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Population monitoring programs involve the complex task of
detecting demographic trends, which are the result of the in-
teraction among species demography, environmental per-
turbations, and stochastic effects. This paper focuses on how
quantitative methods can potentially improve the statistical
rigor of monitoring programs.

Matrix modelling and power analysis are valuable tools in
the design of monitoring programs even for species in which
sparse data exist. Many recent studies have used matrix model
methods to evaluate conservation measures and forecast pop-
ulation trends for rare species (Crouse et al. 1987, Caswell
1989). These mathematical studies have mainly been con-
ducted for species in which substantial research efforts have
produced precise parameter estimates. However, for many
species, not enough data currently exist to allow precise pa-
rameter estimates; therefore, little effort has been made to un-
derstand the species population dynamics using the rigorous
framework of a population model. Sometimes the lack of

understanding regarding the effect of specific parameters on
overall population dynamics has led to unfocused research
and conservation efforts. 

A case study of marbled murrelets is used to illustrate the
basic steps in the matrix model and power analysis approach
to monitoring study design. This paper cannot fully document
the modelling process; refer to Boulanger et al. (in press) for a
thorough discussion of this case study. Power analysis of mon-
itoring data may reveal a low probability to detect a popula-
tion change and discussion is provided on alternative methods
to boost power. 

METHODS

MATRIX MODELS

Various matrix and population viability analysis (PVA) mod-
els are available for use in species management and monitor-
ing design. These models vary in complexity from simple
matrix models to spatially explicit metapopulation models.
This paper focuses on the use of simple matrix models and
power analysis to prioritize monitoring objectives. For this
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ABSTRACT

Recent developments in quantitative methods can potentially improve the statistical rigor of monitoring programs.
Matrix modelling and power analysis are valuable tools in the design of monitoring programs even for species in
which sparse data exist. Newer distance and mark-recapture methods can improve the quality of estimates when
compared with count-based methods. This paper presents a case study of the marbled murrelet (Brachyramphus
marmoratus) to illustrate the application of these methods. Two possible murrelet life history scenarios that
represent the extremes of plausible murrelet parameter values, given the limitations of current knowledge, are
examined to illustrate matrix modelling and power analysis. Sensitivity analysis suggests that regardless of life history
scenario, murrelet populations are more sensitive to changes in adult survival, and less sensitive to juvenile survival
and productivity. Power analyses of population trajectories generated by the matrix model suggest that only large
reductions in individual population parameters would be detected in 10 years by at-sea census techniques. Results
of these analyses have helped to prioritize strategies for monitoring and research of murrelet populations. The results
of recent studies are used to illustrate the applicability of mark–recapture and distance methods to marbled murrelet
populations. Estimation of survival rates for marbled murrelets in British Columbia using mark–recapture methods
is providing new insight into the life history of the murrelet. Distance methods improved power of at-sea surveys of
murrelet populations in California. Comprehensive power analysis (MONITOR), mark–recapture (MARK), and
distance (DISTANCE) software programs are currently available free from specialized Web sites. 
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paper, matrix models are used to explore monitoring strate-
gies but cannot be used to determine absolute rates of
population change given the high uncertainty in model pa-
rameters. Readers should consult Beissinger and Westphal
(1998) for the advantages and pitfalls of PVA methods.

Step 1: Conceptualization of Life History 
Parameters and Formulation of Matrix Model
General life history parameters and scenarios for marbled
murrelets were initially determined by discussion between
field biologists and quantitative ecologists and review of ex-
isting literature. From this process a simple life history
model for marbled murrelets was formulated (Fig. 1). Each
node in the diagram represents a specific stage, which is con-
trolled by a unique set of life history parameters. In this
model the population is censused in the fall after the breed-
ing season. The survival of young of the year for the 2 years
is parameterized by juvenile survival (Sj) and after that pa-
rameterized by adult survival (Sa). The breeding age birds
(assuming an age of first breeding of 2 years) attempt to
breed each spring and their success is parameterized by pro-
ductivity (P). The numerical relationships in the life history
diagram can then be easily translated into matrix format. 

The projections from the resulting matrix model follow
the model of exponential population growth (or decline) as
defined by the equation:

Nt = N0ert

In this equation, N0 is the initial population number and Nt is
the value at a give time t. The dominant eigenvalue of the matrix
is symbolized by λ and is equal to er. If the population is stable
then λ must equal 1. If the population is decreasing, λ is nega-
tive, and if the population is increasing, λ is positive. Therefore,
by calculating λ from the matrix the future population trajecto-
ry for a set of population parameters can be determined
(Caswell 1989). Note that the basic matrix calculations can be
programmed on an Excel© or similar spreadsheet package

whereas more complex matrix calculations require specialized
programs such as Matlab© or O-Matrix©.

Some assumptions apply to this matrix model. First, the
model considers that only females are included, breeding age
females always find mates, and the population has an even
sex ratio. Second, the population is censused in the fall after
breeding. Third, the population is at equilibrium and always
has a stable age structure. Fourth, the model is linear with no
density-dependent effects. Finally, we assume that senes-
cence is solely determined by adult survival values. The ma-
trix model can be easily altered to generate precise
predictions which can be used to test these assumptions
with field data.

Step 2: Estimation of Life History 
Parameters and Potential Life History Scenarios
The second step in the modelling process involved assigning
likely ranges of life history parameters based on sparse cur-
rent knowledge of murrelets. Inference from comparison of
similar alcid species by Beissinger (1995) gave approximate
ranges of survival values for murrelets. Beissinger (1995) es-
timated that murrelets in their first year of life survive at 70%
of adult survival and murrelets in their second year of life
survive at 88% of adult survival. To keep the model simple,
pre-breeding survival was compressed into 1 parameter by
taking the geometric mean of 0.88 and 0.70. Juvenile sur-
vival was then calculated by multiplying this value (0.78) by
the adult survival for each simulation. Data from observed
nests and juvenile adult ratios gave approximate productivi-
ty values (Beissinger 1995, Nelson and Hamer 1995,
Boulanger et al. in press).

A wide range of life history parameter values were plausi-
ble given the uncertainty in the life history of the murrelet.
One initial method to formulate likely combinations of life
history parameters was to determine which combinations re-
sult in a stable population. This was done by iteratively solv-
ing the matrix for parameter combinations which resulted in
λ = 1 (Fig. 2). 

To account for the large degree of uncertainty in parameter
values Boulanger et al. (in press) focused on 2 life history sce-
narios with parameter values that maintain a stable popula-
tion (Fig. 2). In the “high productivity” scenario, productivity
could possibly be higher than that reflected by juvenile/adult
ratios. With this scenario, adult survival falls within the range
suggested from allometric comparisons with other alcid
species and recent mark–recapture survival rate estimates .
The second “high survival” scenario implies that murrelets
have higher adult survival than suggested by their body size.
This scenario is most plausible if we assume that current juve-
nile/adult ratios in Beissinger (1995) reflect true productivity.

This “extreme scenario” approach is a simple way to ac-
count for uncertainty in life history parameters. The main ra-
tionale behind this approach is that the true life history

Figure 1. A life cycle diagram for the marbled murrelet for age of
first breeding at 2 years. This life history diagram per-
tains to a population in which a post-breeding census
is conducted. P = productivity, Sa = adult survival, Sj =
juvenile survival from first fall census to 2 years of age.
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parameters for murrelets fall somewhere between the 2
extreme values. Modelling the 2 scenarios allows a test of model
robustness to uncertainty in life history parameter values. 

Step 3: Sensitivity Analysis
Sensitivity analysis was used to investigate the relative im-
portance of each life history parameter in maintaining mur-
relet population given the range of parameter values
previously listed. In each analysis, the change in λ was
recorded when each life history parameter was proportional-
ly decreased while the others were held constant (Fig. 3).

Results from the sensitivity analysis suggest that murrelet
populations are most sensitive to changes in adult survival,
followed by juvenile survival and productivity (Fig. 3).
Marbled murrelets may have evolved a life history strategy
that tolerates large fluctuations in yearly productivity that
has been observed in other seabird species. This strategy
would partially explain low model sensitivity to productivity.
Given this, Boulanger et al. (in press) recommended that
monitoring should emphasize detailing variances in produc-
tivity and estimating survival using methods similar to
Kuletz and Kendall (1998) and Lougheed et al. (1998). 

Step 4: Power Analysis
Power analysis of population trajectories generated by the ma-
trix model allows a testing of how well current monitoring can

detect hypothetical changes in population. Boulanger et al. (in
press) used the methods of Gerrodette (1987) in which the
main input variable for analysis is coefficient of variation,
which can be measured from replicated survey data.
Coefficients of variation from replicated strip transect surveys
conducted by Strong et al. (1995) were used for this analysis.
This simplistic power analysis model was useful for approxi-
mate power calculations (Link and Hatfield 1990). More so-
phisticated and robust Monte Carlo simulation-based power
analysis models in program MONITOR (Gibbs 1995) are avail-
able for free on the World Wide Web (Table 1).

The power analysis of Boulanger et al. (in press) suggests
that reductions in population due to adult survival decrease
are much more likely to be detected than changes due to ju-
venile survival or productivity if strip transects methods with
precision levels of Strong et al. (1995) are used in surveys
(Fig. 4). Murrelet researchers may have to use more direct
measures of productivity such as the methods discussed by
Kuletz and Kendall (1998). In addition, factors affecting
adult survival such as fishing net mortality should be consid-
ered when large murrelet declines are detected in short peri-
ods of time Boulanger et al. (in press).

ALTERNATIVE 
MONITORING STRATEGIES

This section discusses alternative monitoring strategies
that can increase the statistical power and rigor of moni-
toring programs.

 

 

Figure 2. Combinations of adult survival and productivity result-
ing in a stable population conducted for ages of first
breeding of 2 (solid line) and 4 years (dashed line).
Labelled points are the parameter values in which the
analysis of Boulanger et al. (in press) was conducted.
Note that juvenile survival is assumed to be 78% of
adult survival in this model and therefore is not shown
on axis. The survival and productivity values proposed
by Beissinger (1995) for murrelet populations in the
Unites States are bounded by the labelled box.

 

Figure 3. Results of sensitivity analysis (individual parameters
reduced by 30%) of high survival and high productiv-
ity scenarios. P = productivity, Sa = adult survival, Sj
= juvenile survival.
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DISTANCE METHODS

Often the sampling design for count-based indices is either
the point count or strip transect in which all the animals
within a specified distance from the survey line or centre are
counted. A fundamental assumption of strip transects is that
all animals, or a constant proportion of animals, are counted
within the survey strip.

When compared with strip transects, the only additional
measure needed for the use of distance methods is the dis-
tance of individuals (or clusters of individuals) from the sur-
vey centre. Data can be measured by distance categories or
groupings when it is difficult to get exact distances.
Therefore, distance methods can often be used in field situa-
tions with little increase in effort (Buckland et al. 1993).

With distance methods, all animals sighted (regardless of
distance from the survey centre) are counted and the sighta-
bility of animals is estimated, therefore allowing an actual

estimate of population density (and associated variance). This
method is unlike strip transects which usually underestimate
density (due to violation of the assumption of all animals being
sighted within the strip) (Burnham and Anderson 1984). In ad-
dition, a more robust estimate of survey precision is possible
with distance methods. Finally, the seldom tested assumption
that index counts and true abundance are linearly related is
less likely to be violated with distance methods (Burnham and
Anderson 1984, Buckland et al. 1993). All of these attributes
may contribute to the increase in power and statistical validity
with distance methods. 

A common reason for not attempting to use distance
methods is sample size constraints. Buckland et al (1993)
state that most distance models need at least 60 observa-
tions to ensure adequate precision. However, if the sighta-
bility of animals is high and factors affecting detection rate
are not complex (due to proper sampling design), adequate
results can be obtained with less than 60 observations
(pers. comm., S. Buckland, Mathematical Institute, Univ. of
St Andrews, Scotland). Recently, a comprehensive,
Windows®-based distance calculation (DISTANCE) has be-
come available and can be downloaded free from the World
Wide Web (Table 1). 

The increase in power with distance methods with mar-
bled murrelet monitoring is exemplified by the results of
Becker et al. (1997) in which the power of strip transects and
distance methods (line transects) was compared for marbled
murrelet populations off the coast of California. In short,
Becker et al. (1997) showed 2.3 times increase (0.24–0.57)
in power between line and strip transects. The line transect
method always resulted in higher counts of murrelets which
most likely contributed to increase in statistical power.

MARK–RECAPTURE METHODS

Mark–recapture methods are similar to distance methods in
that the capture probability of animals is estimated which al-
lows a more statistically rigorous estimate of population
trend. Historically, mark–recapture methods such as the
Jolly-Seber model displayed marginal precision due to the
large potential number of parameters being estimated as part
of survival rate estimates. Recently, constrained versions of
the Jolly-Seber model, and advanced models that include
survey covariates (such as effort, weather factors, and bio-
logical attributes), have allowed estimates with increased
precision and reduced bias (Labreton 1992, White 1998).

The choice of whether to use mark–recapture models is
often determined by the viability of obtaining adequate
samples of animals in the field given costs and other logis-
tical constraints. In addition, the use of Jolly-Seber models
requires a commitment of at least 3 years to obtain survival
rate estimates. However, obtaining a viable population
trend arguably requires at least 3 years of data and there-
fore the constraint of time commitment is universal to all

Table 1. Web site addresses for program downloads.

Program Web address

MARK <http://www.cnr.colostate.edu/~
gwhite/software.html>

DISTANCE <http://www.ruwpa.st-and.ac.uk/
distance/>

MONITOR <http://www.im.nbs.gov/>
Related programs <http://www.ecological.bc.ca/links>

 

Figure  4. Results of power analysis, based on line transect sur-
veys documented by Strong et al. (1995) for high sur-
vival and high productivity scenarios. The y-axis
represents the number of years it would take to sta-
tistically detect a population decrease resulting from
a percentage reduction in a given parameter. P = pro-
ductivity, Sa = adult survival, Sj = juvenile survival.
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monitoring methods (Gibbs 1995). Simulation modules in-
corporated in newer mark–recapture programs such as
MARK (White 1998) and POPAN (Arnason et al. 1998)
allow calculation of sample sizes from preliminary survey
data (Table 1). 

Capture–recapture techniques with marbled murrelets
are exemplified by a study in Desolation Sound that uses
newly developed mist net and dip net capture techniques.
An adult survival rate was estimated at 0.845 (95% confi-
dence limits 0.47 to 0.94) (Lougheed et al. 1998). This
estimate is based on 4 sampling sessions (conducted yearly
from 1994 to 1997); therefore, precision is low due to low
numbers of recaptured birds. Future estimates from this
project should provide critical information regarding life
history parameter values of marbled murrelets as the sam-
ple size of marked birds and corresponding precision of es-
timates increase (Lougheed et al. 1998). 

USE POWER ANALYSIS FOR COUNT INDICES

If counts methods are used then the survey effort should be
fine-tuned using specialized power analysis packages. For ex-
ample, program MONITOR allows the user to vary the num-
ber of surveys per year and other survey parameters to
determine the optimal survey effort (Gibbs 1995). Note that
the user inputs hypothetical rates of population change, and
MONITOR does not require knowledge of life history param-
eters or the use of matrix models. This program is available
for free on the World Wide Web (Table 1). 

When possible, monitoring efforts should be targeted to-
wards life history stages as determined by the results of ma-
trix model sensitivity analysis. For example, productivity
indices of (Kuletz and Kendall 1998) can provide valuable in-
formation regarding annual variation in productivity. Becker
et al. (1997) provide a good example of the use of program
MONITOR in formulating optimal sampling strategies. 

CONCLUSION

This paper introduces a general method to evaluate the
uncertainty in life history assumptions and formulate moni-
toring priorities for species at risk. In addition, this method
allows evaluation of how the uncertainty in life history pa-
rameters relates to field monitoring through power analysis.
If data are unavailable for the use of matrix models, re-
searchers must still use power analysis to evaluate monitor-
ing programs. In addition, consider improved monitoring
methods such as distance methods, which involve fewer as-
sumptions and many times exhibit higher statistical power
than count-based indices. Monitoring populations is a com-
plex, costly, and challenging task. The use of quantitative
tools is inexpensive compared with field efforts; these tools
can supply valuable inference towards optimal monitoring
design as well as more statistically robust results.
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