on annual survival
rates and estimate the relative magnitudes of sampling
variability and temporal variability in the estimated
survival of several bird populations. We present tem-
poral variance estimates for an endangered Roseate
Tern (Sterna dougallii) population, a population of
Black-capped Chickadees (Parus atricapillus), and
several populations of Mallard ducks (Anas platyrhyn-
chos) after removing the estimated sampling variance.
Our objectives in this paper were: (1) to demonstrate
for annual survival rates the procedure for removing
sampling variability from estimates of total variability
and the potential effects of doing so; (2) to provide
estimates of temporal variation in annual survival rates
for these three species; and (3) to use the adjusted
estimates of temporal variability to make inferences
about differences in temporal variabilities of survival
between gender and age classes for the mallard pop-
ulations we examined.

METHODS

Consider a population with true survival rate, ¢,
denoting the probability that an individual alive at the
time of sampling in period i is still alive at the time of
sampling in period i + 1. If the survival rate is known
for a population over times i =1, . . . , n, then a measure
of the temporal variability of survival can be computed
as the standard deviation of the ¢,’s. For most popu-
lations, however, survival is not known and must be
estimated. The standard deviation of a series of param-
eter estimates is an inflated estimate of the temporal
variability of the true parameter (Gaston and McArdle
1994, Stewart-Oaten et al. 1995). Estimation of the true
temporal variability from a series of parameter esti-
mates requires the elimination of the sampling vari-
ability (including sampling covariances), hence indi-
vidual components of variation from those sources
must be estimated.

Several methods exist for estimating variance com-
ponents (e.g., see Searle et al. 1992), including analysis
of variance (ANOVA), maximum likelihood (ML), re-
stricted maximum likelihood (REML), Bayesian ap-
proaches, and the average (AVE) method (Hocking
1996). The sampling variances and covariances for sur-
vival estimates based on capture—recapture and band-
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recovery studies in this paper are estimated by ML
(Brownie et al. 1985, Pollock et al. 1990). Sampling
variances serve as measures of the repeatability of the
estimators. Sampling covariances may exist between
estimators since the same sample data is used to com-
pute their values.

To estimate the temporal variability of survival, we
follow the method and notation of Link and Nichols
(1994), with a few exceptions. Let ¢, = the probability
an individual survives between times i and i + 1 (i =
1, ..., n), » = the mean of the distribution of true
survival rates, S = the total variance of the estimated
survival rates, Var(¢;| F) = sampling variance of the
survival estimate, usually written as Var(¢;|¢;) (the
sampling variance is written more generally since the
variance of ¢; may depend on survival in years other
than year i; thus, F denotes all of the information in
nature’s realization of the ¢,s [Link and Nichols
1994)), Cov($,, ¢>,-|F) = sampling covariance between
survival rate estimates i and j, and 7> = the temporal
variance of survival:
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The estimated total variability of survival estimates,
§?, can be written as
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S? is affected by the true temporal variability of sur-
vival and by sampling variability. The true temporal
variability of survival is a function of the variability
in true survival, o2, and the interdependence of survival
among years, i.e., the covariance of (¢, ¢; i # j).
Sampling variability has contributions from two
sources: (1) variation associated with the inability to
count at sampling period i + 1 every marked survivor
from period i, and (2) demographic stochasticity pro-
ducing binomial variation in the number of marked
survivors at period i + 1. It can be shown (e.g., see
Skalski and Robson 1992) that
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The components of sampling variability are enclosed
in the brackets following E to denote the expected value
of those particular random variables. If unbiased es-
timators of the sampling variances and covariances are
available, then deleting these sources of variability that
are not of ecological interest from estimates of total
variability will provide better information about the
dynamics of populations. Since sampling covariances
for survival estimates from capture-recapture models
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TaBLE 1. Estimated survival rates, sampling standard de-
viations, and covariances for a breeding adult Roseate Tern
population on Falkner Island, Connecticut, 1979-1988.
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TaBLE 2. Estimated survival rates, sampling standard de-
viations, and covariances for a wintering Black-capped
Chickadee population in Connecticut.

> Cov (¢ @)

> Cov(®n )

Year & (@) < Year & G(@) =
1978 0.883 0.1507 0.00000 1958 0.953 0.3194 0.00000
1979 0.547 0.0746 —0.458 X 102 1959 0.767 0.1639 —0.2293 X 10!
1980 0.968 0.0992 —0.222 X 102 1960 0.904 0.1593 —0.919 X 10?2
1981 0.795 0.0846 —0.180 X 1072 1961 0.706 0.1225 —0.710 X 102
1982 0.730 0.0928 —0.299 X 1072 1962 0.633 0.0908 —0.472 X 1072
1983 0.940 0.1276 —0.633 X 102 1963 0.722 0.0962 —0.130 X 102
1984 0.725 0.0931 —0.486 X 102 1964 0.656 0.0880 —0.379 X 102
1985 0.747 0.1240 ~0.384 X 1072 1965 0.584 0.0826 —-0.52 X 1073
1986 0.702 0.1067 —0.833 X 102 1966 0.685 0.1120 —0.390 X 1072
1987 0.656 0.0624 —0.034 X 102 1967 0.595 0.1958 0.38 X 103
A 0.769 1968 0.649 0.0864 0.23 X 103
- 1969 0.561 0.0904 —0.151 X 102
1970 0.644 0.0834 —0.226 X 10?2
1971 0.481 0.0598 —-0.48 X 1073
— -3
can be nonneglible (Pollocl? et al. 1990, Link and Nich- ig% 82‘1‘2 882(8)8 _82; § ig,x
ols 1994), we compute estimates of the true temporal 1974 0.559 0.0481 0.60 X 103
variability, 72, accounting for the estimated sampling }g;g 8;‘11‘71 882% 8‘510 ><1(1)044
. . . . -0.5 X 10~
variances and covariances as 1977 059 01493 034 % 103
1 . 1978 0.557 0.0504 0.109 X 1072
22 = §2 — = E[Var(g,| F)) 1979 0.662 0.0556 0.1762 X 10!
n 1980 0.652 0.0531 0.117 X 102
1981 0.504 0.0508 0.53 X 103
N A 1982 0.616 0.1891 0.43 X 1077
oD 2 ElCovei, ;1P (@ jog3 0.500 0.0609 0.104 X 10-2
= 1984 0.527 0.0673 —-0.57 X 1073
1985 0.429 0.0632 0.107 X 102
EXAMPLES 1986 0.536 0.1456 0.104 X 10
Roseate Terns breeding in Connecticut 1987 0.714 0.0613 0.195 X 10-2
1988 0.657 0.0510 0.199 X 102
We computed temporal variability estimates of sur- 1989 0.560 0.0700 0.83 X 1073
vival for a breeding adult Roseate Tern (Sterna dou- 1990 0.427 0.0550 0.42 X 107
.. . . 1991 0.699 0.0855 0.134 X 102
gallii) population on Falkner Island, Connecticut, as .
$ = 0.631

described in Spendelow and Nichols (1989). A cap-
ture—recapture analysis of trapping data collected on a
total of 1146 different birds from 1978 to 1989 was
conducted using the transient models of Pradel et al.
(1997). The transient models allow for the presence of
transients (nonmembers of the population) and estimate
the proportion of residents, vy;, in the population at each
sampling occasion. The most general transient model
we considered allows the proportion of residents, v,
survival rates, ¢;, and capture probabilities, p,, to vary
over time, while the most basic model considers each
of the parameters to be constant over time. Using a
modified version of program SURVIV (White 1983,
1986) we selected model (y, ¢;, p;) with a constant
proportion of transients among unmarked birds, and
time-specific survival and capture probabilities as a
model with reasonable fit (x3, = 42.5; P = 0.62) and
the lowest Akaike’s Information Criterion value (AIC;
Akaike 1973) among those tested.

The temporal variance in annual survival rates was
estimated using Eq. 2 with the estimated survival rates
and sampling variance and covariances of Table 1. The
estimated total variance of survival is S? = 0.01704,
of which, the average sampling variance accounts for
~64% (0.01095). After removing the effects of sam-
pling variances and covariances, the temporal variance

of survival is estimated to be 42 = 0.00530 (4 =
0.0728). This result suggests that nonbiological sources
of variability, i.e., variability due to sampling, can con-
stitute a significant portion of the total observed vari-
ability in survival estimates.

Black-capped Chickadees wintering in Connecticut

Thirty-five years of capture-recapture data were used
to estimate survival for Black-capped Chickadees (Par-
us atricapillus) wintering from 1958 to 1992 at the
White Memorial Conservation Center, Litchfield, Con-
necticut (Loery and Nichols 1985). The standard Jolly-
Seber model did not fit the data well, so survival es-
timates and associated variances and covariances (Ta-
ble 2) were computed under the transient model of
Pradel et al. (1997) using a modified version of program
SURVIV (White 1983, 1986). Likelihood ratio tests
between models and AIC values indicated that the mod-
el (y, ¢, p;) with time-specific survival, ¢; capture
probabilities, p;, and a constant proportion of residents,
v, was the most appropriate model. The total variance
of survival estimates was estimated to be S? = 0.01398,
of which, 0.01242, or 89%, was contributed by the



