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Evaluating uncertainty in estimating population
trends of Marbled Murrelets

John Boulanger, Kathy Martin, Gary Kaiser,
Andrew E. Derocher

Abstract

We used a mathematical mania model to explore life history strategies and evaluate conservation measures for the
Marbled Mumelet (BraChyranholtus Inartnomans), a threatened seabird species. Demographic parameter estimates for
Marbled Murrelets are crude, but existing data and allometric comparisons with other seabirds suggest that both
productivity and adult survival are low. This combination of low parameter values is not possible if populations are to
maintain stability.	 As a result, we examine two possible alternative life history scenarios (high survival and high
productivity) which represent the extremes of plausible murrelet parameter values. For both life history scenarios we
used a matrix model to conduct sensitivity analyses of life history parameters. We found that regardless of life history
scenario, murrelet populations are very sensitive to changes in adult survival, and less sensitive tojuvenile survival and
produdvity DI' I d usto on I de tha red el	 adul rv'	 I may	 t tut th m t mm d to fire t to
murrelet populations even if habitat loss is the most significant long-term factor affecting conservation. Our power
analyses show that only large reductions (20% reduction in adult survival. > 50% reduction in productivay) in
individual parameters would be detected in 10 years by current monitoring techniques. Results of recent field studies
document lower power (mostmonitoring methods. We suggest that more emphasis be placed on obtaining
estimates of adult survival and easily obtained measures of productivity such as juvenile/adult ratios using recently
refined field techniques. Given low power to detect population changes using !current methods, managers and policy-
makers must implement active conservation strategies before researchers can detect population declines statistically
and fully document the causes.

Résumé

Nous	 un model° mathematique maniciel pour explorer les strategies d'histoire naturelle et evaluer les
mesures de

evens 
conservation de l'Alque marbre (Brachyramphus marmontts), one espece toiseau de mer menacee. Les

esfimes des paramètres dernogntphiques de l'Alque maitre sont grossiers. Cependant, Its donnees dispenibles et les
comparaisons allometriques avec les autres esOces d'aseaux de mer suggerent que la productivite et la survie des
adultes son faibles. Cate combinaison de faible procluctiviti at some n'estpas possible si we population dolt demeurer
stable. Cost pourquoi taus examinons deux scenarios altematifs (some elevee et product:xi* &levee) qui representent
les extremes plausibles des paramètres demographiques de l'Alque marble. Pour ces deux scenarios. non utilisons so
model° matrimel pour conduire des analyses de mbusteste des parametres demographiques. Nous avons demontre que,
independammem du scenario d'histoire naturelle, les populations d'Alques woks sensibles aux ..uriadons dans le taux
de surne des adultes, at moms sensibles au taux de survie desTuvendes et au taux de productivite. Ceci now amen
conclure we la reduction dans	 a	 a ad	 Vouue	 1	 In plus umnechate aux
pop I	 d'Alq	 Ipand'hbtt	 tilt	 I	 pl	 gf	 t'f ff u	 servat	 'I g t	 .
Notre analyse de puissance dementre que seules des reductions importantes (20% dans le taux de survie, >50% dans b
productivité) dans les parametres d6mographiques pourraient are detectees en 10 ans avec nos techniques actuelles de
stmt. Les resultats d'etudes de terrain racemes documentent use p 'ssa 	 mem pl	 'd	 po I pl part d
mahodes de suivi. Nous suggerons que plus temphase demit are mise a obtenir des estimes de taux de sante des
adultes de memo que des mesures simples de productivite testes que les ratios ptvenilesiadultes en unlisant quelques
techniques de terrain recermnem developpees. Vu la faitile puissance des methodes actuelles 7 detecter des changements
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de population, les gestionnaires doivent implanter des strategies proactives de consmanon bien avant que les chercheurs
rte puissent &teeter statisfiquement des déchns et en documenter les causes.

John Boulanger, Integrated Ecological Research, 924 limes Street, Nelson, British Columbia, Canada VI L 512

(boulange@ecological(rcca); Kathy Martin, Centre for Applied Conservation Biology, Faculty of Forestry,
University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z4, and Canadian Wildlife Service,
5421 Robertson Road RR I D Ita, British Columbia, Canada V4K 3N2; Gary Kaiser, Canadian Wildlife Service,
5421 Robertson Road RRI, Delta, British Columbia, Canada V4K 3N2 ; Andrew E. °trachea British Columbia
Ministry of Forests, 2100 Labatt, Road Nanaimo, British Columbia. Canada V9T 6E9 (Current address:
Norwegian Polar Institute, Storgt. 25, Box 399, N-9001, Tromso, NOFFIN

Introduction
Uncertainty about population size and life history
attributes of rare or cryptic species is a common
problem in conservation biology Failure to confront
uncertainty regarding Population drskiniesi and lie

 power of monitoring strategies to detect changes
in population trends, have been used to forestall
management decisions, sometimes leading to
disastrous population declines of cryptic species
(Ludwig et al. 1993). Evaluation of conservation
strategies using theoretical methods such as matrix
models and power analysis have been reshicted mainly
to species for which solid data exist as a result of large
investments in field research (Crouse et al. 1987;
kande 1988; Caswell 1989, Taylor and Gm .Jere
1993). However, for many cryptic species there are
insufficient data to allow precise parameter estimates,
and as a result little effort has been directed at
understanding population dynamics using the 'rigorous
framework of a population model. Furthermore, little
attempt has been made to determine the ability of
monitoring methods to detect d 	 (b I see
Thomas and Martin 1996).

This study focuses on the Marbled Murrelet
(Brachyramphus marmoralus), a Pacific seabird
(Alcidae) that nests in coastal old-growth temperate
forests from California to Alaska. Populations of
Marbled Murrelets face negative impacts from the
extensive loss and fragmentafion of old-growth forests
as well as oil spills, fishing mortality, and other
anthropogenic disturbances. Because of these and
related concerns, the Marbled Murrelet was designated

R
a threatened species m Canada (Rodway 1990;

odway et al. 1992) and in California. Oregon, and
Washington in the United States (Carter and Morrison
1992; Nelson and Hamer 1995; Ralph et al. 1995).
The world population size of Marbled Murrelets has

been estimated at about 287,000 . 300,000 indirsduals,
with most (approximately 220,900) in Alaska (Ralph
et al. 1995). A significant number of the remaining
Marbled Murrelets breed in British Columbia.

Despite the Marbled Murrelet being a high
priority spertes f	 onservirton, many basic life
history details required for effective management are

Po ly 10	 B	 Marbled Murrelets nest high
in the inner branches (next to the tree trunk) of coastal
conifers (except 111 some northernAlaska populations),
their nests are very difficult to locate. Summaries of
breeding information and suspected nesting activities
for British Columbia were given by Sealy (1974). The
first active nest for British Columbia was located in
1993 (Jones 1993). Thus, estimation of productivity
parameters has been very difficult. High spatial
variability in at-sea distributions has also hampered
estimation of survival rates and related population
parameters (Ralph et aL 1995).Improved statistical
techniques for estimating productivity from
juvendeladult ratios, and advances in techniques in
mist-netting and radio telemetry (Kaiser et al 1995,
Becker et al.1997; Kuletz and Kendall 1998; Cooke
1999) offer new insights into murrelet 	 history.
However, It	 appears unlikely that sufficient
infomiati on will be collected to estimate precisely
murtelet population status before substantial declines
have occurred in most of the southern pan of its
distribution (Rodway et al. 1992; Ralph et dl. 	 199

99

Adult and juvenile survival of Marbled Murrelets
are unknown. Features of their breeding biology such
as crepuscular nest attendance, cryptic plumage, and
open nests high in trees suggests that predates have
low survival and attempt to avoid high predation risks
(Nelson and Hamer 1995). Marbled Murrelets have
low potential productivity (1 egg per clutch, no
evidence of renewing) and apparently high loss of
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young during incubation and after fledging (DeSanto
and Nelson 095; Nelson and Hamer 1995). 	 Low
observedmvaule/adidt ratios of Marbled Murrelets at
sea also suggest low productivity (Beissinger 1995).
In contrast, other seabird species of similar body mass
(guillemot Cepphus) and other murrelet species
(Spdhlzhomniplmu sp.) produce two eggs per clutch
and nest on islands or in colonies that are less
vulnerable to predators. larger alcid species such as
murres (Uric) and Razorbill (Aka tondo) produce one
egg, but appear to compensate for low fecundity with
effective breeding strategies and unusually high annual
adult survival (Hudson 1985). Overall, allometric
comparisons of Marbled Murrelets with other
piscivorous seabirds suggest that Marbled Murrelets
show lower productivity and possibly lower survival
rates when compared to similar sized alcids (DeSanto
and Nelson 095).

The apparently unlikely combination of low
fecundity and low adult survival has caused some
authors to argue tha	 rre ets ha	 -
survival than similar-sized skids to maintain stable
populations (Rodway et al. 1991; Ralph et al. 1995).
Alternatively, murrelets may have higher productivity
than estimated by juvenile/adult ratios or direct
estunates of nesting success (Re gent° and Nelson
1995, Ralph et al. 1995).	 In a demographic analysis
co Marbled Murrelet populations, Beissinger (1995)
compiled data from a research compendium (Ralph et
al. 1995) to provide likely population parameter
estimates. Using a matrix model, he concluded that
murrelets were declining annually by 2-12 percent.
However, he did not discuss the limitations on
detecting population trends given the uncertainty
about the input values available and the difficulty of
making inferences without power analyses when using
data from available monitoring methods.

In this paper we use a mathematical matrix model
coupled with statistical power analysis to evaluate
current monitoring strategies used for Marbled
Murrelets. We conduct sensitiv analysis of several
life history parameters to com

ity
pare the relati 	

ev
ve effects

of individual parameter change on population
trajectories. We simulate hypothetical population
declines, and test the power of current methods to
detect these declines. Each analysis is conducted for
two opposing life history scenarios which represent
the extremes of plausible life history parameter values.
Using this approach we determine the robustness of
sensitivity and power analyses across a full range of
plausible parameter values. Unlike the demographic
study of Marbled Murrelets by Beissinger (1995), we

do not attempt to predict actual population trends.
Instead, we focus on determining optimal strategies for
future research and monitoring programs.

Methods
Population model and sensitivity
analyses
To aid in the conceptual process of exploring murrelet
population dynamics weconstmeted a stage-based
matnx model (Caswell 089). The parameters of the
matrix model and the life cycle model of Marbled
Murrelets are shown in Figure I and a mathematical
description of the model is given in Appendix I. By
calculating the dominant eigenvalue (A) from the
matrix we can determine the future population
trajectory for a set of population parameters. If the
population is stable.	 equals one over time (if
decreasing, X <I and if increasing, X >I; Caswell
1989). We used sensitivity analysis to investigate the

MPorta
maintaining murrelet populations. In each analysis we
started with parameter combinations that maintained a
stable population Qtz- 0, then decreased a given
parameter by percentage increments while holding the
others constant, and recorded the response of A, To
evaluate the sensitivity of juvenile/adult ratios to
changes in population and life history parameters, we
simulated population	 declines and calculated
col vapynding juvenile/adult ratios from the model
(Appendix I).

Figure 1. A life cycle diagram for the Marbled
Murrelet for age of first breeding at 2 yrs. Note that
this life history diagram pertains to a population in
which	 a post-breeding census is conducted.
Bksunival from first fall census to 2 years of age.
S, adult survival, RNBoductivay.

Some assumptions apply to this matrix model.
First, the model considers only females, and assumes
an even sex ratio and that breeding age females always
find mates (Sealy 1975). Second the population is
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censused in the fall after breeding.	 Third, the
population is at equilibrium, i.e. always has a stable
age structure. Fourth the model is linear with no
density-dependent effects. Finally, we assume there is
no senescence.

Marbled Murrelet life history
parameters
We define adult survival as the annual probability that
an individual murrelet (aged > 2 years) will survive to
the next age class. Most inference about murrelet
survival has been tIvough allomettic comparison with
other alcid • pee' • Adul	 sr ted at
0.845 (95%Ck 0.81-0.88) by Beissinger (1995) and at
0.83 by DeSanto and Nelson (1995). Recently, a mark-
recapture study in Desolation Sound, British
Columbia, produced an adult survival rate estimate of
0.85(95% confidence interval: 0.47 to 0.97; Loagheed
et al. 1998).

We define juvenile survival as the annual
probability that a fledgling will survive its lint two
years of life. Beissinger (1995) estimated that
Marbled Murrelets survive at 70% of adult survival in
their first year of life and at 88% in their second. To
keep our model simple, we compressed pre-breeding
survival into one parameter by taking the geometric
mean of 0.88 and 070. Juvenile survival was then
calculated by multiplying this value (098) by the adult
survival for each simulation.

We define productivity as the proportion of
breeding age females that produce one female

ryoffspring that survives to the census period. Estimates
of murrelet productivity have been derived from two
sources. observed nesting success and juvenik /adult
ratios of murrelets observed at sea.

Murrelet productivity can he estimated by the
percent of murrelet nests that fledge young. Nelson
and Hamer (1995) calculate that 28% of 32 murrelet
nests produced young. Since their analysis. 83 nests
have been found in British Columbia, which will allow
a better productivity estimate, For the matrix model,
this yields an estimated productivity of 0.17 if half of
the fledglings are female, but this value does not
account for modality during the actual fledging event
or in the subsequent winter.

Beissinger (1995) used cumulative sightings of
juvenile/adult ratios at sea to obtain a post-breeding
season estimate of productivity. By averaging
juvenile/adult ratios from

the 
studies in the

United States, producttvity was estimated at 5%, with
some estimates as high as 10%. Assuming an equal
sex ratio, this estimate of productivity describes the

percentage of breeding females that produced one
female offspring at the end of a breeding season.

Productivity is also influenced by age of first
breeding. In akids this ranges from 2. 15 years
(Hudson 1985; Gaston 1992; Hams et al. 1994).
Given the low productivity, and possible low annual
survival of Marbled Murrelets (as estimated from body
mass), it seems plausible they have an early age of first
breeding. Therefore, we set age of first breeding at 2
years. Later ages of first breeding (e.g., 4 years)
require higher survival and/or productivity parameter
values to maintain population stability (Figure 2).

Figure 2. Combinations of adult survival and
productivity resulting in a stable population conducted
for ages of first breeding of 2 (solid line) and 4 years
(dashed line). Labeled points are the parameter values
in which we conducted our analysis. The survival and
productivity values proposed by Beissinger (1995) are
displayed in the labeled box.

08	 085

tamer

Marbled Murrelet life history
Scenarios
We focus our analysis on two alternative life history
scenanos with parameter values that maintain a stable
population (Figure 2). In the first "high productivity"
scenario we consider that productivity could be higher
than estimated by juvenile/adult ratios or nest success
(DeSanto and Nelson 1995; Ralph et al, 1995). With
this scenario, adult survival falls within the range
suggested for other alcid species. In the second high
survival" scenario, adults have higher survival than
suggested by their body size (Beissinger 1995; Ralph
et al 1995). This scenario is most plausible if current
juvenile/adult ratios and estimated nesting success
reflect true productivity With this scenario adult
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survival is similar to other longer-lived alcid species
such as the razorbill which also have low fecundity
(DeSanto and Nelson 1995).

Evaluation of at-sea surveys using
power analysis
The main method for evaluating overall population
status of murreletsis at-sea surveys or line transect
counts (Strong et al. 1995).	 The power analysis we
used is for regression analysis of population trends.
The parameters for this model are: the number of
annual surveys conducted, coefficient of variation
(CV) of yearly surveys, the	 level, and true rate of
change of population each year (Gerrodette 1987;
Taylor and Gerrodette 1997). We considered a power
level of 0.8 to be adequate to detect a population
decline (Cohen 1988) and used an level (probability of
Type 1 erro ) f 0.05 f

Gerrodettes power calculation makes some
restriefive assumptions. First, the population being
monitored follows an exponential model of population
decrease. Second, line transect or similar sighting per
unit effort technique is 	 used for population
monitoring. Third, the CV input parameter takesinto
account variation due to demographic stochasticity as
well as sampling valiance. The model used for the
power analysis accounts for change in coefficient of
variation with decreasing abundance of animals being
surveyed so that only an initial coefficient of variation

'	 Geri i	 of variations
were Iculated from 7 replicated strip tran -vets at sea
along the coast of Oregon during 1992 and 1993
(Strong et al. 1995). Data were used from transects
that were replicated at least 4 times and as many as 13
times for coefficient of variation calculation. The
mean coefficient of variation from these transacts was
0.57 (range: 0.31-0.84).

We feel this simplistic power model is the most
parsimonious approach given the requirements for
data of more complicated simulation methods.
GerrodetteS power estimate ignores the statistical
problems created by non-independence of points when
linear regression is used to analyze time series data and
as a result power will always be overestimated using
this routine (Gerrodette 1987; Gerrodette 1991; Link
and Hatfield 1990; Taylor and Gerrodette 1993).
Therefore, the results of this analysis are an estimate of
relative rather than absolute statistical power.

Results and Discussion
Sensitivity analysis
Sensitivity analysis suggests that regardless of life
history scenario, murrelet populations are most
irdluenced by changes in adult survival, followed by
juvenile survival and productivity (Figure 3).

Figure 3. Results of sensitivity analysis of high
survival(a) and high productivity (b) scenarios. •
Productivity (P), • Juvenile survival (S)), ♦ Adult
Survival(S.).
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Adult Survival
High model sensitivity to adult survival is of great
conservation concern given the potential impacts of
gill-net fishing by-catch and oil spills on murrelets
(Caner and Kuletz 1995; Carter et al. 1995). Marbled
Murrds have the highest oil vulnerability index of
birds in the Alaska region (King and Sanger 1979).
Caner and Sealy (1984) estimated that 7.8% of the fall
population of murrelets were killed in 1980 in Barkley

ound in fishing nets. If this type of mortality reduces
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adult survival even slightly, it will result in a rapid
population decline. A mark-recapture study in
Desolation Sound which uses newly-developed mist-
net and dip-nee capture techniques recently produced
an adult survival rate estimate of 0.845 (95%
confidence intervals 0.47 to 0.94 Kaiser et al. 1995,
Lougheed et al. 1998, F. Cooke submitted). This
estimate is based on four sampling sessions
(conducted yearly from 1994-1997) and therefore
precision is low due to low numbers of recaptures.
Future estimates fr m this project should provide
critical information regarding survival rates as the
sample size of marked birds and corresponding
precision of estimates increases (Lougheed et al.
1998).

Juvenile survival
In both life history scenarios the model showed
relatively low sensitivity to juvenile survival (Figure

3)
. However, this might be an artifact of the
sumpuon that juvenile survival is directly

P oPon-on I t ad It	 rat I Th-	umption may
be valid if adults and juveniles congregate in similar
areas and are vulnerable to the same mortality sources
and experience mortality factors similar to other
alcids. Hudson (1985) commented that juvenile
survival could represent a bottleneck 	 in population
dynamics and affect population trends more than
shown by sensitivity analysis.

Productivity
Productivity is of great interest in Marbled Murrelet
population dynamics given the wide scale removal of
old-growth forests. 	 Low model	 sensitivity to
productivity may suggest that murrelet populations are
adapted to a breeding strategy dependent on yearly
food resources where high variation in productivity
might have minimal population effects. Murrelet
populations therefore may not show immediate
detectable effects of reduction i

ot
n productivity given

that then atural variation in this parameter will
minimize power to determine any tYPe of downward
trend. Possibly murrelets, like other seabirds, exhibit
high temporal venation in productivity. For instance,
in a 12-year period Common Mute pain produced an
average of 0.86 young per season, but this value varied
from 0.10 to 0.96 (Boekelheide et al. 1990). Current
estimates of murrelet productivity could be negatively
biased because the data were collected in El Nino
years (Ralph et al. 1995)in which other alcids had low

Boekelheide et al. 1990)reproductive success (

Figure 4. Results of power analysis, based on line
transect surveys documented by Strong at al. (1995),
for high survival (a) and high productivity (b)
scenarios. The y-axis represents the number of years
it would take to statistically detect a population
decrease resulting from a percentage reduction in a
given parameter. ♦ Productivity (P), • Juvenile
survival (S1), • Adult Survival (9.9
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Evaluation of monitoring methods
Power analysis of population surveys
Power analysis of at-sea	 survey data reflects the
difficulty in detecting statistically significant declines
in populations based upon current monitoring methods
(Figure 4). With high productivity, it took less time to
detect decreases in population due to productivity as
opposed to the high survival scenario. However, even
with the high productivity scenario it still took six
times as long to detect the decline in population based
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on a productivity decline of 10%. This finding
suggest that only comparatively large changes in
productivity might be detectable with present survey
methods. With high productivity and high survival
scenarios, the population decreased by an average of
68% and 72%, respectively, before the powe to detect
the decline reached 0.8 when parameters were
individually reduced by 10%.	 Results from power
analysis suggest that only the most rigorous, replicated
surveys will be able to detect population declines. To
increase power of detection researchers can increase
the number of yearly surveys (increase precision) or
increase the level in the analysis. We found that with
surveys that had a CV of 0.2, it would take ten years to
detect a population decline caused by a 10% decrease
in adult survival.

The observed CV from strip tnnsect surveys of
Strong et al. (1995) used in this exercise was 0.57
(range: 0.31-0.84) which reflects the current range of
survey values. A recent study by Becker et at (1997)
tested the power of line transect methods (Buckland et
al. 1993) used in at-sea surveys to detect population
declines. Using data from line Ranson surveys Becker
et al. (1997) found they could detect annual population
declines of 9% over 10 years with an estimated power
of 0.8 ().1) if areas were sampled at least 5 times per
year using line transects. Note that a 9% annual
decline would compound to a 57% total population
decline over a 10-year period. Becker et al. (1991) did
not publish CV estimates for line transect results; they
used a Monte Carlo simulation based power analysis
method (Gibbs 1995) which is more conservative than
the power analysis method of Gerrodene (1987) used
in this study (Link et al. 1990). The study of Becker et
al. (1997) was conducted on a relatively 	 straight
section of coastline in California and it is questionable
whether similar levels of precision could be attained in
the more complex fjords and inlets in	 British
Columbia and further north. We conclude that given
present monitoring techniques, populations will be
reduced significantly before a statistically significant
decline Is detected.

Monitoring of productivity
The sensitivity of detecting a population decline using
juvenile/adult ratios was responsive only to changes in

ModuCtiviry (Figure 5). Juvenile/adult ratio was stable
or increased slightly during simulations of population
decline caused by reduced adult or juvenile survival.
When less substantial decreases in population size
were simulated (lower seer 	 y f th	 oil I

Figure 5. Changes in juvenile/adult ratios resulting
from reductions in individual parameter values for the
high survival (a) and high productivity (b) scenarios.
♦ Productivity (P), • Juvenile survival (S 1), ♦ Adult
Survival (Sr).

111.13 manta

0.15

productivity), juvenile/adult ratio declined by 0.08.
Monitoring of annual variation in productivity

could provide valuable insight into whether murrelets
show a typical alcid pattern of high variation in
Productivity (Boekelheide et al. 1990). Results from a
recent study in Alaska by Kuletz and Kendall (1998)
suggest that juvenile density estimates with lowered
coefficients of variation (mean CVA)A2, range 0.17-
0.86) can be obtained by identification of More survey
periods( in which juvenile densities are highest.
Kulem and Kendall conducted power analysis using
the same methods of Gerrodettc (1987) that were used
in this study. Using the lower estimated CV range of
0.17 to 0.42, they could detect total declines of 24%
and 50%, respectively, in juvenile abundance in 10
years with an estimated power of 0.8 (at 4.1) when 5
surveys were conducted each year This level of power

h gh h th d	 d by B k	 I ( 99 I,
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however, this may be due partly to potential positive
biases with the Gerrodette (1987) method of power
calculation as discussed previously in this Parer (Link
et aL 1990). Using these data Kidetz and Kendall
(1998) developed an index of regional productivity
ba ed on the slope of paired juvenile and adult
abundance estimates. The study of Kuletz and Kendall
(1 98) was conducted in fjords and inlets and
therefore this technique may be m re easly applied
th n the methods of Becker et al. (1997) to Marbled
M rrelet populations in British Columbia and farther
north. We conclude that monitoring juvenile/adult
ra -os or monitoring ofjuvenile density using methods
similar to Kuletz and Kendall (1998) may be the best
w y tomonitor and evaluate temporal and spatial
vet 'Mon in produchvity.

Effect of uncertainty regarding life
h story strategies
It is important that researchers conducting
demographic analyses account for the effects of
uncertainty in parameters on calculation of population
tra'ectories. In his demographic analysis of Marbled

• 

rrelcts. Beissinger (1995) used an adult survival
va 

tae 
(estimated from other alcids) of 0.85

(confidence Funks 0.81-0.88) for his demographic
a alysis to conclude that murtelet populations were
declining from between .2 and 12 percent. Given high
se sitivity of the model to adult survival values, even a
small change in adult survival, well within the
c nfidence limits estimated for this parameter, would
drastically affect the calculated population change It
is our opinion that estimation of population decline
ra es based on models will be valid for murrelets only

en more information is known about adult survival

Optimal Management and Research
Strateg'es

sugge that matrix modeling and power analysis
can be us d as design tools even in situations where
d a are sparse for the species in question. Power
analysis omputer software packages are now
available to facilitate this process (Thomas and Krebs
1997). From our study we conclude that regardless of
Ii history parameter assumptions adult survival will
m st significantly affect the overall population
trajectory and may influence detection of changes in
ot er parameters. Low model sensitivity, and evidence
from seabird species that are suspected to have similar
li histories, suggest that Marbled Murrelas may
show high temporal variability in productivity. Given

this cosstraint, and the low power of monitoring
methods, it will be difficult to document statistically
immediate declines in population size based on small
decreases in this parameter.

We suggest that future work be focused on
estimation of survival parameters such as is currently
being conducted in British Columbia (Lougheed et al.
1998, Cooke 1999). More effort should also be
directed at documenting the variability in productivity
by developing better statistical methods to detect
changes in populations using available and improved
monitoring programs (Thomas 1996; Becker et al.
1997; Ktdeff and Kendall 1998). Most importantly,
the wider effort it confront uncertaintyi should
include caution in management integrated with a
diverse conservation program that considers a number
of promising research directions and efforts to improve
existing monitoring programs.
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APPENDIX 1
The matrix model we used is described mathematically
by the population vector:
No- number of fledged young during a breeding

season
N 1 - number of murrelets from the No cohort that

survive to the N 1 cohort
No- number of murrelets in the N2 and above cohort

The form of the model for a population in which a
post-breeding census is conducted (with an age of
first breeding of 2 years) in matrix form is:

N 0	 0	 P N0

N I Si	 0	 0 X

N2 1+1 0	 Si	S, N,

This type of population matrix model i defined as
a stage matrix. It differs from the fundamental Leslie
maths (Leslie 1945) in that each "stage" may
represent an age class, or a general class (such as N,
which represents adult birds). Because this matrix is
primitive, A. can be found by raising the matrix to
successive powers and calculating the ratio of NH/NI
(to the point of convergence) to determine X. Also at
the point of convergence the ratios of stage classes in

	

the population vector hann	 s a e age
distribution can be determined. The juvenile/adult
ratio was calculated as:

J / A ratio =
N1 + N,

	

The stage-based matrix model 	 method Is
documented in Caswell (1989) and Crouse et al
(1987)
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