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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 matrix model to explore life history strategies and evaluate conservation measures for the
Marbled Murrelet (Brackyramphus marmorarus), a threatened seabird species. Demographic parameter estimates for
Marbled Murrelets are crude, but existing data and allomeinic comparnisons with other seabirds suggest that both
productivity and adult survival are low. This combination of low paramneter 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 scenanios we
used a matrix model 1o conduct sensitivity analyses of life history paremeters. We found that regardless of life history
scenanio, murrelet populations are very sénsitive to chanpges in adult survival, and less sensitive to juvenile swrvival and
productivity. This leads us to conclude that reduction in adult survival may constitute the most immediate threat 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 productivity) in
individual parameters would be detected in 10 years by current monitoring techniques. Resulis of recent field sudies
document lower power of most census monitoring methods. W suggest that more emphasis be placed on obtaining
estimates of adull 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 conservanion sirategies before researchers can detect popuiation declines statistically
and fully decoment the causes.

Résumé

Mcus avons utilisé un modéle mathématique matriciel pour explorer les stratégics d'histoire naturelle et évaluer les
mesures de canservation de 1'Alque marbré {Brachyramphus marmoratus), une espéce d'ciseau de mer menacée, Les
estimes des paraméres démographiques de 1'Alque marbré sont grossiers, Cependant, les données disponibles et les
comparaisons allométriques avec les autres espéces d'oiseanx de mer suggérent que la productivité et la survie des
adultes somt faibles. Cette combinaison de faible productivit et survie n"est pas possible 51 une population doit demeurer
stable, C'est pourquoi nous exarminans deus seénanios alternatifs (survie élevée et productivité élevée) qui représentent
les extrémes plausibles des parameétres démographiques de I"Alque marbré. Pour ces deux scénarios, nous ublilisons un
moddéle matriciel pour conduire des analyses de mobusteste des paramétres démographiques. Nous avons démontré que,
indépendamment du scénario d'histoire naturelte, les populations d"Algues sont trds sensibles aux varations dans te taux
de survie des adultes, et moins sensibles au taux de survie des juvéniles et au taux de productivité, Ceci nous améne a
conchire que la réduction dans le taux de survie des adultes pourrait constituer 1a menace la plus immédiate aux
populations d"Alques, méme si la perte d"habatats est le facteur le plus significatif affectant la conservation 3 long terme.
Motre analyse de puissance démontre que seules des réductions importanves (20% dans le taux de survie, >50%¢ dans la
preductivité} dans les paramétres démopraphiques pourraient étre détectées en 10 ans avec nos techniques actuelles de
suivi. Les résultats d'études de terrain récentes documentent une puissance méme pius réduite pour Ta plupant des
miéthades de suivi, Nous sugpérons que plus d*emphaze devrait &tre mase 4 obtenir des estimés de taux de survie des
adultes de méme que des mesures simples de producavité telles que les ratios juvéniles‘adultes en unlisant quelques
techniques de terrain récemment développées, Vi la faible puissance des méthodes actuelles a détecter des changements
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de population, les gestionnairss doivent implantet des stratégies proactives de conservation bien avant que les chercheurs
ne puissent détecter statistiquement des déclins et en docurnenler les causes.
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Introduction

Uncertainty about population sizc and IHe histery
atinbutes of rae or cryptic species i a common
problem in conservation biology.  Failuze to confront
uncertainty regarding population dynamics, and the
low power of monitoring strategies to detect chanpes
in population tremds, have been uwsed to forestall
management  decisions, sometimes leading o
disastrous population declines of cryptic species
(Ludwig et al. 1993). Evaluaton of conservahon
strategies using theoretical methods such as matrix
maodels and power analysis have been resimicted mainly
o species for which solid data exist as a result of large
investments in field research {Crouse et al. 1387,
Lande 198%; Caswell 1929; Taylor and Gerrodette
1933), However, for many cryptic species there are
insufficient datz to allow precise parameter estimates,
and as a result hittle effort has been directed at
understanding population dynamics using the rigorous
framework of a population madel. Furthermore, lintle
attempt has been made to determine the ability of
monitoring methods to detect declines  {but see
Thomas and Martin 1996},

This study focuses on the bMarbled Murrelet
(Brachyramphus marmoratus), a Pacific scabind
{Alcidae) that nests in coastal old-growth temperate
forests from California 1o Alaska.  Populations of
Marbled Murrelets face negative impacls from the
extensive loss and fragmentation of old-growth forests
as well as oil spills, fishing mortality, and other
anthropogenic distarbances.  Because of these and
related concerns, the Marbled Murrelet was degignated
as a threatened species in Canada (Rodway 1990;
Rodway et al. 1992} and in California, Oregon, 2nd
Washingtonr in the United States (Carter and Matrison
1992; Nelson and Hamer 1995; Ralph et al. 1993).
The warld population size of Marbled Murrelets has
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been estimated ar about 287,000 - 300, K individuals,
with most (zpproximately 220,900) in Alaska (Ralph
et al. 1995). A significant number of the remaining
Marbled hurrelets breed in Briish Columbia.
Despite the Marbled Murralet being a high
priority species for constrvation, many basic life
history details required for effective management are
poorly knirwn, Because Marbled Murrelets nest high
in the inner branches {next to the tree trunk} of coastal
conifers (except in some northern Alaska populations}),
their nests are very difficult to locate. Summaries of
breeding information and suspected nesting activities
for Brtish 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 survivel rates and related population
parameters (Ralph et ai. 1995). Tmproved statistical
techniques  for  estimating  productivity  from
juvenile/adult matios, and advances in technigues in
mist-netting and radic telemetry (Kaiser et al. 1995,
Becker et al. 1997; Kuletz and Kendall 1998; Cooke
1999} offer new insights into murrelet hfe history.,
However, it appears unlikely that sufficient
information will be cellecied o estimate precisely
murtelet population status before substantial declines
have occurred in most of the zoulhern part of s
distribution {Fodway et al. 1992, Ralph et al. 1995).
Adult and juvenile survival of Marbled Murrelets
are unknown. Features of their breeding biology such
as crepuscular nest anendance, cryptic plumage, and
open nests high in trécs suppests that murrelets have
low survival and atempt to aveid high predation risks
{Melson and Hamer 1995). Marbled Murrelets have
low potential productivity (1 egg per clutch, no
evidence of renesting} and apparently high lass of
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young during incubation and after fladging (DeSanto
and Melson 1995, Melson and Hamer 1993). Low
observed juvenile/zdult ratioz of Marbled Murrelets at
sta also suggest low productivity {Beissinger 1995).
In comtrast, other seabird species of similar body mass
{(guillemet Cepphus} and other murrelet species
(Symithliboramphus sp.) produce two egps per clutch
and nest on islands or in colonies that are less
vulnerable to predators. Larger alcid species such as
murres (Uria} and Razorbill (4fca torda) produce one
egg, but appear to compensate fior low fecundity with
effective breeding strategies and unusually high annual
adull survival (Hudson 1985). Owerall, allometric
comparisons of Marbled Murrelets with other
piscivorous seabirds suppest that Marbled Murrelets
show lower productivity and possibly lower survival
rates when compared 1o similar sized alcids (DeSanto
and Melson 1595),

The apparently unlikely combination of low
fecundity and Jow adult survival has caused some
authors to argue that murrelets must bave higher
survival than similar-sized alcids to maintain stable
populations {Rodway et al. 1992; Ralph et al. 1955),
Alternatively, murrelets may have higher productivity
than estimated by juvenilefadult ratios or direct
estimates of nesting success (DeSanto and Melson
1595, Ralph ¢t al. 1995). In a demographic 2nalysis
of Marbled Murrelet populations, Beissinger {|995)
compiled data from a research compendiom (Ralph et
al. 1995) to provide likely population parameter
estimates. LUsing a mainix model, he conciuded that
murrelets wers declining annually by 2-12 percent,
However, hc 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 monitoning methods.

In this paper we use a mathematical matnix model
coupled with statistical power analysis to evaluate
current monitgring strategies used for Marbled
Mutrelets. We conduct sensitivity analysis of several
life history parameters to compare the relative effects
of individual parameter change on popuolation
trajectories. We simulate hypothetical population
dechines, and test the power of current methods o
detect these declines. Each analysis is conducted for
two opposing hfe history scenarios which represent
the extremnes of plausible life history parameter valoes.
Using this approach we determine the robustess of
sensitivity and power analyses across a full range of
plausible parameter values. Unlike the demographic
study of Marbied Murrelets by Beissinger (1995), we
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do not attempt to predict actual population trends.
Instead, we focus on detenmining optimal strategies for
futwre research and monitoring programs.

Methods

Population model and sensitivity
analyses

To aid in the conceptual process of exploring murrelet
population dynamics we construcied a stage-based
matax medel {Caswell 1989), The patameters of the
malrix model and the life eyele model of Marbled
Murrelets are shown in Figure 1 and a mathematical
description of the model is given in Appendix 1. 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, A <! and if increasing, A =1; Caswell
1989). We used sensitivity analysis 1o investigate the
relative itmportance of each life history parameter in
maintaining murrelet populations. [n each analysis we
started with parameter combinations that maintained a
stable population (A=1), then decreased a given
parameter by percentage inctements while holding the
others constant, and recorded the cespomse of A To
evaluate the sensitivity of juvenile/adult ratios to
changes in population and life history parameters, we
simulated population declines and calculated
commesponding juvenilefadult mabos from the model
(Appendix 1),

Flgwre 1. A hfe cycle diapram for the Marbied
Murrelet for age of first breeding at 2 yrs. Note that
this life history diagram pentains te a population in
which a post-breeding census is  conducted.
S=survival from first fall census to 2 years of age.
S,=adult survival, P=productivity.

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

Marbled Murrelet life history
parameters

We define adult survival as the annual probability that
an individual murrelet (aped = 2 yvears) will survive 10
the next age class. Most inference abeut murrelet
survival has been through allometnic comparison with
ather alcid species. Aduli survival was estimated at
0,845 (95% CI1. .81-0.88) by Beissinger (1995) and at
.83 by DeSanto and Nelson (1995), Recently, a mark-
recapture  study in Desclation Sound, British
Columbia, produced an adult survival rate estimate of
0.85 (95% confidence imterval: 0.47 to (.97, Lougheed
et al. 1998).

We define juvenile survival as the annual
probability that a fledgling will survive its first two
years of life. Beissinger (1995) estimated that
Marbled Murrzlets supvive at 70% of adult survival in
their first year of life and ar 83% in their second. To
keep our model simple, we compressed pre-breeding
survival into one parameter by taking the geometne
mean of 0.88 and 0.7). Juvenile survival was then
caleulated by multplying this value (Q.78) by the adult
survival for each simulation.

We define productivity as the praportion of
breeding age females that produce one female
offspring that survives to the census period. Estimates
of murrelet productivity have been denived from two
sources: observed nesting success and juvenile/adult
ratios of murrelets observed at sea.

Murrelet productivity can be estimated by the
percent of mutrelet nests that fledge young  Nelson
and Hamer (}995) 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 fedplings are female, but this value does not
account for mortality during the actual fledging event
or in the subsequent winter.

Beissinger (i1993) used cumulative sightings of
juvenilefadult ratios at sea to obtain a  post-breeding
season cstimate of productivity. By averaging
juveniiefadult ratics from different studics i the
United Statcs, productivity was sstimated at 5%, with
some estimates as high as 10%. Assuming an equal
sex ratio, this estimate of productivity describes the
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percentage of breeding females that produced one
fernale offspring at the end of 3 breeding season,
Productivity is also imfluenced by age of first
breeding. In akids this ranges from 2-15 years
{Hudson 1985; Gaston 1992; Harris et al. 1994).
Given the low productivity, and possible low annual
survival of Marbled Murrelets (a5 estmated from body
mass), it seerns 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)
teguire higher survival and/or productivity patameter
values to maintain population stability {Fipure 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 ling). 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.

Ul T HIEJ'I
T Surviva!
0 ' $ e :
08 085 0e 095
Adult sayvival

Marbied Murrelet life history
scenarios

We focus our analysis on twe altemative life history
scenarios with parameter values that maintain a stable
population (Figure 23, In the first “high productivigy™
scenario we consider that productivity could be higher
than estimated by juverile/adult ratios or nest success
{DeSante and MNelsen 1995; Ralph et al. 1995). With
this scenario, adult suraival falls within the range
suggested for other alcid species.  [n the second “high
survival™ scenatio, adults have higher survival than
suggested by their bady size {Beissinger 1995, Ralph
et al. 1995), This stenana 15 most plausible 1f current
juvenilefadult ratios and estimated nesting success
reflect tue productivity.  With this scenario adult
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survival is similar to other longerlived 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 murrelets is at-sea surveys or line transect
counts (Stromg et al. 1995y The power analysis we
used is for regression analysis of population trends.
The parameters for this model are: the number of
znnual surveys conducted, coefficient of varation
(CV) of yearly surveys, the level, and true rate of
change of population each year [Gerrodette |987,
Taylor and Gerrodette 1993). We considered a power
level of 0.8 1o be adequate to detect a population
decline (Cohen 1988) and used an level {probability of
Type 1 error) of 0.05 for cur analysis.

Gerrodette’s power calculation makes some
restrictive assumptions.  First, the population being
monitored follows an exponential model of population
decrease. Second, line transect or similar sighfing per
unit affort technique is used for population
monitoring. Third, the OV input parameter takes into
account variation due o demographic stochasticity as
well as sampling vaniance. The model used for the
power analysis accounts for change in coefficient of
variation with decreasing abundance of animals being
surveyad so that only an initial coefficient of vanation
is naeeded for the analysis. Coefficiem of varations
were calculated from 7 replicated stiip transects at sea
along the coast of Oregon during 1992 and 1593
{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 varation calculation. The
mean coefficient of variation from these transects wasg
(.57 (range: 0.31-0.84).

We feel this sitnplistic power model 1s the most
parsimonious approach given the requirements for
data of more complicated simulation methods.
Gerrodetie’s power estimate ignores the statistical
ptoblems created by non-independence of points when
linear regression i5 used to analyze time senies data and
as a result power will always be overestimated using
this toutine {Gerrodente 1987, Gerrodette 1991; Link
and Hatfield 1990; Taylor and Gerredette 1993
Therefore, the resuits of this analysis are an estimate of
relative rather than absclute statistical power.
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Results and Discussion
Sensitlvity analysis

Semsitivity anaiysis sugpgests that regardless of life
history scenario, murrelet populations are most
influenced by changes in adult survival, followed by
Juvenile survival and productivity {Figure 3).

Figure 3. Resuits of sensitivity analysis of high
sarvival{a) and high productivity (b) sceparios. &
Productivity (P), B Juvenile survival {3). & Adult
Survival (8,).

a) High smrvival

Years wmtll power=2

*h Reduction In paruss ter

b)High productivity
#0

Years unill power=4

% Reduction |8 parameteyr

Aduit Survival

High mode] sensitivity to adult survival is of great
conservation concern given the potential impacts of
gill-net fishing by-carch and eil spills on murrelets
{Carter and Kuletz 1993; Carter et al. 1995). Marbled
Murrdets have the highest oil vulnerability index of
birds in the Alaska region (King and Sanger 1979).
Carter and Sealy {1984) estimated that 7.8% of the fzil
population of murrelets were killed in 1980 in Barkley
Sound in fishing nets. 1f 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
Desclation Sound which uses newly-developed mist-
net and dip-net capture techniques recently produced
an adplt survival mate estimate of 0.845 (95%
confidence intervals 0.47 1o 0.94; Kaiser et ai, 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.
Futwe estimnates from this project should provide
criical information regarding sorvival mates as the
sample size of marked birds and corresponding
precision of estimates increases (Lougheed et al.
1998).

Juvenile survival

In both life history scenaros, the model showed
relatively low sensitivity to juvenile survival {Figure
3}, However, this might be an anifact of the
assumption that juvemile servival is  directly
praportional to adult survival. This assumption may
be valid if adults and juveniles congregate in similar
areas and are volngrable to the same mortality sources
and expenience mortality factors similar 10 other
alcids, Huodsom (1985) commented that juvemile
survival could represent a "bottleneck™ in population
dynamics and afiect 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 pepulations are
adapted to a breeding strategy dependent on yearly
food resources where high variation in productivicy
might have minimal population effects. Murrelet
populations therefore may not show immediate
detectable effects of reduction in productivity given
that the natural varation in this parameter will
minimize power 1o determine any type of downward
trend,  Possibly murtelets, like other seabirds, cahibit
high temporal vakation in productivity, For instance,
in & | 2-year period Commen Murre pairs produced an
average of (.86 young per season, but this value vaned
from .19 to 0.96 {Boekelheide et al, 1990). Current
estimates of murreiet productivity could be negatively
bizsed because the data were collected in El Mino
years [Ralph etal. 1995} in which other alcids had lew
reproductive success [Boekelheide et al. 1990},

Sociery of Canadian Ornithologists Special Publication No. T, 1999

Bowlanger et al.

Figure 4. Results of power analysis, based on line
transect surveys documented by Sirong et 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 (F), B Juvenile
survival (5;), # Adult Survival (S,).

») High survival
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Evaluation of monitoring methods
Power analysis nfpnpulation SUIvEYS

Power analysis of at-sea survey data reflects the
difficulty in detecting statistically significant declines
in populations based upon curtent monitoning methods
{Figure 4). With high preductivity, it tock less time to
detect decreases in population due to productivity as
opposed to the high survival scenario. However, even
with the high productivity scenaro it still took six
times as long to detect the decling in population based

Biolegy and Conservation of Forest Binds



Evaluating unceriainty in population trends

on a productivity decline of 108%%. This finding
sugpests 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 power to detect
the decline reached 0.8 when parameters were
individually reduced by 1084, Results from power
analysis suggest that only the mest rigorous, replicated
surveys will be able to detect population declines. To
increase power of detection rescarchers can increase
the number of yearly surveys (increase precision) or
increase the level in the analysis. We found that with
surveys that had 2 CV of 0.2, it would take ten years to
detect a population dechne caused by a 1034 decrease
in adult survival

The observed CV from sirip transect 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 al. {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 transect surveys Becker
atal. {1997 found they could detect annual population
declines of %% over 10 years with an esumated power
of 0.8 (=11 if arcas 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, (1997} did
not publish CV estimates for line transect results; they
used a Monte Carlo simulation based pewer analysis
method (Gibbs 1995) which is more conservative than
the power analysis method of Gerrodette {1987) used
in this study (Link et al. 199)). The study of Becker st
al. (1597} was conducted on a relatively straight
section of coastiine in California and it is questionable
whether similar levels of precision could be attained in
the more complex flords and inlets in British
Columbia and further north. We conclude that given
presenl monitonng techniques, populations will be
reduced significantly before a statistically significant
decline is detcoted.

Monitoring of productivity

The sensitivity of detecting a population decline using
Juvenilefadult ralios was responsive only to changes in
productivity (Figure 5). Juvenile/adult ratio was stable
or increased slightly during simulations of population
decline caused by reduced adult or juvenile survival.
When less substaptiai decreases in population size
were simuiated (lower sensitivity of the model to
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Figure 5. Changes in juvenilefadult ratios resulting
from reductions in individual parameter values for the
high survival (a} and kigh productivity (k) scenarios.
& Productivity (P}, Bl Juvenile survival (5)), ® Adult
Sutvival (5,).

1) High sarvival
015
! S—— T
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productiviry), juvenile/adult ratic declined by 0.08,
Monitoring of annual variation in productivity
could provide valuable insipht into whether murreles
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 {1959%)
suggest that juvenile density estimates with lowered
coefficients of vaniation (mean CV=0.4Z, range 0.17-
{.88) can be cbtained by identification of icore survey
pernodsi in which juvenile densities are highest.
Kuletz and Kendall conducted power analysis using
the same methods of Gerrodette {195 7) that were used
in this study. Using the lower estimated OV range of
(.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 {ar =0.1) when 5
surveys were conducted cach year This level of power
15 higher then that documented by Becker et 2l (1997);
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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 paper {Link
et al. 1990). Using these data Kuletr and Kendall
(1988) developed an index of regonal productivity
based on the slope of paired juvenile and adult
abundance estimates, The study of Kuletz and Kendall
(1998) was conducted in fjords and inlets and
therefore this technique may be more easily applied
then the methods of Becker et al. {1997) 1o Marbled
Murrelet populations in British Columbia and farther
north. We conclude that mowitoring juvenile/adult
ratios or moenitonng of juvenile density using methods
similar to Kuletz and Kendall {1398} may be the best
way to monitor and evaluate temporal and spatial
variation in productivity.

Effect of uncertainty regarding life
history strategies

It is important that researchers conducting
demopraphic analyses account for the effects of
uncertainty in pararneters on calculation of population
trajectaries. In his demographic analysis of Marbled
Murrelets, Beissinger (1795} used an adult survival
value (estimated from other aleids) of O.85
{confidence limits 0.81-0.88) for his demographic
analysis to conclude that murtelet populations were
decliming from between 2 and 12 percent. Given high
sensitivity of the model to adult survival values, even a
small change in adolt survival, well within the
confidence limits estimated for this parameter, would
drastically affect the calculated population change. It
is our opinion that cstimation of population decline
rates based on models will be valid for murrelets only
when more information is known about adult survival
values.

Optimal Management and Research
Strategies

We suggest that matrix modeling and power analysis
can be used as design tools even in situations where
data are sparse for the species in question. Power
analysis computer software packazges are now
available to facilitate this process (Thomas and Krebs
1997). From our study we conclude that regardless of
life history parateter assumptions, adult survival will
most significantly affect the overall population
trajectory and may influsnce detection of changes In
ather parameters. Low model sensitivity, and evidence
from seabird species that are suspected to have simtlar
life histories, suggest that Marbled Murrelets may
show high temporal varability in productivity, Given
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this constaint, and the low power of monitoning
methods, it will be difficult to docoment statistically
immediate declines in population size based on small
decreases in this parameter.

We suggest that fumre work be focused on
estimation of survival parameters such as is curtently
being conducted in British Columbia (Lougheed et al.
1598, Cocke 1999). Mo 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
monitoting programs {Thomas 1996; Becker et al
1997: Kuletz and Kendall 1998). Most importantly,
the wider cffert ito confront uncertaintyi should
imclude caution i management integrated with a
diverse conservation program that considers a number
of promising research directions and efforts to improve
existing Tonitorng Programs.
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APPENDIX 1

The matrix model we used is described mathematically

by the population vector:

N;, - number of fledged young during a breeding
SEAS0D

N, - number of murrelets from the N, cohort that
survive to the N, cohort

N, - number of murrelets in the N; and above cohert
The form of the model for a population in which a

post-breeding census is condueted (with an age of

First breeding of 2 years) in matrix form is:

N, 0 ¢ P| [N
N, =8, 0 0|x|(N,
Ny L ool s, N, | !

This type of population matrix model is defined as
2 stage matrix. 1t differs from the fundamental Leslie
matriz (Leslie 1943) 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, & can be found by raising the matnx to
successive powers and calculating the ratio of M. /N,
{to the point of convergence) to determine A. Also at
the point of convergence the ratios of stage classes in
the population vector that form a stable age
distribution can be determined. The juvenile/adult
ratio was calculated as:

JiAratio= —
N+ My

The stage-bazed matrix model method is

docomented in Caswell (198%) and Crouse et al
£1987).
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